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ackground & Aims: The CpG island methylator phe-
otype (CIMP) is one of the mechanisms involved in
olorectal carcinogenesis (CRC). Although CIMP is
robably the cause of high-frequency microsatellite in-
tability (MSI-H) sporadic CRCs, its role in microsatel-
ite stable (MSS) tumors is debated. The majority of

SS CRCs demonstrate chromosomal instability (CIN)
ith frequent loss of heterozygosity (LOH) at key tumor

uppressor genes. We hypothesized that the majority of
poradic CRCs without CIN would be associated with
IMP. Methods: We tested 126 sporadic CRCs for MSI
nd LOH and categorized tumors into MSI, LOH, or

SI�/LOH� subgroups. Methylation status was eval-
ated using 6 CIMP-related markers (MINT1, MINT2,
INT31, p16INK4�, p14ARF, and hMLH1) and 6 tumor

uppressor genes (PTEN, TIMP3, RUNX3, HIC1, APC,
nd RAR�2). BRAF V600E mutation analysis was per-
ormed using allele-specific polymerase chain reaction
nd DNA sequencing. Results: We observed frequent
ethylation at all 12 loci in all CRCs. BRAF V600E
utations correlated with the MSI (P < .0001) and
SI�/LOH� (P � .03) subgroups. MSI and MSI�/

OH� tumors exhibited more promoter methylation
han CRCs with LOH (P < .0001). We also found an
nverse correlation between the frequencies of methyl-
tion and LOH (� � �0.36; P < .0001). Conclusions:
he associations between methylation frequencies at
IMP-related markers and MSI or MSI�/LOH� spo-

adic CRCs suggest that the majority of these tumors
volve through CIMP. These findings suggest that CIN
nd CIMP represent 2 independent and inversely re-
ated mechanisms of genetic and epigenetic instability
n sporadic CRCs and confirm that MSI cancers arise as

consequence of CIMP.

enomic instability is a key mechanistic component
of cancer progression.1,2 Three mechanisms that
ncrease the diversity of gene expression have been iden-
ified in colorectal cancer (CRC): microsatellite instability
MSI), chromosomal instability (CIN), and CpG island

ethylator phenotype (CIMP). MSI occurs in approxi-
ately 15% of sporadic CRCs and is defined by inactiva-

ion of the DNA mismatch repair (MMR) system through
cquired hypermethylation of the hMLH1 gene promot-
r.3 CIN is present in more than 50% of CRCs and is
haracterized by aneuploidy and frequent loss of het-
rozygosity (LOH), facilitating the sequential inactiva-
ion of APC, DCC/SMAD4, and p53.2 As many as 35%–
0% of CRC demonstrate CIMP, an epigenetic change
ausing transcriptional silencing by methylation of cyto-
ine residues at CpG-rich sequences (CpG islands) in the
romoter regions of many tumor suppressor genes.4 – 6

Current data indicate that CIMP is an important
echanism of gene inactivation in human carcinogene-

is, and there is growing evidence that a number of tumor
uppressor genes, including p16, p14, MGMT,and hMLH1,
re silenced by promoter methylation in CRC.7,8 Evidence
or CIMP can be found in colorectal adenomas and may
e a characteristic feature of the serrated pathway of
olorectal tumorigenesis.9 However, in contrast to MSI
nd CIN, which are recognized as distinct biologic sub-
ypes of CRC, it is not clear whether CIMP represents a
nique mechanistic pathway for colorectal carcinogene-
is10,11 or whether this characteristic occurs through the
ccumulation of multiple stochastic and random meth-
lation events.12–14 A key factor in this controversy is the
act that previous investigations have not used uniform

ethylation detection methods, have utilized different

Abbreviations used in this paper: CIMP, CpG island methylator phe-
otype; CIN, chromosomal instability; CRC, colorectal cancer; LOH,
requent loss of heterozygosity; MINT, methylated in tumor loci; MSI-H,
igh-frequency microsatellite instability; MSP, methylation-specific
CR; MSS, microsatellite stable.

© 2007 by the AGA Institute
0016-5085/07/$32.00
doi:10.1053/j.gastro.2006.09.018
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128 GOEL ET AL GASTROENTEROLOGY Vol. 132, No. 1
ethylation targets, and have used arbitrary criteria for
efining CIMP.10,12,13 In addition, most of the previous
tudies have not used sufficiently large sample sizes to
stablish convincingly the case for CIMP in CRCs.

Based on current published data, CIMP colorectal tu-
ors are characteristically sporadic (nonfamilial) and

ave a distinct clinical profile that includes proximal
umor location, female sex, older age, high tumor grade,
ild-type TP53, higher BRAF and K-Ras mutations, and

requent MSI.10,15–18 However, even if MSI tumors were
xcluded, significant relationships would still be evident
ith older age, proximal location, and mucinous histol-
gy as well as BRAF V600E and K-Ras mutations.18,19

RCs with MSI generally lack K-Ras and TP53 mutations
nd are associated with a proximal colonic location and
better prognosis than microsatellite stable (MSS) tu-
ors.20 These associations indicate that sporadic MSI

nd CIMP tumors share similar biologic features.6,21

Sporadic MSI tumors arise as a consequence of hMLH1
ethylation3 and also show an increased frequency of
ethylation at other tumor suppressor genes. We previ-

usly reported that as many as 35% of all sporadic CRCs
ack characteristics of MSI or CIN,6 and a recent popu-
ation-based study found high-frequency CIMP in 25% of
ll MSS tumors.10 There is a clear need to address the
echanistic basis of CIMP, not only to unify the criteria

or “methylation signatures” in various gene promoters,
ut also to study the relationship between CIMP and
ther forms of genetic alterations. MSI and CIN are, for
he most part, mutually exclusive,6 and CIMP strongly
ssociates with sporadic MSI CRCs.3 However, no investi-
ations have determined the relationship between CIMP
nd CIN. The present study tests the hypothesis that CIN
nd CIMP are 2 mutually exclusive pathways of genetic and
pigenetic instability in sporadic CRCs and that sporadic

SI cancer evolves through the CIMP pathway following
pigenetic inactivation of the hMLH1 gene.

