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Abstract
JC virus has a transforming gene encoding JC virus T-antigen (JCVT). JCVT may inactivate wild-type p53, cause
chromosomal instability (CIN), and stabilize β-catenin. A link between JCVT and CpG island methylator phenotype
(CIMP) has been suggested. However, no large-scale study has examined the relations of JCVT with molecular
alterations, clinical outcome, or prognosis in colon cancer. We detected JCVT expression (by immunohistochem-
istry) in 271 (35%) of 766 colorectal cancers. We quantified DNA methylation in eight CIMP-specific promoters
(CACNA1G, CDKN2A, CRABP1, IGF2, MLH1, NEUROG1, RUNX3, and SOCS1) and eight other loci (CHFR, HIC1,
IGFBP3, MGMT, MINT1, MINT31, p14, WRN) by MethyLight. We examined loss of heterozygosity in 2p,
5q, 17q, and 18q. JCVT was significantly associated with p53 expression (P < .0001), p21 loss (P < .0001), CIN
(≥2 chromosomal segments with LOH; P < .0001), nuclear β-catenin (P = .006), LINE-1 hypomethylation (P =
.002), and inversely with CIMP-high (P = .0005) and microsatellite instability (MSI) (P < .0001), but not with PIK3CA
mutation. In multivariate logistic regression analysis, the associations of JCVT with p53 [adjusted odds ratio (OR),
8.45; P < .0001], CIN (adjusted OR, 2.53; P = .003), cyclin D1 (adjusted OR, 1.57; P = .02), LINE-1 hypomethylation
(adjusted OR, 1.97 for a 30% decline as a unit; P = .03), BRAF mutation (adjusted OR, 2.20; P = .04), and family
history of colorectal cancer (adjusted OR, 0.64; P = .04) remained statistically significant. However, JCVT was no
longer significantly associated with CIMP, MSI, β-catenin, or cyclooxygenase-2 expression in multivariate analysis.
JCVT was unrelated with patient survival. In conclusion, JCVT expression in colorectal cancer is independently asso-
ciated with p53 expression and CIN, which may lead to uncontrolled cell proliferation.
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Introduction expression or the relations between JCVT and other molecular

The Polyomavirus family includes the simian virus 40 (SV40), JC
virus, and BK virus. JC virus is a 5.12-kb, double-stranded, circular,
negatively supercoiled DNA virus that commonly infects human
cells [1,2]. It has a transforming gene encoding JC virus T-antigen
(JCVT), which is believed to mediate the oncogenic potential of
the virus [1–10]. Previous studies have suggested the link between
JCVT and various human cancers [1,3–9,11,12], including colon
cancers [5–7,9,12]. JC virus T-antigen has been reported to bind
and inactivate wild type p53 [5,11] and cause chromosomal instabil-
ity (CIN) [5–7], as well as the stabilization of β-catenin [8,9]. In ad-
dition, a previous study has suggested a link between JCVT and
promoter methylation leading to the CpG island methylator pheno-
type (CIMP) in colorectal cancer [6].

CpG island methylator phenotype is characterized by a wide-
spread, concordant CpG island methylation pattern [13–16]. CpG
island methylator phenotype–high in colorectal cancer has been as-
sociated with older age, female sex, proximal tumor location, BRAF
mutation, microsatellite instability (MSI), wild type TP53, inactive
WNT/β-catenin, high-level long interspersed nucleotide element 1
(LINE-1) methylation, and stable chromosomes [17–30]. However,
to our knowledge, no large-scale study has been conducted to exam-
ine the relationship of JCVT with genetic/epigenetic alterations or
clinical outcome in colorectal cancer.

