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Aberrant methylation of 5'gene promoter regions associated with
gene silencing is an epigenetic phenomenon responsible for silenc-
ing of tumor suppressor genes in many cancer types. The aims of
our study were to study the role of methylation of a large panel of
genes during multistage pathogenesis and to correlate our findings
with patient age and other clinico-pathological features. We inves-
tigated the aberrant promoter methylation profile of 19 genes in
92 colorectal cancers (CRCs) and corresponding nonmalignant
epithelia (NME) (n = 57), and selected 15 genes for studying 26
colorectal adenomas (CAs). On the Basis of our results, the genes
could be divided into 3 groups. Group 1 consisted of 13 genes
whose methylation was tumor-specific. For 8 of these genes, the
methylation frequencies in CAs were similar to those of CRCs,
but significantly different from the frequencies in NME. Group 2,
consisting of 2 genes demonstrating little or no methylation, were
present in any sample type. In Group 3, consisting of 4 genes, rela-
tively frequent methylation was present in both CRCs and NME,
and the differences between these specimen types were not signifi-
cant. Methylation of Group 1 genes were tightly correlated with
each other, and these genes demonstrated increased methylation
frequencies in CRCs with increasing age. Methylation was not cor-
related with other clinico-pathological features. In general, methyl-
ation frequencies of CAs were intermediate between CRCs and
NME. Our study constitutes the most comprehensive methylation
profile of CRCs, demonstrates that methylation commences early
during CRC pathogenesis and is an age-related phenomenon.
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Introduction

Colorectal cancer (CRC) is the fourth most common cancer and
second most common cause of cancer deaths in the United States.'
The molecular pathogenesis of colorectal adenocarcinoma has
been one of the most extensively studied and well characterized of
all cancers.” Most colorectal adenocarcinomas develop from col-
orectal adenomas (CAs), and morphological and genetic progres-
sion in an adenoma- carcmoma Sequence and in hereditary CRC
syndromes are well described.*~

The majority of CRCs have truncating mutations or deletions of
APC gene or mutations of the 3 —catenin gene. Point mutations of
K-ras proto-oncogene and mutation of the p53 gene are also com-
mon. In a second pathway to colorectal neoplasia, microsatellite
instability is caused by alteration of a nucleotide mlsmatch repair
gene, including h"MSH2, hMLH1, PMSI or PMS2.°

Another molecular defect commonly present in CRCs is CpG
island methylation.” DNA methylation of the promoter regions
has emerged as the major mechanism of inactivation of tumor sup-
pressor genes (TSGs).® In many cases, aberrant methylation of
CpG island genes has been correlated with loss of gene expres-
sion, and DNA methylation provides an alternative pathway to
gene deletion or mutation for the loss of TSG function.®
Markers for aberrant methylation represent a promising avenue

Eﬁﬁ\ - Publication of the International Union Against Cancer
& UICC

Biotal cancer contrl

for monitoring the onset and progression of cancer. Aberrant pro-
moter methylation has been described for several genes in various
malignant diseases, and each tumor type may have its own distinct
pattern of methylation.”'""'> However, the gastrointestinal epithe-
lium, especially of the colorectal, displays an unusual phenom-
enon, with methylatlon of certain genes demonstrating an age-
related association."?

In the present study, we determined the methylation status profile
of 19 TSGs including RUNX3, 30ST2 and SOCSI genes in nonma-
lignant colonic epithelia (NME), CAs and CRCs. The 19 genes
were chosen for study because of their presumed or known roles in
various cellular functions related to cancer development, including
cell cycle regulation, tissue invasion and metastasis, JAK-STAT
and TGF-B signal pathways, key components of retinoid activity,
signal transduction, apoptosis, angiogenesis, putative cytokine,
mitotic stress checkpoint, methyltransferase superfamily and O-sulfo-
transferase’*>' and were selected from the 6 <‘hallmarks of
cancer’3>33 (Table I). The aims of our study were as follows: (i) to
clarify the methylation status of TSGs not previously studied in
detail in CRC and correlate methylation with gene expression; and
(ii) to investigate the role of methylation during the multistage
pathogenesis of CRC, comparing the tumor profile with that of CAs
and NME. We correlated the findings with the clinico-pathological
features of the tumors and with the age of the patients.