Materials and Methods
Tissue Specimens
The study was performed on a cohort of 126 pri-

ary colon cancers, which were obtained from patients
ith sporadic CRC collected through the Cancer and Leu-
emia Group B (CALGB)-protocol 9865. Patients signed a
rotocol-specific informed consent for use of their tissues
nd institutional review board approval was granted for this
tudy performed on anonymized samples.6

Microdissection and DNA Amplification
Serial sections from formalin-fixed, paraffin-embed-

ed, matched normal and neoplastic primary tissues (5 �m)
ere stained with H&E, and representative normal and

umor regions were identified by microscopic examination.
ormal control tissue (nontumor) was obtained from his-
ologically normal mucosa and/or normal lymph nodes. a
Genomic DNA was isolated from the paraffin-embed-
ed microdomains removed from the slides by deparaf-
nizing them in multiple xylene washes. Subsequently,
he tissues were hydrated, digested in Proteinase K, and
ollowed by DNA extraction using the QIAamp DNA

ini kit (Qiagen, Valencia, CA), per the manufacturer’s
nstructions with some modifications.

MSI Analysis
Microsatellite analysis of all matched normal and

umor tissues was performed by polymerase chain reac-
ion (PCR) amplification using a panel of 5 National
ancer Institute (NCI)-workshop recommended markers

hat included 2 mononucleotide (BAT25 and BAT26)
nd 3 dinucleotide repeat sequences (D2S123, D5S346,
nd D17S250).22 PCR was performed using 32P-labeled
rimers and subsequent electrophoresis on 8% polyacryl-
mide gels as described previously.6 Changes in the electro-
horetic mobility of DNA amplified by PCR were used to
ssess MSI. Tumors showing a shift in at least 2 of the 5
arkers were classified as high-frequency MSI (MSI-H), in

ccordance with the international consensus criteria.22 Low-
requency MSI (MSI-L) was defined as a shift in only 1 of
he 5 markers. Tumors that did not show any allelic shifts
ere classified as MSS. In this study, we grouped MSI-L/
SS tumors together for comparison purposes and for all

tatistical analyses because both have similar clinical, patho-
ogic, and mutational features and do not differ in clinical
utcome.23

LOH Analysis
Eight sets of polymorphic microsatellite se-

uences that are tightly linked to known tumor suppres-
or genes and DNA MMR genes were used to identify
ignificant allelic losses in the colon cancer specimens.
CR amplification of genomic DNA was performed using

2P-end-labeled primers at microsatellite loci linked to
he hMSH2 locus on 2p16 (D2S123), the hMLH1 locus on
p23-21.3 (D3S1029), the APC locus on 5q21 (D5S346),
nd the p53 locus on 17p13 (D17S250, D17S261) and the
CC/SMAD2/SMAD4 region on 18q21.3 (D18S64,
18S69, and D18S474). Assessment of LOH (or allelic

mbalance) was assigned when a tumor allele showed at
east a 50% reduction in the relative intensity of 1 allele in
eoplastic tissue compared with the matched normal
NA as described previously.6 Because the LOH markers
tilized in this study have been extensively characterized,
e categorized a tumor showing 1 or more LOH events in

he 8 markers to have CIN.

BRAF V600E Mutation Analysis
Allele-specific PCR was performed to identify

600E mutations in the BRAF gene as described previ-
usly.24 Briefly, 2 sets of different forward primers were
tilized to amplify either the wild-type or the mutant

lleles of the BRAF gene. One of the forward primers
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January 2007 CIMP IN SPORADIC COLON CANCER 129
anked the exon-15 sequence (F1- 5=-TAGGTGATTTT-
GTCTAGCTACAGT-3=) and was used as a positive con-

rol to amplify the wild-type as well as the mutant BRAF.
second primer with substitution of 2 bases at the

=-end (F2-5=-GGTGATTTTGGTCTAGCTACAAA-3=)
as designed to amplify the mutant BRAF sequence only.
common reverse primer (R1-5=-GGCCAAAATTTAAT-

AGTGGA-3=) was used for both reactions. The PCR
onditions for both reactions were similar. Hot start
eactions were performed using HotStar PCR Mix (Qia-
en) with an initial denaturation for 15 minutes at 94°C
nd subsequent denaturation for 30 seconds at 94°C,
nnealing for 45 seconds at 52°C, and a final extension
or 45 seconds at 72°C. Thirty-five cycles were used to
mplify the PCR product with the expected amplicon of
29 base pair. Genomic DNA from HT-29 colon cancer
ells was used as a positive control for the detection of
RAF mutations. BRAF mutation-positive specimens
ere subsequently subjected to sequencing on an ABI
100-Avant DNA sequencer (Applied Biosystems Inc.,
oster City, CA) for confirmation.

Sodium Bisulfite Modification and
Methylation-Specific PCR Assays
Methylation-specific PCR (MSP) was performed

n bisulfite-modified DNA templates obtained from hu-
an colon cancer tissue materials to study the methyl-

tion status of 12 methylation targets. Among these, 9
ethylation markers mapped to promoter regions of

enes including hMLH1, APC, p16INK4�, p14ARF, TIMP3,
UNX3, HIC1, PTEN, and RAR�2, and the remaining 3
arkers amplified methylated in tumor loci (MINT):
INT1, MINT2, and MINT31. Six of these 12 markers

MINT1, MINT2, MINT31, p14ARF, p16INK4�, and hMLH1)
ave been proposed for identifying cancer-specific meth-
lation, also referred to as CIMP.25,26 For hMLH1, the
=-region of the gene promoter was investigated for
ethylation analysis. The primer sequences, PCR condi-

ions, and product sizes for each of the methylation
arkers analyzed and the specificity of the MSP assays

ave been described previously.27–31

Genomic DNA obtained from paraffin-embedded tis-
ue sections was bisulfite modified to convert all the
nmethylated cytosine residues to uracils for subsequent
etection of methylated cytosines using methylation-spe-
ific primers. MSP assays were performed on the bisulfite-
odified DNA using 2 sets of primers specific for ampli-

cation of methylated and unmethylated alleles as
escribed previously.32 Briefly, 0.5–2.0 �g genomic DNA
ere denatured with NaOH, treated with sodium bisul-
te, and subsequently purified using the Wizard DNA
lean-up System (Promega, Madison, WI). Step-down
CR reactions were performed in a 25-�L reaction vol-
me containing 1X PCR buffer (Invitrogen Life Technol-
gies, Carlsbad, CA), 2.5 mmol/L MgCl2, 200 �mol/L