In this study, using a large number (n = 766) of stage I to IV
colorectal cancers in two independent cohort studies, we examined
tumoral JCVT expression in relation to clinical, pathologic, and mo-
lecular features in colorectal cancers. We have found that JCVT ex-
pression is significantly associated with p53 expression and CIN but
not independently with CIMP or patient survival.
Materials and Methods

Study Group
We used the databases of two large prospective cohort studies;

the Nurses’ Health Study (n = 121,700 women observed since
1976) [31,32], and the Health Professional Follow-up Study (n =
51,500 men observed since 1986) [32]. Data on height and weight
were obtained by biennial questionnaire. A subset of the cohort par-
ticipants developed colorectal cancers during prospective follow-up.
Previous studies on the Nurses’ Health Study and Health Profes-
sionals Follow-up Study have described baseline characteristics of
cohort participants and incident colorectal cancer cases and con-
firmed that our colorectal cancers were a good representative as a
population-based sample [31,32]. Data on tumor location and stage
were obtained through medical record review. We collected paraffin-
embedded tissue blocks from hospitals where cohort participants
with colorectal cancers had undergone resections of primary tumors.
On the basis of availability of adequate tissue specimens and results, a
total of 766 colorectal cancers were included. Written informed con-
sent was obtained from all study subjects. Among our cohort studies,
there was no significant difference in the demographic features be-
tween cases with tissue available and those without available tissue
[32]. This current analysis represents a new analysis of JCVT on
the existing colorectal cancer database that have been previously char-
acterized for CIMP, MSI, p53, KRAS, or BRAF [33], which is anal-
ogous to novel studies using the well-described cell lines or animal
models. In any of our previous studies, we have not examined JCVT
events. This study represents a unique novel study about the follow-
ing: 1) a large sample size analyzed for JCVT; 2) the validated set of
CIMP-specific methylation markers; and 3) a number of other mo-
lecular events analyzed, including eight CpG islands other than the
CIMP-specific markers, MSI, CIN, KRAS, BRAF, PIK3CA, p53,
LINE-1 methylation, cyclin D1, p21, cyclooxygenase 2 (COX-2),
and β-catenin. Tissue collection and analyses were approved by the
Harvard School of Public Health and Brigham and Women’s Hospi-
tal Institutional Review Boards.
Histopathologic Evaluations
Hematoxylin and eosin–stained tissue sections were examined by

a pathologist (S.O.) unaware of other data. The tumor grade was
categorized as low (≥50% gland formation) or high (<50% gland
formation). The presence and extent of extracellular mucin were cat-
egorized as 0% (no mucin) or ≥1% of the tumor volume. The pres-
ence 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 Analyses for
MSI and LOH

Genomic DNA was extracted from dissected tumor tissue sections,
and whole-genome amplification was performed by polymerase
chain reaction (PCR) using random 15-mer primers [34]. Polymerase
chain reaction and Pyrosequencing targeted for KRAS (codons 12
and 13), BRAF (codon 600), and PIK3CA (exons 9 and 20) were
performed as previously described [34]. Microsatellite instability
analysis was performed, using 10 microsatellite markers (D2S123,
D5S346, D17S250, BAT25, BAT26, BAT40, D18S55, D18S56,
D18S67, and D18S487) [33]. Microsatellite instability–high was de-
fined as the presence of instability in ≥30% of the markers. Micro-
satellite instability–low was defined as instability in <30% of the
markers, and microsatellite stable (MSS) tumors were defined as tu-
mors without an unstable marker.

For loss of heterozygosity (LOH) analysis using microsatellite
markers (D2S123, D5S346, D17S250, D18S55, D18S56, D18S67,
and D18S487), we duplicated the PCR in each sample to exclude allele
dropouts of one of two alleles. Loss of heterozygosity at each locus was
defined as ≥40% reduction of one of two allele peaks in tumor DNA
relative to normal DNA. We obtained informative CIN results in 514
tumors (67%). The overall CIN score was defined as the number of
chromosomal segments (among 2p, 5q, 17q, and 18q) that were positive
for LOH.
Real-time PCR (MethyLight) for Quantitative DNA
Methylation Analysis

