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Abstract

Purpose—DNA methyltransferase-3B (DNMT3B) plays an important role in de novo CpG island
methylation. Dnmt3b can induce colon tumor in mice with methylation in specific CpG islands. We
hypothesized that cellular DNMT3B level might influence the occurrence of widespread CpG island
methylation (i.e., the CpG island methylator phenotype, CIMP) in colon cancer.

Experimental Design—Ultilizing 765 colorectal cancers in two cohort studies, we detected
DNMT3B expression in 116 (15%) tumors by immunohistochemistry. We assessed microsatellite
instability, quantified DNA methylation in repetitive long interspersed nucleotide element-1
(LINE-1) by Pyrosequencing, eight CIMP-specific promoters [CACNAL1G, CDKN2A (p16),
CRABP1, IGF2, MLH1, NEUROG1, RUNX3, and SOCSL1], and eight other CpG islands (CHFR,
HIC1, IGFBP3, MGMT, MINT1, MINT31, p14, and WRN) by real-time PCR (MethyL.ight).

Results—Tumoral DNMT3B overexpression was significantly associated with CIMP-high [>6/8
methylated CIMP-specific promoters; odds ratio (OR), 3.34; 95% confidence interval, 2.11-5.29;
P < 0.0001]. The relations between DNMT3B and methylation in 16 individual CpG islands varied
substantially (OR, 0.80-2.96), suggesting variable locus-to-locus specificities of DNMT3B activity.
DNMT3B expression was not significantly related with LINE-1 hypomethylation. In multivariate
logistic regression, the significant relation between DNMT3B and CIMP-high persisted (OR, 2.39;

2009 American Association for Cancer Research.

Requests for reprints: Shuji Ogino, Center for Molecular Oncologic Pathology, Dana-Farber Cancer Institute, Brigham and Women's
Hospital, Harvard MedicalSchool, 44 Binney Street, Room JF-215C, Boston, MA 02115. Phone: 617-632-3978; Fax: 617-277-9015;
shuji_ogino@dfci.harvard.edu..

Note: Supplementary data for this article are available at Clinical Cancer Research Online (http://clincancerres.aacrjournals.org/).
K. Nosho, K. Shima, and N. Irahara contributed equally.

The manuscript has not been published previously and is not being considered concurrently by any other publication. This manuscript
acknowledges all sources of support for the work.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.


http://clincancerres.aacrjournals.org/

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nosho et al. Page 2

95% confidence interval, 1.11-5.14; P = 0.026) after adjusting for clinical and other molecular
features, including p53, p-catenin, LINE-1, microsatellite instability, KRAS, PIK3CA,and BRAF.
DNMT3B expression was unrelated with patient outcome, survival, or prognosis.

Conclusions—Tumoral DNMT3B overexpression is associated with CIMP-high in colorectal
cancer. Our data support a possible role of DNMT3B in nonrandom de novo CpG island methylation
leading to colorectal cancer.

Epigenetic aberrations are important mechanisms in carcinogenesis, and many tumor
suppressor genes can be silenced by promoter CpG island methylation (1). Aberrant de novo
CpG island methylation has been linked to DNA methyltransferase-3B (DNMT3B; refs. 2—
7). DNMT3B plays an important role in the establishment and maintenance of genomic
methylation patterns (2-5,8,9). Dnmt3b overexpression in mice can induce colon tumor with
a nonrandom CpG island methylation pattern, suggesting some degree of locus specificity of
Dnmt3b activity (7). DNMT3B is overexpressed in various human cancers (6,10-12),
including colorectal cancer (13), and inhibition of DNMT3B causes demethylation of CpG
islands in cancer cells (10,14-16). Certain DNMT3B polymorphisms have been associated with
decreased CpG island methylation in ovarian cancer (17) and normal colonic mucosa (18), and
increased risks of lung and colorectal cancers (19,20). These data collectively suggest a
pathogenetic link between DNMT3B, CpG island methylation, and cancer. DNMT3B is a
potential target of chemotherapy and chemoprevention by DNMT inhibitors (1,2).