NTPs, 0.5 �mol/L of each PCR primer, 0.75 units of y
mpliTaq polymerase, and approximately 25 ng bisulfite-
odified DNA. Reactions were hot started at 95°C for 5
inutes. This was followed by 33 cycles at 95°C for 45

econds, 57°C for 30 seconds, and 72°C for 30 seconds,
ollowed by a 10-minute extension at 72°C in a PTC 200
NA Engine Thermocyler (MJ Research, Inc., Waltham,
A). The amplification products were separated on a 3%

garose gel and visualized by ethidium bromide staining
nd ultraviolet (UV) transillumination.

Human placental DNA (Sigma Chemical Co., St. Louis,
O) treated in vitro with SssI methylase (New England

iolabs Inc., Beverly, MA) was used as a positive control
or MSP of methylated alleles, whereas DNA from nor-

al lymphocytes was used as a control for unmethylated
lleles. Water was used as a negative PCR control to
onitor for contamination.

Statistical Analyses
The relationships among the methylation fre-

uencies at each locus and LOH, MSI, and MSI�/LOH�
ere assessed for potential associations with a number of

linicopathologic parameters including tumor stage
stages II or III), age at diagnosis of the disease (years),
umor location (proximal, including cecum, right colon,
epatic flexure, and transverse colon; distal, including
plenic flexure, left colon, sigmoid colon, and rectosig-

oid), differentiation (poor, moderate, or well), nodal
tatus (0, �1 and �3, or �4), and sex (male or female).
nivariate associations of baseline prognostic variables
ere assessed using the �2 test or Fisher exact test.
Differences in the frequency of CIMP-positive tumors

�3 methylated CIMP markers) between each epigenetic
ubgroup (MSI vs LOH and MSI�/LOH� vs LOH) were
lso analyzed with the �2 test. In addition, ratios com-
aring the relative odds of a tumor being CIMP positive
�3 methylated markers) between epigenetic groups
MSI vs LOH and MSI�/LOH� vs LOH) were calculated
ith the corresponding 95% confidence interval (CI). To
nalyze the association between LOH and methylation
rofiles, we calculated LOH and methylation ratios by
ividing the total number of loci showing LOH and/or
ethylation by the total number of informative cases.
he differences between the mean methylation ratios in
ach subset of CRCs were analyzed by the Wilcoxon test.
orrelations between methylation ratios and LOH ratios
ere analyzed using Spearman rank correlation coeffi-

ients (�).
To ascertain the relative risk of a tumor harboring a

pecific genetic alteration based on the methylation
tatus for any given CIMP-related marker, we calcu-
ated the odds ratio (OR) for methylation in each of
he subgroups for each marker. A 95% CI was calcu-
ated for each OR. An OR � 1.00 indicates that the
dds of a tumor being MSI, LOH, or MSI�/LOH� are
he same whether the given promoter target is meth-

lated or not. However, for a given CRC subgroup (eg,
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SI), an OR value less than 1.00 for a specific marker
ndicates that the odds of MSI are less when that

arker is methylated. Similarly, an OR value of �1.00
ould indicate higher odds of MSI when that marker

s methylated. All reported P values are 2-sided, and P
.05 was considered statistically significant.

Results
Sporadic CRCs (n � 126) were divided into 3

ategories based on MSI and CIN determination. The
rst subgroup was MSI-H CRCs (n � 24; referred to as
SI). Among this subgroup, 4 tumors demonstrated

verlap with LOH but were categorized along with MSI
RCs because MSI is likely the predominant mechanism
f genetic instability in these cancers. The second sub-
roup comprised CRCs that did not demonstrate evi-
ence for MSI-H or LOH and were categorized as MSI�/
OH� (n � 45). The remaining 57 tumors belonged to
he third subset of CRCs, which had LOH (implying CIN)
nd are referred to as “LOH.” Among the 126 CRCs
nalyzed for methylation using the 12 markers, informa-
ive data were obtained for all cases, although, in some
nstances, certain methylation loci did not amplify in a
CR reaction despite multiple attempts. Statistical anal-
ses were based on the actual number of informative

able 1. The Overall Relationships Among Genetic and
Epigenetic Factors and Clinicopathologic Features
in Sporadic CRCs

Cohort MSI
MSI�/
LOH� LOH

P
value

%
(number)

%
(number)

%
(number)

%
(number)

ge (y) (123)
�50 16 (20) 14 (3) 11 (5) 21 (12)
51–64 44 (54) 41 (9) 55 (24) 37 (21) .41a

�64 40 (49) 45 (10) 34 (15) 42 (24)
ex (123)
Male 50 (61) 50 (11) 52 (23) 47 (27) .92a

Female 50 (62) 50 (11) 48 (21) 53 (30)
ocation (119)
Proximal 47 (56) 59 (13) 53 (23) 37 (20) .14a

Distal 53 (63) 41 (9) 47 (20) 63 (34)
umor stage (123)
II 24 (30) 45 (10) 27 (12) 14 (8) .01a

III 76 (93) 55 (12) 73 (32) 86 (49)
ymph nodes (123)
0 24 (30) 45 (10) 27 (12) 14 (8)
1–3 54 (66) 36 (8) 50 (22) 63 (36) .06a

�4 22 (27) 18 (4) 23 (10) 23 (13)
ifferentiation (122)
Well 11 (13) 14 (3) 14 (6) 7 (4)
Moderate 68 (83) 41 (9) 68 (30) 79 (44) .02b

