Distinct genetic profiles in colorectal tumors with or
without the CpG island methylator phenotype
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Colorectal cancers (CRCs) are characterized by multiple genetic
(mutations) and epigenetic (CpG island methylation) alterations,
but it is not known whether these evolve independently through
stochastic processes. We have recently described a novel pathway
termed CpG island methylator phenotype (CIMP) in CRC, which is
characterized by the simultaneous methylation of multiple CpG
islands, including several known genes, such as p16, hMLH1, and
THBS1. We have now studied mutations in K-RAS, p53, DPC4, and
TGFPBRII in a panel of colorectal tumors with or without CIMP. We
find that CIMP defines two groups of tumors with significantly
different genetic lesions: frequent K-RAS mutations were found in
CIMP+ CRCs (28/41, 68%) compared with CIMP~ cases (14/47, 30%,
P = 0.0005). By contrast, p53 mutations were found in 24% (10/41)
of CIMP+ CRCs vs. 60% (30/46) of CIMP— cases (P = 0.002). Both of
these differences were independent of microsatellite instability.
These interactions between CIMP, K-RAS mutations, and p53
mutations were preserved in colorectal adenomas, suggesting that
they occur early in carcinogenesis. The distinct combinations of
epigenetic and genetic alterations in each group suggest that
activation of oncogenes and inactivation of tumor suppressor
genes is related to the underlying mechanism of generating mo-
lecular diversity in cancer, rather than simply accumulate stochas-
tically during cancer development.

E xtensive molecular analyses have established that colorectal
cancer (CRC) arises as a multistep process involving the
accumulation of specific defects in oncogenes and tumor sup-
pressor genes (1). A subset of familial CRCs (hereditary non-
polyposis colorectal cancers) results from germline mutations in
mismatch repair genes (1) (2). Microsatellite sequences such as
mono- and dinucleotide repeats are frequently altered in these
tumors because of the mismatch repair defect (3-5). About
15-20% of nonfamilial CRCs also show microsatellite instability
(MSI) characteristic of mismatch repair deficiency, but muta-
tions of mismatch repair genes are not detected in most of these
sporadic MSI* tumors (6, 7). Other genetic defects in CRC
include the nearly ubiquitous disruption of APC/B-catenin path-
way, frequent activating mutations in the K-RAS oncogene that
are thought to arise in large preneoplastic adenomas, and
frequent p53 mutations that appear to arise at the adenoma-—
carcinoma transition (1).

Another potential mechanism underlying CRC progression is
epigenetic silencing associated with promoter hypermethylation.
Hypermethylation of 5’ CpG islands has been linked to tran-
scriptional repression, and a growing number of genes, including
tumor suppressor genes mutated in familial cancer syndromes,
have been reported to be inactivated in neoplasms by this
epigenetic event (8, 9). Examples of this process in CRCs include
inactivation of the cell cycle regulator p/6 (10), the growth
suppressor ER (11), the angiogenesis inhibitor THBS1 (12), the
metastasis suppressor TIMP3 (13), the DNA repair gene MGMT
(14), and the mismatch repair gene hMLHI (15). In fact,
microsatellite instability in sporadic CRC appears to be related
to epigenetic inactivation of AMLHI in 70-80% of the cases
studied (16, 17).
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More recently, a distinct pathway for colorectal tumorigenesis
was described, termed CpG island methylator phenotype
(CIMP) (18). Tumors affected by this phenotype are character-
ized by a high degree of concordant CpG island methylation,
which affects most of the genes known to be methylated in this
tumor type (pl6, htMLHI, THBSI). Given that genetic (muta-
tions) and epigenetic (CIMP) changes are common in CRC, both
could arise independently of each other, such that CRC might
contain an accumulation of genetic/epigenetic changes that
occurred randomly and were selected for stochastically during
progression. Alternatively, epigenetic changes may mark a dis-
tinct group of tumors that have a distinct etiology and molecular
profile. To clarify these issues, we examined the mutational
status K-RAS, p53, DPC4, and TGFBRII in a series of tumors also
characterized for the presence of CIMP. Our results indicate that
CRCs develop through distinct epigenetic or genetic pathways
that have markedly different molecular profiles.