Sodium bisulfite treatment on genomic DNA and subsequent
real-time PCR (MethyLight) [35] were validated and performed as
previously described [36]. We quantified DNA methylation in eight
CIMP-specific promoters [CACNA1G, CDKN2A (p16), CRABP1,
IGF2, MLH1, NEUROG1, RUNX3, and SOCS1] [24,33], all of
which were selected from screening of 195 CpG islands [24,33].
CpG island methylator phenotype–high was defined as the presence
of ≥6 of 8 methylated promoters, CIMP-low as 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
[33]. In addition, we quantified DNA methylation in eight other
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defined as the presence of at least weak nuclear staining. Appro-
priate positive and negative controls were included in each run of
immunohistochemistry. All immunohistochemically stained slides
were interpreted by one of the investigators (JCVT, cyclin D1, and
β-catenin by K.N.; p53, p21, and COX-2 by S.O.) unaware of other
data. A random selection of 147 cases was examined for JCVT by a
second observer (Y.B.) unaware of other data, and concordance be-
tween the two observers was 0.87 (κ = 0.74, P < .0001), indicating
substantial agreement.

Statistical Analysis
All statistical analyses used SAS program (Version 9.1; SAS Insti-

tute, Cary, NC). All P values were two-sided, and statistical signifi-
cance was set at P ≤ .05; however, P values were conservatively
interpreted, considering multiple hypotheses testing. For categorical
data, the χ 2 test (or Fisher exact test when any expected cell count
was less than 5) was performed and odds ratio (OR) with 95% con-
fidence interval (CI) was computed. To compare mean LINE-1
methylation levels, the t test assuming unequal variances was per-
formed. The κ coefficient was calculated to assess an agreement
between the two interpreters in immunohistochemistry. To assess
independent relations of JCVTwith a number of variables, a multi-
variate logistic regression analysis was performed. Odds ratio was ad-
justed for age (<65 vs ≥65 years), sex, tumor location (proximal vs
distal), body mass index (BMI, ≥30 vs <30 kg/m2), tumor stage (I-II
vs III-IV), grade (low vs high), family history (present vs absent), mucin
(present vs absent), signet ring cells (present vs absent), CIMP status
(high vs low/0), MSI status (high vs low/MSS), LINE-1 methylation
Table 2. Frequency of JCVT Expression in Colorectal Cancer According to Various Molecular Features.
Molecular Feature
 Total N
 JCVT+
 Univariate OR (95% CI)
 P
CIMP status (no. of methylated CIMP markers)

CIMP-0 (0)
 335
 127 (38%)
 1
 Referent

CIMP-low (1-5)
 277
 115 (42%)
 1.16 (0.84-1.61)

CIMP-high (6-8)
 107
 21 (20%)
 0.40 (0.24-0.68)
 .0005
MSI Status
MSS
 583
 236 (40%)
 1
 Referent

MSI-low
 51
 18 (35%)
 0.80 (0.44-1.46)

MSI-high
 104
 15 (14%)
 0.25 (0.14-0.44)
 <.0001

CIMP-low/0 MSI-low/MSS
 573
 238 (42%)
 1
 Referent

CIMP-high MSI-low/MSS
 37
 11 (30%)
 0.60 (0.29-1.23)