Poor 21 (26) 45 (10) 18 (8) 14 (8)

OTE. Of 126 CRCs, 123 cases had available clinicopathologic
nformation.
P value were calculated by the �2 test.
P value was calculated by Fisher exact test.
ancers in each instance. c
Tumor Characteristics
Of 126 CRCs, clinicopathologic information was

vailable from 123 cases. The study cohort contained 30
tage II and 93 stage III CRCs. Among the 3 subsets of
RCs, stage III tumors were significantly higher in non-
SI groups (MSI�/LOH� and LOH) compared with
SI cancers (P � .01). MSI CRCs were significantly more

oorly differentiated compared with the other 2 groups
P � .02; Table 1). Although not significant, tumors in
he MSI and MSI�/LOH� subsets were more frequently
roximally located compared with LOH tumors. Simi-

arly, in comparison with the other 2 subsets of tumors,
ore of the MSI cancers did not have lymph node me-

astases (P � .06). No significant differences were ob-
erved for age and sex among any of the subgroups.

CIMP Is Frequently Present in the Majority
of MSI and MSI�/LOH� CRCs
Using MSP, we examined the methylation status

f 126 sporadic CRCs using 6 CIMP-related markers
MINT1, MINT2, MINT31, p14ARF, p16INK4�, and hMLH1)
nd promoter region methylation of 6 additional tumor
uppressor genes implicated in colon carcinogenesis
APC, PTEN, TIMP3, RUNX3, HIC1, and RAR�2). Detailed
esults of the MSP analyses are presented in Figure 1, and
he frequency of CIMP-positive CRCs is summarized in
able 2. There is a lack of consensus regarding which
ethylation markers consistently define CIMP12,13,15,33;

owever, the primary aim of the this study was not to
ake any specific recommendations in this regard. In-

tead, we investigated the ability of 6 CIMP-related mark-
rs and an equal number of additional methylation loci
o determine whether tumors with these CIMP-related

arkers also had other forms of genetic instability. To
btain a quantitative measure of CIMP, we analyzed our
ata using relatively conservative criteria16 and catego-
ized a tumor as CIMP-positive if �3 of 6 markers were

ethylated. Using such criteria, we observed that sig-
ificantly more MSI (18 of 24) and MSI�/LOH� (16
f 45) CRCs were CIMP positive compared with LOH
umors (5 of 57), which were unlikely to show this
egree of methylation (P � .001 between the MSI�/
OH� and LOH subgroups). The odds ratios for
ethylation in each subset of CRC were as follows:

1.6 (95% CI: 4.29 –35.4) for MSI tumors, 1.39 (95% CI:
.63–3.03) for MSI�/LOH� tumors, and 0.13 (95% CI:
.05– 0.32) for tumors with LOH. These data indicate
hat nearly all of the CIMP-positive CRCs are repre-
ented in the MSI or MSI-/LOH- subgroups and that
9% (34 of 69) of CRCs are CIMP positive after the
xclusion of LOH CRCs.

V600E BRAF Mutation Strongly Correlates
With CIMP-Positive Tumors
A specific mutation of BRAF (V600E) that is
ommonly found in poorly differentiated mucinous
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RCs has been associated with CIMP.10,11 We deter-
ined the presence of V600E mutations in the 3 sub-

roups of CRCs. As depicted in Tables 3 and 4 and
igure 1, a total of 26 of 126 (21%) CRCs harbored
RAF mutations. Among these, a significant correla-
ion was observed between BRAF mutation and MSI
70.8%; 17 of 24; P � .0001 for MSI vs MSI�) and

SI�/LOH� (15.5%; 7 of 45; P � .03 for MSI�/

igure 1. Frequent hypermethylation at multiple loci in MSI and MSI-/
RCs analyzed for methylation status at 12 methylation loci, frequency o
as evaluated using standard markers, and the mean LOH ratios (blue
arkers tightly linked to 5q, 17p, and 18q loci. BRAF V600E mutation w

he mutation-positive CRCs. Methylation status was analyzed using M
INT2, MINT31, p16INK4�, p14ARF, and hMLH1 (shown as red boxes)

uppressor genes: APC, RAR�2, TIMP3, PTEN, HIC1, and RUNX3 (de
methylated gene promoter, black boxes illustrate failed PCR amplifica
n the right depicts the mean methylation ratios of each tumor (orange h

n � 24). Extensive methylation is observed in CIMP-related and addition
n these tumors suggesting CIMP in these cancers. BRAF V600E mutat
vents. (B) Methylation profiles in the MSI-/LOH- subset of CRCs (n �
ajority of these tumors. BRAF V600E mutation was confined to CRCs
f CRCs demonstrating LOH (n � 57). The samples are sorted based o
hese tumors. More importantly, methylation at the CIMP-related mark
utations.
OH� vs MSI�/LOH�), whereas LOH tumors had an d
nverse correlation with BRAF mutations (3.5%; 2 of 57;
� .0001 for LOH� vs LOH�).

Methylation of CIMP-Related Markers
Distinguishes CIMP From CIN
We performed an analysis using 6 CIMP-related

arkers and a similar number of additional methylation
arkers to determine the ability of various markers to

sporadic CRCs. The Figure provides a detailed data profile from 126
F mutations, MSI status, and LOH incidence. MSI status of each tumor
ntal bars) were determined for each tumor through analysis of 10 LOH
vestigated using allele-specific PCR and a filled dark circle represents
nd data are presented for 6 CIMP-related markers including MINT1,
additional markers corresponding to promoter regions of key tumor

d in green). For the gene-specific MSP data, the filled boxes represent
nd empty boxes indicate an unmethylated promoter. The final column
tal bars), based on all 12 markers. (A) Methylation profiles in MSI CRCs
rkers. This pattern is also reflected by the high mean methylation ratios
as present in 71% (17/24) of these tumors. Only 4 cases had any LOH
. Frequent methylation was observed in CIMP-related markers in the
a high frequency of methylation. (C) Methylation profiles in the subset

reasing LOH ratios. As shown, there is substantially less methylation in
as even less frequent, and only 3% (2 of 57) of cases showed BRAF
LOH-
f BRA
horizo

as in
SP, a
and 6
picte
tion, a
orizon
al ma
ion w

45)
with

n inc
ers w
istinguish CIMP from other genetic alterations in a
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ohort of sporadic CRCs. The frequency of methylation
t each marker in the total cohort of all CRCs is sum-
arized in Table 3. We observed that methylation of at

east 1 locus was present in 110 of 126 (87.3%) of all
RCs. The frequency of promoter methylation by gene
as as follows: MINT1 (18%), MINT2 (30%), MINT31

45%), HIC1 (62%), p14ARF (33%), RAR�2 (38%), TIMP3
26%), APC (25%), hMLH1 (22%), p16INK4� (24%), RUNX3
16%), and PTEN (6%).