Material and methods
Cell lines

Twelve CRC cell lines (LoVo, LS174T, SW1417, SNU-CI,
SW480, LS123, COLO320DM, RKO, HCTI116, DLD-1,
COLO201 and NCI-H630) were obtained from the American
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TABLE I - SUMMARY DATA OF GENES TESTED

Previous study

Reference for

Gene
location

9p21.3

Gene
abbreviation

Pl 61NK4a

in colon tumors
Ca’: 34-40 A*:34

Ca, A: 41
Ca: 16

methodology

Hallmark category'

Function

Gene name

14
15
16
17
18

Limitless replicative potential
Tissue invasion and metastasis

Tissue invasion and metastasis

Cell cycle regulator

16q24

Cyclin-dependent kinase inhibitor 2A

H-cadharin

CDHI13
TIMP3

Ca: 42
None

Tissue invasion and metastasis
Self-sufficiency in growth signals

Tissue invasion and metastasis

JAK-STAT Pathway

22q12.3
16p13.1

Suppressor of cytokine signalling 1

Tissue inhibitor of metalloproteinase 3
Hematopoietic cell specific

SOCS1
SHP-1

Self-sufficiency in growth signals

JAK-STAT Pathway

12p13.3

protein-tyrosine-phosphatase SH-PTP1

Spleen tyrosine kinase
Cellular retinol-binding protein 1

Retinoic acid receptor 3

None

19
20
21

Self-sufficiency in growth signals
Limitless replicative potential
Limitless replicative potential

JAK-STAT Pathway

9q22.2
3q23

SYK
CRBPI
RAR B

Ca: 38, 39, 45, 46, A: 45

None
Ca: 27,48 A: 48

Ca: 20

Ca: 38

Ca: 39, 43, 44
None

Ca: 47

None

Ca: 49, 50 A: 50

None

22
23
24
25
25
26
27
28
29

Self-sufficiency in growth signals
Insensitivity to antigrowth signals
Insensitivity to antigrowth signals
Insensitivity to antigrowth signals
Limitless replicative potential

Tissue invasion and metastasis

Self-sufficiency in growth signals
Apoptosis

Apoptosis

Key components in retinoid activity

Signal transduction
Signal transduction
Signal transduction

Key components in retinoid activity
Apoptosis

Mitotic stress checkpoint gene

TGF-f signal pathway

TGF- signal pathway
Putative cytokine

Apoptosis

3p24
3p21.3
1g32.1
5q21.22
8p21.2
8p22.2
1p36.1
2g32.3
5q35.3
12q24.23

RAS association domain family protein 1A
Novel potential RAS effector 1

Adenomatous polyposis coli

Decoy receptor 1
Runt-related transcription factor 3

TMEFF2
Checkpoint with forkhead

Decoy receptor 2
High-in normal-1

RASSFIA
NOREI
APC
DcRI
DcR2
RUNX3
HPPI
HIN-1
CHFR

and ring finger domains
Rb-interacting zinc finger protein 1

Heparen sulfate D-glucosaminyl

Ca: 37
Ca: 31

30
31

Limitless replicative potential
Insensitivity to antigrowth signals

Methyltransferase superfamily

O-sulfotransferase

1p36
16p12.2

RIZI
30812

3-O-sulfotransferase-2

"Hallmark Categories are defined by Hanahan and Weinberg,>? and the category selection was from Widschwendter and Jones®*.—*Ca, Colorectal cancers.— A, Colorectal adenomas.
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Type Culture Collection (ATCC, Manassas, VA). They were
grown in RPMI 1640 medium (Life Technologies, Rockville,

MD) supplemented with 5% fetal bovine serum and incubated in
5% CO, at 37°C.