CIMP-low/0 MSI-high
 31
 4 (13%)
 0.21 (0.07-0.60)
 .002

CIMP-high MSI-high
 70
 10 (14%)
 0.23 (0.12-0.47)
 <.0001
BRAF mutation

(−)
 631
 233 (37%)
 1

(+)
 95
 31 (33%)
 0.83 (0.52-1.31)
KRAS mutation

(−)
 470
 170 (36%)
 1

(+)
 276
 98 (36%)
 0.97 (0.71-1.32)
PIK3CA mutation

(−)
 564
 208 (37%)
 1

(+)
 102
 35 (34%)
 0.89 (0.57-1.39)
LINE-1 methylation

≥70%
 43
 6 (14%)
 1
 Referent

60-70%
 362
 136 (38%)
 3.71 (1.53-9.02)
 .002

50-60%
 271
 105 (39%)
 3.90 (1.59-9.56)
 .002

<50%
 31
 13 (41%)
 4.45 (1.45-13.6)
 .007
CIN score*

0
 139
 37 (27%)
 1
 Referent

1+
 241
 241 (37%)
 1.59 (1.00-2.51)
 .048

≥2+
 134
 70 (52%)
 3.02 (1.82-5.00)
 <.0001
p53 expression

(−)
 422
 69 (16%)
 1
 Referent

(+)
 331
 201 (61%)
 7.91 (5.63-11.1)
 <.0001
p21

Expressed
 130
 27 (21%)
 1
 Referent

Lost
 595
 234 (39%)
 2.47 (1.57-3.90)
 <.0001
Cyclin D1 expression

(−)
 342
 127 (37%)
 1

(+)
 378
 139 (37%)
 0.98 (0.72-1.33)
Nuclear β-catenin

(−)
 431
 142 (33%)
 1
 Referent

(+)
 241
 105 (44%)
 1.57 (1.14-2.17)
 .006
COX-2 expression

(−)
 116
 30 (26%)
 1
 Referent

(+)
 645
 241 (37%)
 1.71 (1.10-2.67)
 .02
Only significant P values are described.
*The CIN score was defined as the number of chromosomal segments (among 2p, 5q, 17q, and 18q) positive for LOH.
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(as a continuous variable), β-catenin, COX-2, cyclin D1, p53, p21,
BRAF, KRAS, and PIK3CA.
For survival analysis, Kaplan-Meier analysis was performed to

assess survival time distributions according to JCVT status, and log-
rank test was performed. We also constructed a multivariate, stage-
matched conditional Cox proportional hazard model to compute
hazard ratios (HRs) according to tumoral JCVT status, adjusted for
age, sex, year of diagnosis, tumor location, stage, grade, CIMP, MSI,
KRAS, BRAF, PIK3CA, β-catenin, COX-2, cyclin D1 p53, p21, and
LINE-1 methylation. In addition, a univariate Cox proportional haz-
ard model was used to assess the main effect of JCVTon patient mor-
tality. For the analyses of colorectal cancer-specific mortality, death
because of colorectal cancer was the primary end point and deaths be-
cause of other causes were censored. The proportionality of hazards
assumption was satisfied by evaluating time-dependent variables,
which were the cross product of the JCVT variable and survival time
(P = .30 for colon cancer-specific mortality; P = .48 for overall mor-
tality). To adjust for potential confounding, age, year of diagnosis, and
LINE-1 methylation were used as continuous variables, and all of the
other covariates were used as categorical variables. An interaction was
assessed by including the cross product of the JCVT variable and an-
other variable of interest in a multivariate Cox model, and the likeli-
hood ratio test was performed.
Results

JC Virus T-Antigen Expression in Colorectal Cancers
Among the 766 colorectal cancers assessed by immunohistochem-

istry, 271 (35%) tumors overexpressed JCVT. Table 1 summarizes
the frequencies of JCVT expression according to various clinical
and pathologic features. JC virus T-antigen expression was inversely
associated with proximal location (P = .002), high grade (P = .046),
and mucinous component (P = .0004).

Relationship of JCVT with CIMP and MSI Status
We determined CIMP status using MethyLight assays on a panel

of eight CIMP-specific promoters (CACNA1G, CDKN2A, CRABP1,
IGF2, MLH1, NEUROG1, RUNX3, and SOCS1) [24,33]. Table 2
summarizes the frequencies of JCVT expression according to CIMP
and other molecular features in colorectal cancer. JC virus T-antigen
expression was inversely associated with CIMP-high (≥6/8 methylated
promoters; OR, 0.40; 95% CI, 0.24-0.68, compared to CIMP-0;
P = .0005) and MSI-high (OR, 0.25; 95% CI, 0.14-0.44, compared
to MSS; P < .0001). To examine the combined effect of MSI and
CIMP on JCVT expression, we classified tumors into four subtypes
according to CIMP and MSI status (Table 2). JC virus T-antigen
overexpression was significantly less common in CIMP-high MSI-
high [14% (10/70), P < .0001) and CIMP-low/0 MSI-high [13%
(4/31), P = .002] than in CIMP-low/0 MSI-low/MSS tumors
[42% (238/573)].