When the tumors were segregated based on the desig-
ated patterns of genomic or epigenetic alterations, we

ound that MSI cancers were frequently methylated at

able 2. Overall Frequency of Epigenetic Alterations in
Various Subsets of Sporadic CRCs

% (number) of
CIMP�
(�3/6

markers)
Odds ratio for
CIMP (95% CI)

P valuea

(vs
MSI�/
LOH�)

SI�/LOH�
(n � 45)

36 (16) 1.39 (0.63–3.03) N/A

SI (n � 24) 75 (18) 11.6 (4.29–35.4) .002
OH (n � 57) 9 (5) 0.13 (0.05–0.32) .001

P values were calculated by the �2 test.

able 3. The Relationship Between Methylation Frequencies
Demonstrating MSI and CIN

All CRCs
%

(number)
(n � 126)

MSI s

MSI
(n � 24

enetic marker BRAF Mutant 21 (26) 71 (17
V600E Wt 79 (100) 29 (7)

IMP-related
markers

MINT1 M 18 (22) 50 (12
U 82 (100) 50 (12

MINT2 M 30 (35) 59 (13
U 70 (81) 41 (9)

MINT31 M 45 (53) 78 (18
U 55 (64) 22 (5)

p16INK4� M 24 (30) 26 (6)
U 76 (93) 74 (17

p14ARF M 33 (42) 50 (12
U 67 (84) 50 (12

hMLH1 M 22 (25) 60 (12
U 78 (89) 40 (8)

dditional
epigenetic
markers

APC M 25 (31) 29 (7)
U 75 (94) 71 (17

RAR�2 M 38 (48) 42 (10
U 62 (78) 58 (14

TIMP3 M 26 (33) 75 (18
U 74 (92) 25 (6)

PTEN M 6 (7) 23 (5)
U 94 (109) 77 (17

HIC1 M 62 (76) 92 (22
U 38 (46) 8 (2)

RUNX3 M 16 (19) 39 (9)
U 84 (99) 61 (14

t, wild type; M, methylated; U, unmethylated.

P values were based on the �2 test.
ajority of the markers, and 75% (9 of 12) of these
arkers demonstrated a significantly higher frequency of
ethylation (P � .05 to P � .0001) compared with

on-MSI CRCs (Table 3 and Figure 1A). Among these 9
arkers, 5 were CIMP-related markers (MINT1, MINT2,
INT31, p14ARF, and hMLH1). As shown in Table 5, the

stimated odds ratios indicate an association between
SI (OR values range from 1.12 to 17.2) and the fre-

uency of methylation. Figure 2A illustrates the relation-
hip between MSI and methylation of each marker with
he OR values plotted in descending order. This Figure
uggests no obvious segregation in the odds of MSI
etween the 2 sets of markers (CIMP related and the
dditional markers) because most markers demonstrated
strong association between MSI and methylation. In-

erestingly, among the CIMP-related markers, methyl-
tion of hMLH1 had the strongest association (OR, 9.35),
ollowed by MINT1, MINT31, MINT2, p14ARF, and
16INK4�, confirming that hMLH1 methylation is a key
vent in the genesis of sporadic MSI CRCs.

Methylation was frequently observed at several mark-
rs in the 45 tumors that were MSI�/LOH�. However, a
tatistically significant association was observed only for
he CIMP-related markers, including MINT2 (P � .001),

igenetic Markers and BRAF Mutations in Sporadic CRCs

% (number)

P valuea

CIN status % (number)

P valuea
MSI-L/MSS
(n � 102)

LOH (�)
(n � 61)

LOH (�)
(n � 65)

9 (9) �.0001 7 (4) 34 (22) .0001
91 (93) 93 (57) 66 (43)
10 (10) �.0001 17 (10) 19 (12) .7
90 (88) 83 (50) 81 (50)
23 (22) .001 11 (6) 47 (29) �.0001
77 (72) 89 (48) 53 (33)
37 (35) .0004 21 (12) 68 (41) �.0001
63 (59) 79 (45) 32 (19)
24 (24) .83 12 (7) 37 (23) .001
76 (76) 88 (53) 63 (40)
29 (30) .05 23 (14) 43 (28) .02
71 (72) 77 (47) 57 (37)
14 (13) �.0001 16 (9) 27 (16) .17
86 (81) 84 (46) 73 (43)
24 (24) .58 23 (14) 26 (17) .72
76 (77) 77 (46) 74 (48)
37 (38) .69 33 (20) 43 (28) .23
63 (64) 67 (41) 57 (37)
15 (15) �.0001 15 (9) 38 (24) .004
85 (86) 85 (52) 62 (40)
2 (2) .0003 2 (1) 10 (6) .05

98 (92) 98 (57) 90 (52)
55 (54) .0009 57 (35) 67 (41) .26
45 (44) 43 (26) 33 (20)
11 (10) .0008 12 (7) 20 (12) .28
89 (85) 88 (50) 80 (49)
of Ep

tatus

)

)

)
)
)

)

)
)
)
)

)
)
)
)

)
)

)
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INT31 (P � .0001), p16INK4� (P � .002), and p14ARF(P �
04) (Table 4 and Figure 1B). Of note, these same 4
IMP-related markers showed a significant inverse asso-

iation between methylation and LOH. A distinctive dis-
ribution of ORs measuring the association between