Translational Relevance

Causes of DNA methylation at specific CpG islands in cancer are enigmatic and probably
multifactorial. In this study, we provide compelling evidence for the association between
DNMT3B expression and methylation in specific promoter CpG islands in colorectal
cancer. Together with previous experimental data, our findings suggest that DNMT3B may
contribute to the occurrence of widespread CpG island methylation, which has been known
as the CpG island methylator phenotype (CIMP). CIMP has been established as a unique
phenotype in colorectal cancer, associated with distinct clinical, pathologic, and molecular
features. Our findings are likely clinically important because DNMT inhibitors are
promising chemopreventive and chemotherapeutic agents, and a clinical indication of
DNMT inhibitors may depend on CIMP status of colorectal neoplasia.

The CpG island methylator phenotype (CIMP) in colorectal cancer is characterized by a
widespread CpG island methylation (21-23), and is associated with older age, female gender,
proximal tumor location, BRAF mutation, microsatellite instability (MSI), wild-type TP53,
and high global DNA methylation level (24-28). However, the cause of widespread promoter
CpG island methylation is currently unknown. Considering the role of DNMT3B in de novo
methylation, we hypothesized that DNMT3B expression may influence the occurrence of
CIMP in colorectal cancer.

In this study, we examined the relation between tumoral DNMT3B expression and CIMP in a
large number of colorectal cancers (n = 765). Our findings of the significant relation between
DNMT3B and CIMP support a potential role of DNMT3B in de novo CpG island methylation
in carcinogenic process.

Materials and Methods

Study group

We used the databases of two large prospective cohort studies; the Nurses’ Health Study (n =
121,700 women followed since 1976; ref. 29), and the Health Professional Follow-up Study
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(n =51,500 men followed since 1986; ref. 29). A subset of the cohort participants developed
colorectal cancers during prospective follow-up. Thus, these colorectal cancers represented
population-based, relatively unbiased samples (compared with retrospective or single hospital—
based samples). Previous studies on the Nurses’ Health Study and Health Professionals Follow-
up Study have described baseline characteristics of cohort participants and incident colorectal
cancer cases, and confirmed that our colorectal cancers were well representative as a
population-based sample (29). We collected paraffin-embedded tissue blocks from hospitals
in which cohort participants with colorectal cancers had undergone resections of primary
tumors. Based on the availability of adequate tissue specimens, a total of 765 colorectal cancers
(diagnosed up to June 30, 2002) were included. Among our cohort studies, there was no
significant difference in demographic features between cases with tissue available and those
without available tissue (29). Many of the cases have been previously characterized for CIMP,
MSI, p53, KRAS, and BRAF (28,30). However, we have not examined DNMT3B expression
in our tumors or the relationship between DNMT3B and other molecular events. Informed
consent was obtained from all study subjects. Tissue collection and analyses were approved
by the Harvard School of Public Health and Brigham and Women's Hospital Institutional
Review Boards.

Measurement of mortality

Patients were observed until death or June 30, 2006, whichever came first. Ascertainment of
deaths included reporting by the family or postal authorities. In addition, the names of persistent
nonresponders were searched in the National Death Index. In rare patients who died as a result
of colorectal cancer not previously reported, we obtained medical records with permission from
next of kin. More than 98% of deaths in the cohorts were identified by these methods.

Histopathologic evaluations

H&E-stained tissue sections were examined by a pathologist (S. Ogino) unaware of other data.
The tumor grade was categorized as low (>50% gland formation) versus high (<50% gland
formation). The presence and extent of extracellular mucin were categorized as 0% (no mucin),
1% to 49%, or >50% of the tumor volume. The presence and extent of signet ring cells were
categorized as 0% (no signet ring cells) or >1% of the tumor volume.

Sequencing of KRAS, BRAF and PIK3CA, and MSI analysis

Genomic DNA was extracted from dissected tumor tissue sections, and whole genome
amplification was done by PCR using random 15-mer primers (31). PCR and Pyrosequencing
targeted for KRAS (codons 12 and 13; ref. 31), BRAF (codon 600; ref. 32), and PIK3CA (exons
9 and 20; ref. 33) were done. MSI analysis was done, using 10 microsatellite markers (D25123,
D5S346, D175250, BAT25, BAT26, BAT40, D18S55, D18S56, D18S67, and D18S487; ref.
30). MSI-high was defined as the presence of instability in >30% of the markers. MSI-low was
defined as instability in <30% of the markers, and “microsatellite stable” tumors were defined
as tumors without an unstable marker.