JC Virus T-Antigen and Other Molecular Changes
We determined the CIN score in MSS/MSI-low tumors as the

number of chromosomal segments (among 2p, 5q, 17q, and 18q)
positive for LOH. JC virus T-antigen was significantly associated
with high CIN score (≥2+; OR, 3.02; 95% CI, 1.82-5.00, compared
to CIN score 0; P < .0001; Table 2). JC virus T-antigen expression
was also significantly associated with p53 expression (P < .0001), loss
of p21 expression (P < .0001), nuclear β-catenin expression (P =
.006), and COX-2 expression (P = .02). In contrast, JCVTexpression
was not significantly associated with alterations in KRAS, BRAF,
PIK3CA, or cyclin D1.

JC Virus T-Antigen and Methylation in Individual
CpG Islands

Because JCVT has been implicated in CpG island methylation
[6], we examined the relationship of JCVT with methylation in 16
individual CpG islands, including the 8 CIMP-specific promoters
(Table 3). In the univariate analysis, JCVT was inversely associated
Table 3. Frequency of JCVT in Colorectal Cancer According to Methylation Marker Status.
Methylation Marker
 Total N
 JCVT+
 Univariate OR
(95% CI)
OR Adjusted for
CIMP (95% CI)
P

CIMP marker panel*
CACNA1G*
(−)
 564
 221 (39%)
 1
 1

(+)
 155
 42 (27%)
 0.58 (0.39-0.85)
 1.13 (0.64-2.00)
CDKN2A (p16)*
(−)
 506
 186 (37%)
 1
 1
 Referent

(+)
 213
 77 (36%)
 0.97 (0.70-1.36)
 1.63 (1.09-2.42)
 .016
CRABP1*
(−)
 492
 192 (39%)
 1
 1

(+)
 227
 71 (31%)
 0.71 (0.51-0.99)
 1.11 (0.74-1.65)
IGF2*
(−)
 547
 218 (40%)
 1
 1

(+)
 172
 45 (26%)
 0.53 (0.37-0.78)
 0.86 (0.51-1.45)
MLH1*
(−)
 632
 250 (40%)
 1
 1

(+)
 87
 13 (15%)
 0.27 (0.15-0.49)
 0.68 (0.27-1.69)†
NEUROG1*
(−)
 506
 197 (39%)
 1
 1

(+)
 213
 66 (31%)
 0.70 (0.50-0.99)
 1.12 (0.74-1.70)
RUNX3*
(−)
 575
 227 (39%)
 1
 1

(+)
 144
 36 (25%)
 0.51 (0.34-0.77)
 0.98 (0.51-1.85)
SOCS1*
(−)
 594
 233 (39%)
 1
 1

(+)
 125
 30 (24%)
 0.49 (0.31-0.76)
 0.75 (0.44-1.28)
Other CpG islands
CHFR
(−)
 410
 154 (38%)
 1
 1

(+)
 309
 109 (35%)
 0.91 (0.67-1.23)
 1.19 (0.86-1.67)
HIC1
(−)
 341
 138 (40%)
 1
 1

(+)
 378
 125 (33%)
 0.73 (0.54-0.99)
 0.86 (0.63-1.19)
IGFBP3
(−)
 525
 191 (36%)
 1
 1

(+)
 194
 72 (37%)
 1.03 (0.73-1.45)
 1.31 (0.91-1.89)
MGMT
(−)
 445
 167 (38%)
 1
 1

(+)
 274
 96 (35%)
 0.90 (0.66-1.23)
 0.95 (0.69-1.31)
MINT1
(−)
 464
 178 (38%)
 1
 1

(+)
 255
 85 (33%)
 0.80 (0.58-1.11)
 1.05 (0.74-1.48)
MINT31
(−)
 482
 195 (40%)
 1
 1

(+)
 237
 68 (29%)
 0.59 (0.42-0.83)
 0.82 (0.55-1.23)
p14 (CDKN2A/ARF )
(−)
 569
 225 (40%)
 1
 1

(+)
 150
 38 (25%)
 0.52 (0.35-0.78)
 0.71 (0.45-1.12)
WRN
(−)
 452
 181 (40%)
 1
 1

(+)
 267
 82 (31%)
 0.66 (0.48-0.91)
 0.89 (0.62-1.28)
After adjusting for CIMP, all of the significant associations in the univariate analysis were
markedly attenuated.
*Eight markers in the CIMP-specific marker panel.
†Adjusted for CIMP and MSI because MLH1 methylation was associated with CIMP-high and
MSI-high, both of which could be confounders.
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with methylation in CACNA1G, CRABP1, IGF2,MLH1,NEUROG1,
RUNX3, SOCS1, HIC1, MINT31, p14, and WRN. However, after
adjusting for CIMP, all of these associations were markedly atten-
uated, and no association was considered to be highly significant,
given multiple hypotheses testing. These results suggest that none
of these 16 methylation markers were directly related with JCVT.