SI�/LOH� and methylation of the individual markers
as observed (Table 5 and Figure 2B). We found that,
nlike MSI, where all 12 markers had an OR �1.0, only

able 4. The Relationship Between Epigenetic Alterations an
Evidence for CIN

enetic marker BRAF V600E Mutant
Wt

IMP-related markers MINT1 M
U

MINT2 M
U

MINT31 M
U

p16INK4� M
U

p14ARF M
U

hMLH1 M
U

dditional epigenetic markers APC M
U

RAR�2 M
U

TIMP3 M
U

PTEN M
U

HIC1 M
U

RUNX3 M
U

t, wild type; M, methylated; U, unmethylated.
P values were based on the �2 test.

able 5. Odds Ratios for Methylation vs Nonmethylation in V

Gene markers MSI ORa

IMP-related markers MINT1 8.80 (3.1
MINT2 4.73 (1.7
MINT31 6.07 (2.0
p16INK4� 1.12 (0.4
p14ARF 2.40 (0.9
hMLH1 9.35 (3.2

ther epigenetic markers APC 1.32 (0.4
RAR�2 1.20 (0.4
TIMP3 17.2 (5.8
PTEN 13.5 (2.4
HIC1 8.96 (2.0
RUNX3 5.46 (1.8

Odds ratios were calculated for the odds of MSI (n � 24) vs other (n

5) vs other (n � 81).
of the 12 markers demonstrated an OR �1.0 for
SI�/LOH�. Among the 6 markers, 4 were CIMP re-

ated, including p16INK4� (OR, 3.20; 95% CI: 1.37–7.48),
14ARF (OR, 1.58; 95% CI: 0.74 –3.40), MINT31 (OR, 3.15;
5% CI: 1.43– 6.93), and MINT2 (OR, 2.00; 95% CI: 0.89 –
.49).

By contrast, the overall incidence of methylation was
ignificantly lower in LOH tumors compared with tu-

AF Mutations in MSS Sporadic CRCs Without

Total %
(number)
(n � 102)

MSS CRCs % (number)

P valuea
LOH (�)
(n � 45)

LOH (�)
(n � 57)

9 (9) 16 (7) 4 (2) .03
91 (93) 84 (38) 96 (55)
10 (10) 5 (2) 14 (8) .12
90 (88) 95 (40) 86 (48)
23 (22) 40 (17) 10 (5) �.001
77 (72) 60 (26) 90 (46)
37 (35) 63 (26) 17 (9) �.0001
63 (59) 37 (15) 83 (44)
24 (24) 39 (17) 13 (7) .002
76 (76) 61 (27) 88 (49)
29 (30) 40 (18) 21 (12) .04
71 (72) 60 (27) 79 (45)
14 (13) 10 (4) 17 (9) .35
86 (81) 90 (36) 83 (45)
24 (24) 27 (12) 21 (12) .54
76 (77) 73 (33) 79 (44)
38 (37) 44 (20) 32 (18) .18
62 (63) 56 (25) 68 (39)
15 (15) 20 (9) 11 (6) .16
85 (86) 80 (35) 89 (51)
2 (2) 3 (1) 2 (1) .83

98 (92) 98 (39) 98 (53)
55 (54) 56 (23) 54 (31) .87
45 (44) 44 (18) 46 (26)
11 (10) 12 (5) 9 (5) .7
89 (85) 88 (37) 91 (48)

s Subsets of CRCs for Each of the Epigenetic Markers

CI) MSI�/LOH� ORa (95% CI) LOH ORa (95% CI)

.7) 0.15 (0.03–0.68) 0.83 (0.33–2.10)

.5) 2.00 (0.89–4.49) 0.14 (0.05–0.38)

.8) 3.15 (1.43–6.93) 0.12 (0.05–0.29)
5) 3.20 (1.37–7.48) 0.23 (0.09–0.59)
4) 1.58 (0.74–3.40) 0.39 (0.18–0.85)
.2) 0.28 (0.09–0.89) 0.53 (0.21–1.31)
6) 1.17 (0.51–2.70) 0.86 (0.38–1.94)
7) 1.51 (0.72–3.19) 0.64 (0.31–1.33)
.4) 0.61 (0.25–1.46) 0.29 (0.12–0.69)
.5) 0.30 (0.03–2.58) 0.15 (0.02–1.31)
.2) 0.68 (0.31–1.46) 0.66 (0.31–1.37)
.8) 0.60 (0.20–1.80) 0.57 (0.21–1.57)

2). LOH positive (n � 61) vs other (n � 63), and MSI�/LOH� (n �
d BR
ariou

(95%

3–24
8–12
7–17
0–3.1
7–5.9
1–27
9–3.5
9–2.9
7–50
2–75
0–40
9–15

� 10
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ors that were LOH-negative (Table 3 and Figure 1C).
one of the 12 methylation loci had a positive correla-

ion with LOH, and an inverse association between meth-
lation and LOH existed for all the markers (based on OR
1.0 [see Table 5 and Figure 2C]). This inverse correla-

ion was statistically significant for 4 of the 6 CIMP-
elated markers, including MINT2 (P � .0001), MINT31
P � .0001), p16INK4� (P � .001), and p14ARF (P � .02), and
or 2 of the other markers, TIMP3 (P � .004) and PTEN
P � .05). These results suggest that tumors demonstrat-
ng methylation of these markers are less likely to have
OH.