Real-time PCR to measure DNA methylation in CIMP-specific and other CpG islands

Sodium bisulfite treatment on genomic DNA and subsequent real-time PCR (MethyLight)
were validated and done as previously described (34). We quantified DNA methylation in eight
CIMP-specific promoters [CACNALG, CDKN2A (p16), CRABP1, IGF2, MLH1, NEUROG1,
RUNX3, and SOCS1,; refs. 27,30], all of which were selected from screening of 195 CpG islands
(26,27). Primers and probes were previously described (27). Methylation positivity at each
locus was defined as the percentage of methylated reference (>4), as previously validated
(34). CIMP-high was defined as the presence of >6 of 8 methylated promoters, CIMP-low as
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the presence of 1/8 to 5/8 methylated promoters, and CIMP-0 as the absence (0/8) of methylated
promoters, according to the previously established criteria (30).

Inaddition, we quantified DNA methylation in eight other CpG islands (not in the CIMP panel),
including CHFR, HIC1, IGFBP3, MGMT, MINT1, MINT31, p14, and WRN. Primers and
probes were previously described (HIC1, IGFBP3, p14, and WRN; refs. 27,35). The PCR
condition for all markers was initial denaturation at 95°C for 10 min followed by 45 cycles of
95°C for 15 s, and 60°C for 1 min.

Pyrosequencing to measure LINE-1 methylation

In order to accurately quantify relatively high methylation levels in long interspersed nucleotide
element-1 (LINE-1) repetitive elements, we used Pyrosequencing as previously described
(28). LINE-1 methylation level measured by Pyrosequencing has been shown to be a good
indicator of 5-methylcytosine level (i.e., genome-wide DNA methylation level; ref. 36).
LINE-1 methylation levels were distributed approximately normally (mean, 60.9%; median,
61.8%; SD, 9.8%).

Immunohistochemistry for p53, B-catenin, and DNMT3B

Tissue microarrays were constructed as previously described (29). Methods of
immunohistochemical procedures and interpretations were previously described for p53 and
jB-catenin (30,37). For DNMT3B, antigen retrieval was done, and deparaffinized tissue sections
in Antigen Retrieval Citra Solution (Biogenex Laboratories) were microwaved for 15 min.
Tissue sections were incubated with 10% normal goat serum (Vector Laboratories) in PBS (30
min). We applied primary monoclonal antibody against DNMT3B (1:150 dilution, clone
52A1018; Imgenex), and the slides were incubated overnight at room temperature. This
antibody was generated using full-length mouse recombinant Dnmt3b, and has been shown to
recognize human DNMT3B.8 Next, we applied an anti-mouse 1gG antibody (Vector
Laboratories) for 30 min, followed by an avidin-biotin complex conjugate (Vector
Laboratories) for 30 min, diaminobenzidine (5 min) and methyl green counterstain. Nuclear
DNMT3B expression was recorded as no expression, weak expression, or moderate/strong
expression (Fig. 1). DNMT3B positivity (i.e., over-expression) was defined as >30% of tumor
cells with at least weak nuclear staining. For DNMT3B expression analysis in normal mucosa,
we used normal mucosa adjacent to colorectal cancer on the same tissue section for each case.
In normal colonic mucosa, there were no cases with nuclear expression, and we recorded the
intensity of cytoplasmic expression as no expression, weak expression, or moderate/strong
expression. Appropriate positive and negative controls were included in each run of
immunohistochemistry. All immunohistochemically stained slides were interpreted by one of
the investigators (K. Nosho) unaware of other data. A random selection of 141 cases was
examined by a second observer (K. Shima) unaware of other data, and concordance between
the two observers was 0.91 (x = 0.60; P < 0.0001), indicating substantial agreement.

Statistical analysis

All statistical analyses used SAS program (version 9.1, SAS Institute). All P values were two-
sided, and statistical significance was set at P < 0.05. P values were conservatively interpreted
when performing multiple hypotheses testing. For categorical data, the 42 test (or Fisher's exact
test when any expected cell count was <5) was done. To compare mean LINE-1 methylation
levels, the t test assuming unequal variances was done. The « coefficients were calculated to

assess an agreement between the two interpreters in immunohistochemistry, and that between
the two panels (8 markers versus 16 markers) for the diagnosis of CIMP-high. A correlation