JC Virus T-Antigen Is Independently Associated with p53
Expression and CIN

We performed multivariate logistic regression analysis, to examine
which variables were independently associated with JCVT (Table 4).
JC virus T-antigen was significantly associated with p53 expression
(multivariate OR, 8.45; 95% CI, 5.72-12.5; P < .0001) and high
CIN score (multivariate OR, 2.53; 95% CI, 1.38-4.62; P = .003)
and inversely with high tumor grade (multivariate OR, 0.44; 95%
CI, 0.24-0.79; P = .006). JC virus T-antigen might also be associated
with cyclin D1 expression, LINE-1 hypomethylation, BRAFmutation,
and signet ring cells and inversely with family history of colorectal
cancer (all P values between 0.05 and 0.01); however, given multiple
hypotheses testing, any of these associations might be a chance event.

JC Virus T-Antigen and Patient Survival
We assessed the influence of JCVT expression on survival of pa-

tients with stage I to IV colorectal cancers. We have previously shown
that clinical outcome data in our two independent cohort studies are
valid and reliable to detect significant molecular predictors of patient
survival [44–46]. In the Kaplan-Meier analysis, JCVTexpression was
not significantly associated with patient survival (log-rank, P = .31
for colorectal cancer-specific mortality; log-rank, P = .67 for overall
mortality). We performed Cox regression analysis to assess mortalities
according to JCVT status (Table 5). For both cancer-specific and
overall mortalities, JCVT was not significantly related with patient
outcome in univariate analysis, stage-matched analysis, or multivari-
ate analysis. When we limited cases to only colon cancers, JCVT re-
mained unrelated with patient outcome. We examined whether JCVT
was associated with patient mortality in any of the strata of clinical or
molecular variables (such as age, sex, tumor stage, location, CIMP,
MSI, BRAF, LINE-1, etc.). However, there was no evidence for the
significant relation between JCVT and clinical outcome in any of
the strata, and there was no evidence for significant interaction between
JCVT and any of the variables in survival analysis (data not shown).
Discussion
We conducted this study to examine the relations of JCVTexpres-

sion with clinical, pathologic, and molecular characteristics and pa-
tient survival in colorectal cancers. Molecular correlates with JCVT
may be important for a better understanding of genetic and epige-
netic alterations during the colorectal carcinogenic process. We have
found that JCVT is independently associated with p53 expression
and CIN. In contrast, JCVT is inversely related with the CIMP
and MSI in univariate analysis but not in multivariate analysis. Our
data support the hypothesis that JCVT may affect p53 expression
and CIN rather than CIMP and MSI in colorectal cancer.

Studying molecular changes is important in cancer research [47–
64], and classification of colorectal cancer based on MSI and CIMP
is increasingly important because it reflects genomic and epigeno-
mic alterations, respectively, in tumor cells and largely determines
clinical, pathologic, and molecular characteristics [65]. To measure
DNA methylation, we used real-time PCR (MethyLight Technol-
ogy) for DNA methylation in eight CIMP-specific loci [33] as well
as in eight other CpG islands. We also used Pyrosequencing to mea-
Table 4. Multivariate Analysis of the Relations with JCVT in Colorectal Cancer.
Variable Independently Associated with JCVT
 Multivariate OR (95% CI)
 P
p53 expression
 8.45 (5.72-12.5)
 <.0001