CIMP Overlaps With Sporadic MSI but
Correlates Inversely With LOH in Sporadic
CRCs
Next, we examined the degree to which CIMP

efined a subset of CRCs distinct from MSI and CIN
umors. Our data showed that the mean methylation
atios in MSI and MSI�/LOH� tumors were signifi-

igure 2. Frequency of methylation at various markers allows discrimina
llustrates the odds ratios in MSI, LOH, and MSI-/LOH- subsets of CR
shown in red) and additional markers (green). Squares represent the e
or this ratio. An odds ratio �1.0 represents a positive association with
isk (red). All odds ratios are presented in a log scale. (A) Odds ratios for
ssociation between MSI CRCs and methylation; APC, RAR�2, and p1
ix of the 12 markers demonstrated a positive risk of MSI-/LOH- with m
INT31, MINT2, p14ARF, RAR�2, and APC) may be able to identify CIM

OH CRCs at each marker. As illustrated, a negative risk between LO
ignificant for p14ARF, TIMP3, p16INK4�, PTEN, MINT2, and MINT31.
antly higher than in tumors of the LOH group, irrespec- t
ive of the total number of methylation markers analyzed
Figure 3A). Methylation of 4 of the CIMP-related mark-
rs (p16INK4�, MINT31, MINT2, and p14ARF) was strongly
ssociated with MSI�/LOH� CRCs. To better define
IMP, we individually analyzed the mean methylation

atios of all 12 markers, the 6 CIMP-related markers, and
he 4 selected CIMP-related markers, to assess the pre-
ictive value for CIMP. The mean methylation ratio of
he MSI�/LOH� subgroup was significantly higher us-
ng only the 4 CIMP-related markers (see Figure 3A), and
here was overlap between the CRCs and the MSI group
P � .26), and a simultaneous distinct separation from
he LOH tumors (P � .0001).

Although the definition of MSI status in CRC has been
tandardized,22 determination of LOH and CIMP is more
omplex, and these are dynamic processes. It is therefore
ikely that increasing the total number of LOH or CIMP

arkers analyzed in a specific scenario may increase the
pparent frequency of LOH and CIMP. To control for

between genetic and epigenetic forms of genomic instability. The Figure
r methylation vs nonmethylation in each of the CIMP-related markers
ted odds ratio for each marker. The horizontal bars depict the 95% CI
ylation of the marker (blue), whereas values �1.0 indicates a negative
ancers at each marker. As shown, most of the markers show a positive
are exceptions. (B) Odds ratios for MSI-/LOH- tumors at each marker.
tion. These results suggest that the 6 CIMP-related markers (p16INK4�,
ors from an unselected cohort of sporadic CRCs. (C) Odds ratios for

Cs and methylation is seen with each marker in this category and is
tion
Cs fo
stima
meth

MSI c
6INK4�

ethyla
P tum
H CR
his, we analyzed our data by plotting the mean LOH vs
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January 2007 CIMP IN SPORADIC COLON CANCER 135
he methylation ratios. This approach should reveal as-
ociations between the methylator phenotype and CIN
nd compensate for changes in the total number of LOH
r methylation events (Figure 3B–E). As shown in Figure
B, differences between the mean methylation ratios
rom the 12 markers vs the LOH ratios for all CRCs were
ighly significant (Spearman rank correlation coefficient,
� �0.36; P � .0001). Additionally, analyses of methyl-

tion and LOH ratios of all MSS CRCs demonstrated
ignificant inverse correlations between methylation and
OH events. As depicted in Figure 3C–E, the inverse

igure 3. Sporadic CRCs with extensive methylator phenotype inverse
dentifying CIMP and the relationship between CIMP and LOH in sporadic C
n each tumor. (A) Mean methylation ratios were determined based on the n
epresent the mean methylation ratios in MSI (blue), MSI-/LOH- (red), and L
ith vertical columns) represent the 95% CI of the mean methylation ratio
etween the mean methylation ratios in each subset of CRCs; the P values
ethylation ratios using only 4 CIMP-related markers in comparison with

ssociation for MSI and MSI-/LOH- tumors but a clear segregation and inv
alculated using all 12 methylation markers was compared with LOH ratios

� � �0.3690; P � .0001) between the incidence of methylation and LO
arkers or LOH markers would have no effect on the relationship betwee

losely relate to CIMP, underscoring the relationship between CIMP and LO
etween the methylation ratios in MSI-negative cases and the LOH burden
btained using all 12 markers. As indicated, even following exclusion of M
vident (� � �0.2981; P � .002). (D) The relationship between LOH and
ignificant inverse relationship was observed (� � �0.3079; P � .002), and
sing all 12 markers. (E) The relationship between LOH and the methylatio

nverse association between LOH and methylation was more prounounce
0.2981 with 12 markers or � � �0.3079 with 6 markers), suggesting th
ssociation was strongest when the data were analyzed o
sing only 4 selected CIMP-related markers (� � �0.41;
� .0001), rather than all 12 markers (� � �0.29; P �

002) or the original 6 CIMP-related markers (� � �0.30;
� .002). Taken together, these data show that a signif-

cant excess of promoter methylation is present in the
poradic MSI and MSI�/LOH� tumors.

Discussion
Previously, we characterized a large cohort of spo-

adic CRCs by determining whether they exhibited MSI

relate with LOH. This Figure illustrates the utility of selected markers for
For these analyses, we compared the mean LOH vs the methylation ratios
er of markers methylated in the 3 subsets of CRCs. The 3 vertical columns
hite) CRCs. The error bars denote the SD. The filled circles (color matched
rectangular boxes in the upper panels represent the pairwise correlation
calculated by the Wilcoxon test. As shown in the 3 panels, analysis of the
12 or 6 CIMP-related markers clearly demonstrates a significant positive
orrelation for LOH CRCs. (B) The relationship between methylation ratios
total cohort of 126 CRCs. As shown, an inverse correlation was observed

hese results suggested that increasing either the number of methylation
henotypes, which are mutually exclusive. Because sporadic MSI tumors
e excluded all MSI cases and reanalyzed the data to show the relationship
se tumors. (C) The relationship between mean LOH and methylation ratios
ses, a significant inverse correlation between methylation and LOH was

ylation incidence using 6 CIMP-related markers in MSI-negative cases. A
was no added gain using only the CIMP-related markers, compared with
s of the 4 CIMP-related markers in MSI-negative CRCs. Interestingly, the
n CIMP data were compared using 4 markers (� � �0.4175; versus � �
se selected markers will help identify high-frequency methylated CRCs.
ly cor
RCs.
umb

OH (w
s. The
were

either
erse c
in the
H. T
n 2 p
H, w

in the
SI ca

meth
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n ratio
d whe
r CIN and found that �35% of tumors lacked charac-
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eristics of either of these.6 In addition, we demonstrated
hat sporadic MSI CRCs were distinct from those with
IN, a finding that has been confirmed by others.34 These

esults led us to hypothesize that CIMP is a mechanism
f tumor promoter gene silencing in CRCs lacking CIN
r MSI.