8http://www.imgenex.com/antibody_detaiIs.php?catalog=IMG-184A
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between the degree of tumoral DNMT3B expression and the degree of DNMT3B expression
in adjacent normal colonic mucosa was assessed by the Spearman correlation test. To assess
independent effect of tumoral DNMT3B expression on tumoral CIMP status, multivariate
logistic regression analysis was done (with DNMT3B as an exposure of interest and CIMP as
an outcome variable) and odds ratio (OR) was adjusted for age (as a continuous variable), sex,
tumor location (proximal versus distal), stage (I-11 versus I11-1V), grade (low versus high),
mucin (present versus absent), signet ring cells (present versus absent), MSI (high versus low/
microsatellite stable), p53, nuclear p-catenin (positive versus negative), LINE-1 methylation
(as a continuous variable), BRAF, KRAS,and PIK3CA (mutant versus wild-type). Likewise, to
assess independent effect of tumoral DNMT3B on methylation in each of the 16 individual
CpG islands, multivariate logistic regression analysis was done (with DNMT3B as an exposure
variable and a given methylation marker as an outcome variable) with adjustment done as
above.

For survival analysis, we did not take recurrence or relapse into account. For analyses of
colorectal cancer—specific mortality, death as a result of colorectal cancer was the primary end
point, and deaths as a result of other causes were censored. For analyses of all-cause mortality
as the end point, participants were censored only at the end of followup. The Kaplan-Meier
method was used to describe the distribution of colon cancer—specific and overall survival time,
and a log rank test was done. We also used stage-matched, conditional Cox proportional hazard
models to calculate hazard ratios of death according to tumoral DNMT3B status adjusted for
age, sex, year of diagnosis, tumor location, stage, grade, MSI, CIMP, LINE-1, KRAS, BRAF,
p53, and B-catenin. To adjust for potential confounding, tumor stage was used as a matching
variable, and age, year of diagnosis, and LINE-1 methylation were used as continuous
variables. All of the other covariates were used as dichotomous categorical variables. For
missing information in covariates [including tumor grade (0.3% missing), MSI (1.0%),
KRAS (0.7%), BRAF (3.2%), p53 (0.7%), and B-catenin (1.7%)], we included those cases in a
majority category in the particular variable in order to eliminate “missing” indicator variables
and maximize the efficiency of multivariate Cox regression analyses. We confirmed that
excluding cases with missing information in any of the covariates did not substantially alter
results (data not shown). An interaction with CIMP (or LINE-1) was assessed by including the
cross product term of the DNMT3B variable and the CIMP (or LINE-1) variable in a
multivariate Cox model, and the likelihood ratio test was done.

DNMT3B expression in colorectal cancers

Among the 765 colorectal cancers assessed by immunohistochemistry, 116 (15%) tumors
overexpressed DNMT3B. Table 1 shows clinical, pathologic and molecular features of
colorectal cancer according to tumoral DNMT3B status. DNMT3B overexpression was
significantly associated with proximal location (P < 0.0001), high tumor grade (P = 0.007),
mucinous component (P = 0.0001), signet ring cells (P = 0.0007), CIMP-high (P < 0.0001),
MSI-high (P < 0.0001), and BRAF mutation (P < 0.0001; Table 1).

Because methylation in LINE-1 repetitive DNA elements is a good indicator of global DNA
methylation level (36), we examined the relation between DNMT3B expression and LINE-1
methylation. The mean LINE-1 methylation level was higher in DNMT3B-positive tumors
[62.6%; 95% confidence interval (Cl), 60.9-64.4%] than in DNMT3B-negative tumors (60.6%;
95% Cl, 59.9-61.4%; P = 0.041), but the difference was rather subtle.
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DNMT3B expression in cancer and adjacent normal colon mucosa

Association

In 718 cases, we were able to compare DNMT3B expression in colorectal cancer to DNMT3B
expression in adjacent normal mucosa. Tumoral DNMT3B expression seemed to be
significantly associated with DNMT3B expression in adjacent normal colonic mucosa (Table
1). The intensity of DNMT3B expression in normal colonic mucosa (absent, 1+, 2+, and 3 +)
was significantly correlated with the intensity of tumoral DNMT3B expression (absent, 1+, 2
+,and 3+; Spearman r =0.27; P <0.0001) and with the percentage of tumor cells with DNMT3B
nuclear staining (Spearman r = 0.26; P < 0.0001). This phenomenon could be explained by
field effect or field cancerization by DNMT3B expression. Another possibility was that this
phenomenon could be, at least in part, due to the presence of tumors with poor antigenicity,
driving an overall relation towards a concordant pattern.