CIN score (≥2+ vs 0)
 2.53 (1.38-4.62)
 .003

High tumor grade
 0.44 (0.24-0.79)
 .006

Cyclin D1 expression
 1.57 (1.08-2.27)
 .02

LINE-1 hypomethylation (30% decline as a unit)
 1.97 (1.08-3.59)
 .03

BRAF mutation
 2.20 (1.09-4.44)
 .03

Signet ring cells (present vs absent)
 2.32 (1.05-5.16)
 .04

Family history of colorectal cancer
 0.64 (0.42-0.98)
 .04
Multivariate logistic regression analysis assessing the relations with JCVT included age, sex, BMI, tumor location, stage, mucinous component, microsatellite instability, CIMP,
β-catenin, COX-2, p21, KRAS, PIK3CA, BRAF, and the variables listed in table. Only significant variables are listed.
Table 5. JC Virus T-Antigen Expression and Patient Mortality in Colorectal Cancer.
Total N
 Cancer-Specific Mortality
 Overall Mortality
Deaths/
Person-Years
Univariate HR
(95% CI)
Stage-Matched HR
(95% CI)
Multivariate HR
(95% CI)
Deaths/
Person-Years
Univariate HR
(95% CI)
Stage-Matched HR
(95% CI)
Multivariate HR
(95% CI)
Colon and rectum
JCVT (−)
 446 (63%)
 109/3658
 1 (referent)
 1 (referent)
 1 (referent)
 188/3658
 1 (referent)
 1 (referent)
 1 (referent)

JCVT (+)
 262 (37%)
 73/2035
 1.17 (0.87-1.57)
 1.11 (0.82-1.51)
 0.98 (0.69-1.40)
 112/2035
 1.05 (0.83-1.33)
 1.05 (0.82-1.33)
 0.94 (0.72-1.23)
Colon
JCVT (−)
 361 (66%)
 88/2977
 1 (referent)
 1 (referent)
 1 (referent)
 155/2977
 1 (referent)
 1 (referent)
 1 (referent)

JCVT (+)
 187 (34%)
 49/1449
 1.10 (0.78-1.56)
 0.96 (0.67-1.38)
 0.81 (0.52-1.26)
 77/1449
 1.00 (0.76-1.32)
 1.05 (0.82-1.33)
 0.84 (0.60-1.17)
The multivariate, stage-matched conditional Cox model included age, year of diagnosis, sex, BMI, family history of colorectal cancer, tumor location, stage, grade, KRAS, BRAF, PIK3CA, β-catenin,
COX-2, cyclin D1, p53, p21, LINE-1 methylation, microsatellite instability, and CIMP.
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sure LINE-1 methylation, which has been correlated well with cellu-
lar 5-methylcytosine level (i.e., genome-wide DNA methylation level)
[29,38,39]. 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 JCVT expression, CIMP-high, p53 expression, etc.).
The large number of cases has also provided a sufficient power in our
multivariate logistic regression analysis and survival analysis.
Previous studies have reported the relationship of JC virus with

CIN and LOH [6,7]. Introduction of JC virus into a diploid cell line
can lead to CIN [7]. In addition, JCVT is strongly associated with
LOH in colorectal cancers [6]. In the current study, we have shown
that JCVT is associated with CIN and LINE-1 hypomethylation, in-
dependent of other variables. These data collectively support a pos-
sible role of JCVT in the development of CIN and genome-wide
DNA hypomethylation in colorectal cancers.
Regarding the relation between JCVT and p53, a previous study

has reported that JCVT can bind and inactivate both p53 and
phospho-RB proteins [11]. Especially, JCVT may affect other regu-
latory mechanisms for p53, which have been implicated in cancer
development [9]. Together with our current data of the independent
association between JCVT and p53 expression, accumulating data
suggest that JCVTmay dysregulate the p53 pathways, which can lead
to uncontrolled proliferation of colorectal cancer cells.
We have demonstrated that JCVT expression is associated with