RT-PCR for gene expression of RUNX3, 30ST2 and SOCS1
in CRC cell lines

Expression of genes was analyzed by RT-PCR. Total RNA was
extracted from cell lines with Trizol (Life Technologies), follow-
ing the manufacture’s instructions. The RT reaction was performed
on 2 pg of total RNA with Superscript II First-Strand Synthesis
using the oligo (dT) primer system (Life Technologies). Primer
sequences and conditions for RT-PCR product were as described
previously.'”?%3! The housekeeping gene GAPDH was used as an
internal control to confirm the success of the RT reaction. Total
RNA from human NME was obtained from Clontech (Palo Alto,
CA). NME and normal peripheral blood mononuclear cells
(PBMC) from healthy volunteer were used as normal controls for
RT-PCR. PCR products were analyzed on 2% agarose gels.

5-Aza-CdR treatment

Cell lines with known gene promoter methylation were incu-
bated in culture medium with the demethylating agent 5-Aza-CdR
at a concentration of 4 uM for 6 days, with medium changes on
days 1,3 and 5.°"

Clinical samples

Surgically resected specimens from 92 primary CRCs, 57 corre-
sponding NME and 26 CAs were obtained from Department of Path-
ology at the University of Texas Southwestern Medical Center
(Dallas, TX), Avalon Pharmaceuticals (Garmantown, MD) and the
University of Maryland School of Medicine. (Baltimore, MD). We
also obtained DNA from 14 PBMCs of healthy volunteers. Clinical
staging data were available for 79 tumors: 12 were Dukes A, 20 were
Dukes B, 32 were Dukes C and 15 were Dukes D. The mean age
(both for CRC and NME samples) was 62 years (range 35-87), and
the male:female ratio was 2.1:1. The adenomas consisted of equal
numbers of tubular and villous adenomas, mean size 1.7 cm (range
0.3-5.0), and the mean patient age was 66 years (range 47-85).

Methylation assay

Genomic DNA was isolated from frozen tissue by digestion
with 100 pg/ml proteinase K followed by standard phenol-chloro-
form (1:1) extraction and ethanol precipitation. DNA was treated
with sodium bisulfite, as described previously.'* Treated DNA
was purified by use of Wizard DNA Purification System (Prom-
ega, Madison, WI), desulforated with 0.3 M NaOH, precipitated
with ethanol and resuspended in water. Modified DNA was stored
at —80°C until used. The methylation status of 19 genes was
determined by methylation-specific PCR (MSP) assays. Referen-
ces for methodology and gene information are summarized in
Table I. DNA from PBMC of a healthy volunteer treated with
Sss1 methyltransferase (New England BioLabs, Beverly, MA) and
then subjected to bisulfite treatment was used as a positive control
for methylated alleles. Negative control sample without DNA was
included for each set of PCR. PCR products were analyzed on 2%
agarose gels containing ethidium bromide.

Data analysis

Frequencies of methylation of groups were compared using x>
test or the Fisher exact tests. The methylation index (MI), a reflec-
tion of the methylation status of all of the genes tested, is defined
as the total number of genes methylated divided by the total num-
ber of gene analyzed. To compare the extent of methylation for
the panel of genes examined, we calculated the MIs for each
case’?, and then determined the mean for the different groups.
Statistical analysis of MI between 2 variables was performed using
the Mann-Whitney U nonparametric test. For statistical models
with categorical covariates, we also performed trend tests. Tests
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Ficure 1 — Representative examples of RT-PCR (a), MSP (b) and 5-
Aza-CdR treatment (c¢) of RUNX3 in CRC cell lines. Expression of the
housekeeping gene GAPDH was run as a control for RNA integrity.
NME, nonmalignant colonic epithelium; PBMC, peripheral blood
mononuclear cells; N, negative control (water blank). DNA from lym-
phocytes of a healthy volunteer treated with Sss1 methyltransferase and
then subjected to bisulfite treatment was used as a positive control for
methylated alleles. M, methylated form; UM, unmethylated form. In
most instances except for NCI-H630, there was concordance between
the presence of methylation and loss or downregulation of expression.
(c), Representative examples of the effect of 5-Aza-CdR treatment on
restoring gene expression in RUNX3 methylated cell lines. Treatment
with 5-Aza-CdR restored expression of RUNX3. Expression of the
housekeeping gene GAPDH was run as a control for RNA integrity. +,
with 5-Aza-CdR treatment; —, without 5-Aza-CdR treatment.