between tumoral DNMT3B and CIMP-high

Using real-time quantitative PCR (MethyLight) assays, we have extensively validated the use
of the eight markers (CACNA1G, CDKN2A, CRABP1, IGF2, MLH1, NEUROG1, RUNX3,
and SOCS1) as the CIMP diagnostic panel (30), among which CACNA1G, IGF2, NEUROG1,
RUNX3, and SOCS1 were selected from screening of 195 CpG islands (27). We also examined
methylation in eight other CpG islands (CHFR, HIC1, IGFBP3, MGMT, MINT1, MINT31,
p14, and WRN). In the current analysis, CIMP-high tumors determined by this eight-marker
panel were nearly identical to CIMP-high tumors determined by the panel using all of the 16
markers (with 97.2% concordance, x = 0.89; P <0.0001). Because of our previous extensive
validation, we defined CIMP-high as >6/8 methylated CIMP-specific markers (CACNAL1G,
CDKN2A, CRABP1, IGF2, MLH1, NEUROG1, RUNX3, and SOCS1).

We examined the frequencies of CIMP marker methylation in DNMT3B-positive and
DNMT3B-negative tumors (Fig. 1E). It was evident that the DNMT3B-positive tumor group
included more heavily methylated tumors than the DNMT3B-negative group.

Tumoral DNMT3B is independently associated with CIMP-high

To confirm an independent relation between DNMT3B and CIMP-high, we did a multivariate
logistic regression analysis (Table 2). DNMT3B was associated with CIMP-high (multivariate
OR, 2.39; 95% Cl, 1.11-5.14) after adjusting for age, sex, tumor location, stage, grade,
mucinous component, signet ring cells, MSI, LINE-1, p53, nuclear B-catenin, KRAS,
PIK3CA, and BRAF. Based on these results, Fig. 2 summarizes hypothetical relations with
CIMP-high in colorectal cancer.

Relationship between tumoral DNMT3B and methylation in individual CpG islands

Because we found the association between tumoral DNMT3B expression and CIMP-high, we
examined if there was any differential association between tumoral DNMT3B and methylation
inindividual CpG islands. For each CpG island locus (CACNA1G, CDKN2A, CRABPL, IGF2,
MLH1, NEUROG1, RUNXS3, SOCS1, CHFR, HIC1, IGFBP3, MGMT, MINT1, MINT31,
p14, or WRN), we did univariate and multivariate logistic regression analyses of the relation
of tumoral DNMT3B (as an exposure variable of interest) with each methylation marker (as
an outcome variable; Table 3). Tumoral DNMT3B expression was significantly associated
with CpG island methylation at each locus, except for HIC1, MGMT, and MINTX in univariate
analyses. Interestingly, the strength of the relationship with DNMT3B varied from marker to
marker [OR ranging from 0.80 (for MGMT) to 2.96 (for CACNA1G)], suggesting that
DNMT3B might have varying specificities against different CpG islands. In multivariate
analysis, tumoral DNMT3B expression remained significantly associated with CACNA1G,
IGF2, and SOCS1. The strength of the relationship with tumoral DNMT3B varied from marker
to marker [multivariate OR ranging from 0.75 (for MGMT) to 1.96 (for CACNALG)].
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Patient survival, tumoral DNMT3B, and interaction with CIMP or LINE-1

Finally, we examined the effect of DNMT3B expression on patient outcome and potential
modifying effect of CIMP or LINE-1. Both CIMP and LINE-1 methylation level have been
shown to be significantly associated with patient survival in our cohort studies (38,39). Among
733 eligible cases with a total of 5,922 person-years of follow-up, there were 313 deaths,
including 191 colorectal cancer—specific deaths. In the Kaplan-Meier analysis, there was no
significant difference in survival time distributions according to tumoral DNMT3B status (log
rank P > 0.20). In stage-matched Cox regression analysis or multivariate Cox regression
analysis, DNMT3B expression in tumor was not significantly related with patient outcome
(Supplemental Table). In addition, there was no evidence for a significant modifying effect of
CIMP or LINE-1 methylation on the relation between DNMT3B and patient outcome (P for
interaction > 0.19).