The present study used a panel of markers to define
IMP in a large cohort of CRCs for which MSI and
IN status was known. Our results indicate that (1)
IMP is frequently present both in MSI tumors, and in
SI-L/MSS CRCs, and involves as many as half of all

poradic CRCs; (2) the 6 originally proposed CIMP-
elated markers are highly specific for identifying tu-

ors with the methylator phenotype; and (3) CIMP
epresents a distinct subtype of sporadic CRCs that is
nversely associated with CIN. Collectively, these re-
ults suggest that CIN and CIMP constitute 2 major
nd mutually exclusive pathways of tumor evolution in
poradic CRCs. According to this model, CRCs develop
y loss of multiple tumor suppressors, and these de-
ects occur by allelic loss in tumors with CIN, by
nability to repair single nucleotide mismatches and
nstability at microsatellite sequences in tumors with

SI, and by methylation-associated silencing in tu-
ors with CIMP. Because methylation of the hMLH1

romoter is the cause of MSI in nearly all sporadic
RCs,3 tumors that are MSI constitute a subset of

umors with CIMP. CRCs in Lynch syndrome make up
minority of all MSI cancers and evolve differently.
The overall frequency of DNA methylation in nor-
al tissues increases with age. CIMP, however, is de-

ned by a set of methylation-specific markers that are
onsistently methylated in tumors to a much greater
xtent than in normal intestinal mucosa from elderly
ndividuals. Although many studies support a role for
IMP in pathogenesis of sporadic CRC,7,10,11 markedly
ifferent frequencies of this characteristic are report-
d,11,15,33,35 with a lack of agreement among different
nvestigators, likely because of differences in method-
logy and criteria used to define the CIMP phenotype.
he work performed here provides a framework for

dentifying CIMP by placing methylation-specific
hanges in the context of MSI and CIN in a relatively
arge group of sporadic CRCs. The overall frequency of
enetic and epigenetic alterations examined in this
tudy is similar to those reported previously. In this
ontext, we observed that, although methylation of the
=-region of hMLH1 was strongly associated with MSI
RCs, some proportion of non-MSI cancers were also
ethylated. Similar observations were made previously
hen it was suggested that 3=-region methylation of

MLH1 primarily associates with MSI CRCs, whereas
=-region methylation may be present in non-MSI can-
ers, and extensive methylation of these regions is
equired for transcriptionally silencing.17,18,30 When we

efined CIMP as being present in tumors exhibiting s
ositivity in �50% of a panel of CIMP-related mark-
rs,16 we found that approximately half of sporadic
RCs met this standard. This figure is larger than in
ther studies in which the frequency of CIMP was
pproximately 20%–30%.10

Investigators interested in CIMP have identified a spe-
ific set of methylation markers that allows identification
f the methylator phenotype.7,10,15,16 In this study, we
onfirmed that the 6 conventional CIMP-related markers
MINT1, MINT2, MINT31, p16INK4�, p14ARF, and hMLH1)
ifferentiated between tumors with MSI and LOH and
hat examination of promoter methylation at other tu-

or suppressor loci did not significantly impact this
istinction. Interestingly, only 4 of the conventional
IMP-related markers (MINT2, MINT31, p16INK4�, and

14ARF) were associated with MSI�/LOH� tumor status.
dditionally, the methylation status at these 4 markers

howed overlap between MSI�/LOH� and MSI CRCs
ut clearly distinguished this group of tumors from the
SI�/LOH� neoplasms, suggesting that the first 2 sub-

ets of tumors collectively represent CIMP and inversely
orrelate with CIN.

Although many recent studies have utilized MSP
ssays to detect CIMP,10,13 it has been suggested that
SP may not be an ideal methodology to detect

IMP.7 If the MSP assay conditions are not sufficiently
tringent, one may overestimate methylation frequen-
ies for a given target gene. However, in this study, we
ook precautions in designing and performing MSP
ssays using highly stringent conditions and further
onfirmed the reproducibility and specificity of MSP
ssays by ensuring methylation detection only in the
umor tissues and not in the DNA from normal co-
onic epithelium.

Although the published studies are small, it has been
uggested that there are phenotypic characteristics com-

on to CRCs with CIMP. These include the features
ssociated with MSI, such as proximal location and poor
ifferentiation, and changes not seen in MSI tumors,
uch as a high rate of mutations in BRAF and K-Ras

SI-L/MSS and CIMP� tumors, may have a particularly
oor prognosis.36 Mutations in the BRAF and K-Ras genes
re common in sporadic CRC but are mutually exclusive
n these neoplasms.10,18 In this study, we observed a
ignificant association between MSI and V600E BRAF

utations, which has been shown to link tightly with
romoter methylation of hMLH1 in MSI CRCs.18 We
bserved a similar but somewhat weaker correlation be-
ween BRAF mutations and MSI�/LOH� as well, but
hese mutations were not associated with LOH. Although
e did not perform K-Ras mutation analysis in this study,
ur data suggest that MSI�/LOH� cancers may harbor
ore K-Ras mutations.16 An explanation for why one
utation occurs as opposed to the other has been elu-
ive.
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In conclusion, until a clear etiology for CIMP is iden-
ified, we cannot know for certain whether CIMP is an
cquired defect with a primary etiology or whether this

bnormal pattern of promoter methylation is a random C

alter Reed Army Medical Center Washington, D

methylator phenotype. Nat Clin Pract Oncol 2005;2:398–405.
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1

1

1

1

1

1

rocess that is selected for in tumor cells. The former
oncept is supported by our observation that CIMP is
resent not only in MSI tumors but in tumors that lack

IN and MSI characteristics.
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