for trend were conducted by entering a single ordinal variable
using the median of each category. For these tests, probability val-
ues of p < 0.05 were regarded as statistically significant. For cor-
relation between TSGs, we used Pearson correlation coefficients
test. For only this test, probability values of p < 0.01 were
regarded as statistically significant.

Results

Aberrant promoter methylation and expression of RUNX3,
30ST2 and SOCS1 in CRC cell lines

For 3 genes (RUNX3, 30ST2 and SOCSI) whose methylation
status in CRC had not been previously studied in detail, we exam-
ined the correlation between aberrant promoter methylation and
loss of gene expression using a panel of 12 CRC cell lines. Aber-
rant methylation of RUNX3, 30ST2 and SOCS! was found in 5 of
12 (42%), 12 of 12 (100%) and 6 of 12 (50%) lines respectively
(Figs. 1b and 2b and Table II). Expression of the genes was exam-
ined by RT-PCR. The genes were expressed in NME and PBMC.
However, loss or downregulation of RUNX3, 30ST2 and SOCS!
gene expression were observed in 6 of 12 (50%), 12 of 12 (100%)
and 5 of 12 (42%) CRC cell lines, respectively (Figs.la and 2a
and Table II). The concordance rates between loss of gene expres-
sion and aberrant methylation of these genes were 92% (RUNX3),
100% (30S8T2) and 75% (SOCS1I).

5-Aza-CdR treatment

Three cell lines for RUNX3 (LoVo, DLD-1 and COLO201), 4
cell lines for 30ST2 (LoVo, HCT116, COLO201 and LS123) and
3 cell lines for SOCSI (LoVo, COLO320DM and LS174T) that
showed loss or downregulation of expression and methylation by
MSP were cultured with 5-Aza-CdR. Expression of the 3 genes
was restored after treatment in all methylated cell lines tested
(Figs.1c and 2c).

Frequency of methylation in primary CRCs, CAs and NME

We examined the methylation status of 19 genes in CRCs, CAs
and NME (Fig. 3). The unmethylated form of p16, run as a control

Cc - % - * = ok - #
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FiGure 2 — Representative examples of RT-PCR (a), MSP (b) and
5-Aza-CdR treatment (¢) of 30ST2 in CRC cell lines.

for DNA integrity, was detected in all of these samples. On the
basis of the frequencies of methylation in CRCs, CAs and NME,
the genes could be divided into 3 groups (Fig. 4a). Group 1 con-
sisted of tumor-specific genes, i.e., genes significantly more fre-
quently methylated in CRCs compared to corresponding NME.
Group 1 consisted of 13 of the 19 genes tested. It could be further
divided into groups 1A and 1B. In group 1A, consisting of 8
genes, the methylation frequencies in CAs were similar to those of
CRGCs, but significantly different from the frequencies in NME.
For group 1B (5 genes), the methylation frequencies of CAs were
not significantly different from NME. For these genes, although
the methylation frequencies of CAs were lower than CRCs, the
differences were not significant, with the exception of SOCSI.
Thus, for the 13 genes in Group 1, the frequencies of methylation
in CAs were higher than those in NME for 11, with 8 of these dif-
ferences being significant.

Group 2, consisting of 2 genes (VORE! and SYK), little or no
methylation, were present in any sample type. However, DNA
from PMBC of a healthy volunteer treated with Sss1 methyltrans-
ferase were methylation positive for 2 genes. In Group 3, consist-
ing of 4 genes (SHP-1, DcRI, RARB and DcR2), relatively fre-
quent methylation was present in both CRCs and NME, and the
differences between these specimen types were not significant
(Fig. 4a). Because of these findings, we did not investigate the
methylation status of these genes in CAs. However, we confirmed
that the methylation status of 14 PBMCs were all negative for the
group 3 genes.