Discussion

We conducted this study to examine the relationship between DNMT3B and the CIMP in
colorectal cancer, and the relation between DNMT3B expression in cancer and matched normal
colonic mucosa. Molecular correlates with DNMT3B activation may be important for better
understanding of epigenetic and epigenomic aberrations during the carcinogenic process. We
have shown that DNMT3B overexpression is associated with CIMP-high independent of other
clinical and molecular variables, including age, sex, tumor location, stage, pathologic features,
MSI, and BRAF mutation. Our data support the hypothesis that DNMT3B may contribute to
CpG island methylation, which may eventually lead to the development of CIMP-high
colorectal cancer. Considering that DNMT3B is a potential target of chemotherapy and
chemoprevention, our findings may have considerable clinical implications.

To measure DNA methylation, we used real-time PCR (MethyLight technology) for DNA
methylation at the eight CIMP-specific loci and in eight other CpG islands. We also used
Pyrosequencing to measure LINE-1 methylation, which is a good indicator of cellular 5-
methylcytosine level (i.e., genome-wide DNA methylation level; ref. 36). Our resource of a
large number of colorectal cancers derived from the two prospective cohort studies has enabled
us to precisely estimate the frequency of colorectal cancers with a specific molecular feature
(such as DNMT3B overexpression, CIMP-high, etc.). The large number of cases has also
provided a sufficient power in our multivariate logistic regression analysis.

DNMT3B activation has been implicated in aberrant de novo methylation of CpG islands in
colorectal cancer (2,4,5,7). Dnmt3b can induce colon tumor in mice, and those tumors exhibit
DNA methylation in specific CpG islands (7). In addition, a recent study using the MDA.-
MB231 breast cancer cell line has shown that Dnmt3b plays an important role in both
methylation and demethylation (9). DNMT3B mRNA is overexpressed in human colorectal
cancers compared with matched normal colonic mucosa (11,13). In the current study, we have
shown DNMT3B overexpression in 15% of colorectal cancers and the positive association
between DNMT3B expression and CIMP-high, independent of other variables. DNMT3B
overexpression has also been linked with the methylator phenotype in ovarian cancer cell lines
(6). Our data are likely important because no study has comprehensively examined the
relationship between DNMT3B expression and CIMP in human colorectal cancer.

The molecular features of colorectal cancer have been extensively studied (40-43). Although
BRAF mutation has been tightly linked to CIMP-high in colorectal cancer (25,27,30), the exact
mechanism of high propensity for widespread CpG island methylation leading to CIMP-high
has remained uncertain. In the current study, we have shown the relation between DNMT3B
and CIMP-high, independent of BRAF mutation and other factors associated with CIMP-high.
On the other hand, our data do not support a direct link between DNMT3B and high-level

Clin Cancer Res. Author manuscript; available in PMC 2010 May 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nosho et al.

Page 8

methylation in LINE-1, a surrogate of genome-wide DNA methylation level. A recent study
using a murine colon cancer model has shown that Dnmt3b overexpression induces DNA
methylation in some, but not all, CpG islands, suggesting that Dnmt3b may facilitate CpG
island methylation in a non-random fashion (7). DNMT3B depletion in cancer cells causes
gene-specific demethylation, rather than genome-wide demethylation (14). In addition,
different splicing variants of DNMT3B seem to regulate gene-specific CpG island methylation
patterns (10,44). These experimental data are consistent with our data of the significant relation
between DNMT3B and CIMP-high, but no significant relation between DNMT3B and
genome-wide DNA methylation level. Based on our current results and data in the literature,
Fig. 2 represents hypothetical relations with CIMP-high in colorectal cancer. Further studies
are necessary to elucidate the exact mechanism of DNMT3B activity on specific CpG islands
without substantially affecting genome-wide DNA methylation level.

Regarding the different subtypes of CIMP in colorectal cancer, accumulating evidence suggests
that CIMP-low is associated with KRAS mutation and is molecularly different from CIMP-
high and CIMP-negative (CIMP-0; refs. 32,35,45-50). It has been suggested that KRAS
mutation is associated with a random CpG island methylation pattern that leads to CIMP-low
tumors (35). Together with the previous study suggesting nonrandom targeting of DNMT3B
activity (7), our data further support a molecular difference between CIMP-high (associated
with DNMT3B up-regulation, a nonrandom CpG island methylation pattern and BRAF
mutation) and CIMP-low (associated with a random methylation pattern and KRAS mutation).
Further studies are necessary to elucidate the pathogenic mechanisms of these different
epigenomic aberrations.