p53 expression in colorectal cancer. One possible explanation for this
phenomenon is that there might be some cases with poor antigenicity
of JCVT and p53. Poor quality of tissue for immunohistochemistry
would have yielded a false-negative result in either the JCVT or p53
immunoassay, driving the overall relationship between JCVT and
p53 expression toward a concordant pattern. However, we have
shown that JCVT expression is inversely associated with p21 expres-
sion, which cannot be explained by the presence of poor-quality spe-
cimens. p21 has been known to be induced by wild-type p53, and
indeed, p53 expression (a surrogate of p53 mutation) was inversely
associated with p21 expression in our cohorts. These results imply
that the strong relation between JCVT and p53 expression we have
observed is not simply caused by the presence of poor-quality speci-
mens, leaving a possibility of a molecular interaction or other molec-
ular correlates between JCVT and p53. Interestingly, the relation
between JCVT and p21 loss did not persist after adjusting for p53,
suggesting that the link between JCVTand p21 loss was mediated by
p53 expression.
Previous studies have reported that methylation of host cell gene is

not unique to JC virus and occurs with other oncogenic viruses
[55,57,61,66]. Associations have been shown between methylation
of multiple genes and Epstein-Barr virus in gastric cancer [55,57]
and between promoter methylation and hepatitis B virus/hepatitis
C virus in hepatocellular cancer [61,66]. A significant association
has been found between the presence of SV40 T-antigen and meth-
ylation of multiple genes in non–Hodgkin lymphomas and mesothe-
liomas [67,68]. In addition, a previous study has reported that JCVT
may induce CIMP in colorectal cancers through multiple mecha-
nisms of epigenetic alterations [6]. However, our data do not support
the relation of JCVTwith CIMP (determined by the validated panel
of eight CIMP-specific promoters [24,33]) or methylation in any of
the 16 CpG islands we examined, using a large number of colorectal
cancers. We have shown an “inverse association” between JCVT and
CIMP in univariate analysis (P = .0005), which became insignificant
in multivariate analysis, indicating no independent association be-
tween JCVT and CIMP. In addition, none of the 16 CpG islands
seemed to be specifically related with JCVTafter adjusting for CIMP.
This discrepancy is likely caused by the differences in the sample sizes
(n = 100 in reference [6] vs n = 766 in our current study), the meth-
ylation markers examined (MLH1, APC, CDKN2A, p14, PTEN,
TIMP3, RUNX3, HIC1, and RARB in reference [6] vs CACNA1G,
CDKN2A,CRABP1, IGF2,MLH1,NEUROG1,RUNX3, SOCS1, and
eight other CpG islands in our current study), the methods to de-
tect DNA methylation (nonquantitative methylation-specific PCR
in reference [6] vs quantitative MethyLight in our current study)
and the criteria for methylator type or CIMP-high (no clear def-
inition in reference [6] vs the presence of ≥6 of 8 methylated
CIMP-specific promoters in our current study), and the statistical
methods (no multivariate analysis in reference [6] vs both multi-
variate and univariate analyses performed in our current study).
Considering that there is considerable heterogeneity of tumors with
regard to CpG island methylation and that CpG islands are meth-
ylated in a different manner, the difference in the methylation
markers between the two studies may explain discrepancies, at least
in part. However, some CpG islands (MLH1, RUNX3, CDKN2A,
p14, and HIC1) were used in both studies, and results on the same
markers seemed to be discordant. We have conducted rigorous sta-
tistical analysis for each marker and performed multivariate analysis
to assess independent associations and significant confounding. In
addition, we have comprehensively examined the relation between
JCVT and CIMP using the validated CIMP marker panel [24,33]
and a large number (n = 766) of colorectal cancers with robust sta-
tistics. Our results suggest that JCVT may not contribute to CIMP
in colorectal cancer. On the basis of our current results and data in
the literature, Figure 2 represents hypothetical relations with JCVT
in colorectal cancer.

In conclusion, using a large number of colorectal cancers, we have
shown that JCVT is independently associated with p53 expression
and CIN. Conversely, JCVT seems to be unrelated with CIMP, MSI,
or patient outcome. Our data suggest that JCVTmay contribute to
CIN and dysregulation of the p53 pathways, which may lead to un-
controlled proliferation of colorectal cancer cells.
Figure 2. Hypothetical relations with JCVT expression in colorectal
cancer. The thick lines with p53 and CIN imply the particularly tight
relations with JCVT. Data are based on this current study and ref-
erences [25,26,29,30,42].
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