For the 15 genes in groups 1 and 2, we calculated the MI, an
index of overall methylation frequency, for each specimen type
(Fig. 4b). The MI of CRCs (0.32) was significantly higher than the
MI (0.05) of corresponding NME (p < 0.0001). The value for CAs
was 0.22, highly significantly different from NME (p < 0.0001)
and modestly different from the value for CRC (p = 0.008). The
trend test was also statistically significant (p < 0.001).

Association between individual TSGs in CRCs

For the 13 genes in Group 1, we determined whether there was
any association between the methylation status of individual
genes, using Pearson’s correlation coefficients test. Of interest, the
methylation status of 11 of 13 genes of group 1A was correlated
tightly with each other, in particular, methylation of CDHI3,
CRBP1, SOCSI, RUNX3, CHFR and 30ST2 was correlated with
the methylation status of 3 or more other genes (p < 0.01).

Correlation between methylation and age in CRCs, CAs and NME

Because methylation frequencies of some genes may demon-
strate an age-related effect in certain tissues, especially the colon,
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TABLE II - RUNX3, 30ST2 AND SOCS! EXPRESSION AND METHYLATION STATUS IN
COLORECTAL CANCER CELL LINES

Cell line RUNX3

30812 SOCS1

Expression Methylation

Expression Methylation Expression Methylation

LOVO
LS174T
SW1417
SNU-C1
SW480
LS123
COLO320DM
RKO
HCT-116
DLD-1
COLO201
NCI-H630

+

I+

L ++++ 1+

F++ 1+ 1

I+ 1+ +

Pt ++ 1 ++ 1+
L+ + 1+

e e

Coloractal Adenomas

[ |
3

Colorectal Cancers

CRC 3
CRC &
CRC10
CRC 17
CRC 25
CRC 54
CRC &1
CRC &4
CRC B8
CAZ2
CAJ
CAT
CAl3
CA1T
B

N

o

p16LM

FiGure 3 — Representative examples of MSP analyses of methy-
lated form of 7 genes in primary CRCs and adenomas. The unmethy-
lated form of p16 (pl6UM) was run as an internal control for bisulfite
treatment.

we compared the association between aberrant methylation of
individual genes and the MI and age. Methylation frequencies
(MI) showed a tendency that gradually increased with age in both
CRC:s (p for trend =0.024) and NME (p for trend =0.18) (Fig. 5).
In tumors, there was a significant effect of age on methylation fre-
quencies of 3 genes, CDHI3 (p = 0.039), CRBPI (p = 0.011) and
SOCSI (p = 0.013), and for the MI (p = 0.013). For the 13 genes
whose methylation status demonstrated tumor specificity (Group
1), the age-related effect on the MI was even stronger (p = 0.005).
However, in NME and CAs, the MIs and methylation frequencies
of several genes showed a tendency to increase with age, although
these differences were not significant. Furthermore, Group 3 did
not show remarkable effective with age.

Correlation between methylation and other clinico-pathological
features in CRCs and CAs

Using a simple linear regression model or multivariate linear
regression models, we examined the association between methyla-
tion status and clinico-pathological features including Duke’s
Stage, tumor location (right or left side), gender and degree of
tumor differentiation. There was no association between any of
these factors and methylation frequencies of individual genes or
with the MI in CRCs. For CAs, there was no significant associa-
tion between MI and histologic type or adenoma size.

Discussion

Previous studies have described the importance of DNA meth-
ylation in human cancers and have focused on regions of the
genome that may have functional significance resulting from the
extinction of gene activity. Whereas most individual cancers have
several, perhaps hundreds, of methylated genes, the methylation
profiles of individual tumor types are characteristic.”'">* To date,
several studies have demonstrated that various genes are hyperme-
thylated and silenced in CRC. However, most of these studies
have focused on the aberrant methylation of a single gene or can-
cer tissues only.