In conclusion, DNMT3B overexpression is associated with CIMP-high in colorectal cancer,
independent of other clinical and molecular characteristics. Our data support the hypothesis
that DNMT3B may play an important role in widespread promoter CpG island methylation
during the carcinogenic process. Considering that DNMT3B is a potential target of
chemotherapy and chemoprevention, our findings may have considerable clinical implications.
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DNMT3B expression in colorectal cancer and normal mucosa. A, cytoplasmic expression of
DNMT3B in normal colonic mucosa (arrows). B, no nuclear DNMT3B expression in colorectal
cancer. C and D, strong nuclear DNMT3B expression in colorectal cancers (empty arrows).
E, number of methylated CIMP markers according to DNMT3B status in colorectal cancer.
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Hypothetical relations with CIMP-high in colorectal cancer. Question marks indicate

uncertainty in the direction of the relation. The thick lines with BRAF and MSI-high imply the
particularly tight relations with CIMP-high.
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Clinical, pathologic, and molecular features according to tumoral DNMT3B status in colorectal cancer

Clinical or molecular feature Total N DNMT3B+ DNMT3B- P

All cases 765 116 649

Gender 0.15
Men 337 (44%) 44 (38%) 293 (45%)
Women 428 (56%) 72 (62%) 356 (55%)

Age 0.11
<59 191 (25%) 20 (17%) 171 (26%)
60-69 317 (41%) 52 (45%) 265 (41%)
>70 257 (34%) 44 (38%) 213 (33%)

Tumor location <0.0001
Distal (splenic flexure to rectum) 408 (56%) 42 (38%) 366 (59%)
Proximal (cecum to transverse) 326 (44%) 70 (63%) 256 (41%)

Stage 0.36
1 159 (23%) 21 (20%) 138 (24%)
1l 225(33%) 37 (35%) 188 (33%)
1 206 (30%) 28 (27%) 178 (31%)
v 92 (13%) 19 (18%) 73 (13%)

Tumor grade 0.007
Low 686 (91%) 98 (84%) 588 (92%)
High 67 (8.9%) 18 (16%) 49 (7.7%)

Mucinous component (%) 0.0006
0 403 (61%) 54 (50%) 349 (63%)
1-49 161 (24%) 26 (24%) 135 (25%)
>50 94 (14%)  28(26%) 66 (12%)

Signet ring cell component (%) 0.0007
0 560 (92%) 83 (84%) 486 (94%)
>1 48 (7.8%) 16 (16%) 32 (6.2%)

p53 expression 0.79
&) 431 (57%) 67 (58%) 364 (56%)
o) 330 (43%) 49 (42%) 281 (44%)

CIMP status <0.0001
CIMP-0 350 (47%) 43 (37%) 316 (49%)
CIMP-low 293 (38%) 37 (32%) 256 (39%)
CIMP-high 113 (15%) 36 (31%) 77 (12%)

MSI status <0.0001
MSS 585 (77%) 79 (69%) 506 (79%)
MSI-low 64 (8.4%) 4 (3.5%) 60 (9.3%)
MSI-high 109 (14%) 32 (28%) 77 (12%)

BRAF mutation <0.0001
A 641 (86%) 86 (74%) 555 (89%)
+) 102 (14%) 30 (26%) 72 (11%)
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Clinical or molecular feature Total N DNMT3B+ DNMT3B- P
KRAS mutation 0.49
&) 484 (64%) 77 (66%) 407 (63%)
o) 278 (36%) 39 (34%) 239 (37%)
PIK3CA mutation 0.69
&) 600 (85%)  91(83%) 509 (85%)
o) 108 (15%) 18 (17%) 90 (15%)
Nuclear B-catenin expression 0.098
&) 343 (48%) 59 (56%) 284 (47%)
o) 368 (52%) 47 (44%) 321 (53%)
LINE-1 methylation level (%) 0.58
>70 131 (18%)  23(20%) 108 (17%)
50-70 518 (70%) 79 (69%) 439 (70%)
<50 96 (13%) 12 (11%) 84 (13%)
DNMT3B in adjacent normal colon <0.0001
-=) 365 (51%) 29 (26%) 336 (55%)
Weak+ 214 (30%)  39(35%) 175 (29%)
+) 139 (19%) 43 (39%) 96 (16%)

Page 15

NOTE: Percentages indicate the proportion of cases with a specific clinical, pathologic, or molecularfeature among DNMT3B+ cases (or DNMT3B

— cases).

Abbreviation: MSS, microsatellite stable.
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Table 2

Univariate and multivariate logistic regression analysis of the relation of tumoral DNMT3B with CIMP-high in
colorectal cancer

Variable independently associated with CIMP-high  Univariate OR (95% CI) P Multivariate OR (95% CI) P

DNMT3B expression 3.34 (2.11-5.29) <0.0001 2.39 (1.11-5.14) 0.026

Other significant variables
MSI-high (vs MSI-low/MSS) 33.1(19.7-55.4) <0.0001 18.6 (8.27-41.9) <0.0001
BRAF mutation 26.6 (15.9-44.5) <0.0001 13.6 (5.71-32.5) <0.0001
Age (for 10 year increment) 1.79 (1.38-2.33) <0.0001 3.39 (2.00-5.76) <0.0001
Proximal location 11.8 (6.49-21.5) <0.0001 3.46 (1.57-7.64) 0.002
Nuclear p-catenin expression 0.17 (0.10-0.28) <0.0001 0.30 (0.13-0.68) 0.004
LINE-1 methylation (for 10% increment) 1.68 (1.33-2.11) <0.0001 1.57 (1.08-2.29) 0.018
High tumor grade 5.43 (3.28-9.00) <0.0001 2.86 (1.14-7.22) 0.026
Sex (female vs male) 1.83(1.20-2.80) 0.005 2.44 (1.10-5.43) 0.028
p53 expression 0.28 (0.17-0.46) <0.0001 0.42 (0.19-0.92) 0.031

NOTE: Multivariate logistic regression analysis assessed the relation of DNMT3B (an exposure variable of interest) with CIMP (an outcome variable),
adjusting for tumor stage, mucin, signet ring cells, KRAS, PIK3CA, and the variables listed in the table. Only significant variables in the multivariate
analysis are listed.

Abbreviation: MSS, microsatellite stable.
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Table 3

Univariate and multivariate logistic regression analysis for the relation of tumoral DNMT3B with each
methylation marker

Outcome variable Univariate OR, 95% CI (DNMT3B and P Multivariate OR, 95% CI (DNMT3B and P

methylation marker) methylation marker)

CIMP panel markers

CACNA1G 2.96 (1.94-4.51) <0.0001 1.96 (1.15-3.34) 0.014
CDKN2A (pl6) 2.10 (1.40-3.16) 0.0003 1.24 (0.76-2.02) 0.39
CRABP1 2.06 (1.38-3.09) 0.0004 1.31 (0.79-2.16) 0.29
IGF2 2.84 (1.87-4.30) <0.0001 1.87 (1.09-3.21) 0.023
MLH1 2.31(1.39-3.84) 0.001 1.31(0.63-2.71) 0.48
NEUROG1 1.69(1.12-2.54) 0.012 0.85 (0.50-1.44) 0.55
RUNX3 2.52 (1.64-3.89) <0.0001 1.26 (0.68-2.34) 0.47
SOCS1 2.84 (1.81-4.44) <0.0001 1.93(1.13-3.30) 0.016
Other CpG islands
CHFR 1.66 (1.12-2.47) 0.012 1.02 (0.65-1.60) 0.93
HIC1 1.46 (0.98-2.18) 0.064 1.04 (0.67-1.62) 0.87
IGFBP3 1.61 (1.06-2.46) 0.025 1.24 (0.79-1.97) 0.35
MGMT 0.80 (0.53-1.21) 0.29 0.75 (0.48-1.17) 0.21
MINT1 1.18 (0.78-1.77) 0.43 0.77 (0.49-1.21) 0.26
MINT31 2.36 (1.58-3.53) <0.0001 1.58 (0.99-2.54) 0.057
pl4 (CDKN2A/ARF) 1.75 (1.12-2.74) 0.014 1.09 (0.64-1.85) 0.76
WRN 1.75(1.18-2.61) 0.005 1.08 (0.67-1.75) 0.75

NOTE: Multivariate logistic regression analysis assessed the relation of tumoral DNMT3B (an exposure variable) with each methylation marker (an
outcome variable), adjusted for age, sex, tumor location, stage, grade, mucin, signet ring cells, LINE-1, KRAS, BRAF, PIK3CA, B-catenin, and p53.
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