Recently, Hanahan and Weinberg described 6 hallmarks that a
cell has to acquire to become malignant: (i) limitless replicative
potential, (i) self-sufficiency in growth signals, (iii) insensitivity
to growth-inhibitory signals, (iv) evasion of programmed cell
death, (v) sustained angiogenesis and (vi) tissue invasion and
metastasis.’>** For our methylation profile, we selected 19 genes
from 5 of the 6 hallmark categories (Table I). These 19 genes are
methylated frequently in 1 or more cancer types. For the 3 genes
(30812, SOCS1 and RUNX3) whose methylation status in CRCs
had not been previously studied in detail, we confirmed that our
methylation assay conditions were correlated with gene silencing
in cell lines derived from CRCs. In addition to these genes, we
confirmed that our methylation assay conditions were correlated
with gene silencing in CRC cell lines for RIZI, CHFR and
CDHI3*' (data not shown). Moreover, our results showed that
expression of these genes was reexpressed after 5-Aza-CdR treat-
ment in CRC cell lines that did not express these genes, and which
were hypermethylated. Therefore, we confirmed that transcrip-
tional repression of these genes was caused by hypermethylation.
For the other genes, we or others have showed similar correlations
in other cancers.”'**>* We also demonstrated that PBMCs were
unmethylated for all of the genes studied using our assay condi-
tions.

We compared the methylation profiles of CRCs with those of
CAs and NME using a panel of 19 known or potential TSGs.
While 4 genes were frequently methylated in CRCs and NME, 13
genes showed tumor specificity (Group 1), with methylation fre-
quencies ranging from 11% to 68% (median 32%). Only 2 genes
were infrequently methylated in any tissue type (Group 2).
Four genes were frequently methylated in CRCs and NME (Group
3). The MI was significantly higher in CRCs than in NME. Of
considerable interest, for most genes, CAs demonstrated methyl-
ation frequencies and a MI that was intermediate between the
values for CRCs and NME. Our findings are consistent with the
concept that CAs represent an intermediate step in CRC pathogen-
esis. Other more limited studies on the methylation patterns of
CAs are consistent with our observations and conclusions.”>®
Five of the Group 1 genes (30ST2, HPPI, CDHI3, CRBPI
and APC) were frequently methylated (>30%) in both CRCs and
CAs. These genes may represent markers for risk assessment. In
addition, methylation of SOCS! was present in 45% of CRCs, and
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FiGure 5 — Incidence of MI in CRC and NME samples in relation
to patient age. Methylation frequencies gradually increased with age
(p = 0.024 by trend test) in tumor tissues but not in NME.

in low frequencies in CAs and NME. Methylation of this gene was
the most tumor-specific marker identified in the present study.

Methylation of several of the Group 1 genes was tightly corre-
lated with each other in individual tumors. This phenomenon has
been noted by others and has been labeled as CIMP (CpG island
methylator phenotype).”>*%! CIMP is characterized by simultane-
ous methylation of multiple genes including p/6, THBSI and
hMLHI. The mechanism of methylation of multiple CpG islands
in individual tumors has been postulated to be either aberrant de
novo methylation because of mutation in a DNA-methyltransfer-
ase or loss of protection against de novo methylation through the
loss of a transactivating factor.®>

Another phenomenon noted previously has been the effect of
aging on methylation of certain genes in NME.>>*%> To date this
phenomenon has been noted predominantly in gastrointestinal tis-
sues. We noted age-related methylation of a subset of tumor-spe-
cific Group 1 genes, but only a weak tendency with the Group 3
genes that are frequently methylated in NME in a non-age depend-
ent manner. Multivariate logistic regressions revealed that for
CRC, age was a significant predictor (p = 0.005) and was inde-
pendently associated with hypermethylation of CRCs (MI), but
failed to reach significance in NME. Thus, methylation of Group 1
genes is both cancer-specific and age-related, and the latter finding
may contribute to increasing cancer risk with increasing age.

Five genes (30ST2, HPPI, CDHI3, CRBP1 and APC) demon-
strated high methylation frequencies in both CRCs and CAs, and
may play an important role to development of CRC. The most fre-
quently methylated gene in primary CRC samples was 30872
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(68%), and this gene was methylated in all 12 CRC cell lines
tested. The 30ST2 gene encodes an enzyme involved in the final
modification step of heparan sulfate proteoglycans (HSPGs), and
its silencing is expected to result in abnormal modification of
HSPGs and abnormal signal transduction. A previous study
reported frequent methylation of this gene in breast cancers and in
a limited number of CRCs.?!

The HPPI gene was initially discovered because of its frequent
hypermethylation in hyperplastic colon sPolyps, but it is also
hypermethylated in CAs and carcinomas.*® A member of the cell
adhesion cadherin family, CDH13, is related to be tumor invasion
and metastasis, and was frequently methylated in CRCs and CAs
as previously reported by us.*' CRBPI belong to the fatty acid-
binding proteins, which are key components in retinoid activity.
Ester et al. reported that hypermethylation of CRBP/ was com-
mon in tumors and cancer cell lines, with the highest frequency in
lymphoma and gastrointestinal cancers.”® Selective methylation
and silencing of the /A promoter of the APC gene have been fre-
quently detected in several human tumors. APC is a well-studied
molecule involving wnt signaling. APC somatic mutations are
present at frequent of sporadic CRCs and appear very early in col-
orectal tumor progression.®> In addition to somatic mutation,
methylation is also frequent in CRCs.*®3**° Our findings are con-
sistent with these previous results and we confirmed that these
genes may also play an important role in multistep pathway to
CRC development.

The RUNX3 gene, another tumor-specific gene, is an important
target of TGFB superfamily signaling and plays a crucial role in
mammalian development. RUNX3 was reported to be frequently
methylated in gastric cancers and testicular yolk sac tumors of
infant.?*%* Recently, fre%uent methylation of RUNX3 was pub-
lished in CRC cell lines.”” We clarified the methylation status of
primary CRCs, CPs and NME in addition to CRC cell lines. The
retinoblastoma protein-interacting zinc finger gene, RIZ/, a puta-
tive TSG, is a member of a nuclear histone/protein methyltransfer-
ase superfamily. RIZ] inactivation has been commonly found in
many types of human cancers. %3

Of the 19 genes we studied, 13 had been previously studied in
CRCs (Table I). Our findings, with 1 exception (SOCS1), are con-
sistent with these reports. SOCS1, a negative regulator of the JAK/
STAT signaling pathway, has been reported to be infrequently
methylated in CRCs.** However, we found relatively frequent
methylation in CRCs (but not in CAs). Our results may reflect
geographic differences in the origins of the 2 tumor sets (USA and
Japan).

The present study constitutes the most comprehensive methyla-
tion profile report available for CRCs, CAs and NME. We have
identified groups of tumor-specific genes as well as genes that are
frequently methylated in NME. We have confirmed and extended
the observations of others that methylation of some genes are
tightly correlated in tumors (the CIMP phenomenon) as well as
genes that demonstrate age-related methylation. Of great interest,
we have demonstrated that methylation of multiple genes is fre-
quent in adenomas of various types and size, consistent with the
concept that they represent intermediate steps towards most CRCs.
Finally, we have identified genes that may prove to be useful as
markers for risk assessment or early detection.

FiGure 4 — Comparison of frequencies of aberrant methylation (a) and mean MIs (b) in CRCs, adenomas and nonmalignant epithelium sam-
ples. On the basis of the frequencies of methylation in CRCs, CAs and nonmalignant colonic epithelia (NME), the genes could be divided into 3
groups. Group 1 consists of tumor-specific genes. Group 2 showed infrequent methylation in both CRCs and NME. In Group 3, both CRCs and
NME are frequently methylated. In Group 1, methylation frequencies of these genes in CRCs were statistically significantly higher than that in
NME (p values ranged from <0.0001 to 0.014). We divided Group 1 genes into further 2 subgroups, Group 1A, (both CRCs and CAs were more
significant frequently methylated than NME), Group1B, (cancer-specific but there were no significant differences between CAs and NME).
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