Materials and Methods

Tumor Samples. Initially, 41 unselected, sporadic CRCs, paired
normal colon tissues, and 64 colorectal adenomas were obtained
from patients without a family history of this disease and who
were treated at the Johns Hopkins Hospital. Subsequently, 47
additional CRC cases and paired normal colon tissues were also
collected. Informed consent for the use of the specimens was
obtained from all patients. DNA was extracted by standard
methods. The presence or absence of MSI in cancer samples was
previously determined (12) according to strict criteria, requiring
band shifts at both dinucleotide and mononucleotide tracts. A
detailed methylation analysis of the first 41 cancer samples was
previously reported (18).

Mutant Allele-Specific Amplification. K-RAS mutations were deter-
mined by mutant allele-specific amplification, performed as
described (19). In brief, 50 ng of genomic DNA was amplified by
mutant allele-specific PCR primers, which exclusively amplify
the mutated alleles of codon 12 and codon 13 of the K-RAS gene.
PCR products were electrophoresed on 2% agarose gels and
were visualized by ethidium bromide staining.

Single-Stranded Conformational Polymorphisms (SSCP) and Sequenc-
ing. PCR was performed as described previously by using primers
that amplify exons 2-11 of p53 (20) as well as exons 3, 5, 6, and
7 of TGFBRII (21). The primers used to amplify DPC4 exons
8-11 were designed based on the genomic DNA sequence (22),
and their sequences are available at www.med.jhu.edu/
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methylation/primers.html. For SSCP, 4 ul of PCR products were
mixed with 4 ul of loading buffer (95% formamide/20 mM
EDTA/0.05% xylene cyanol/0.05% bromophenol blue), were
denatured at 90°C for 3 min, were cooled on ice for 2 min, and
were electrophoresed in nondenaturing polyacrylamide gels at a
controlled temperature by using the Dcode Mutation Detection
System (Bio-Rad). The presence of abnormally migrating bands
was confirmed by three different conditions (with 5% glycerol at
20°C, with 5% glycerol at 10°C, and without glycerol at 4°C). The
shifted bands were excised from gels and were reamplified by
using the same set of primers. The PCR products were then
purified by the PCR Purification System (Promega), and muta-
tions were determined by direct sequencing using an Automated
Sequencer (Applied Biosystems). In addition, direct sequencing
of exon 5 to exon 8 of p53 was performed in five cases that
showed loss of heterozygosity (LOH) by SSCP but no detected
band shifts.

Methylated CpG Island Amplification. Methylation of p76, MINT 1,
2,12, 17, 27, and 31 in colorectal adenomas was determined by
methylated CpG island amplification exactly as described (23).
These loci were selected based on the fact that methylation was
not detected in normal tissues using methylated CpG island
amplification and Southern blot analysis. One hundred nano-
grams of methylated CpG island amplification PCR products
were blotted onto nylon membranes and were hybridized by
using 3?P-labeled probes. Thirty nanograms of a DNA fragment
from pl6 exon 1 (10) and MINT clones (23) were labeled by
random priming and were used as probes. Each sample was
blotted in duplicate. Each filter included mixtures of a positive
control and a negative control. The filters were exposed to a
phosphor screen for 24-72 hr and were developed by using a
PhosphorImager (Molecular Dynamics). Tumors that showed
methylation of three or more loci (of six) were defined as
CIMP*. All others were defined as CIMP . A detailed protocol
for methylated CpG island amplification is available at ww-
w.med.jhu.edu/methylation.

Methylation-Specific PCR (MSP) and Bisulfite-PCR. The methylation
status of p16, hMLHI1, MINT2, and MINT31 was also deter-
mined by MSP (p16) or bisulfite-PCR (all others). In brief, 2 ug
of genomic DNA was treated with Na-bisulfite for 16 hr. After
purification, 2 ul of aliquot was used as template for PCR
reactions. Methylation of p/6 was determined by MSP as de-
scribed (24). Methylation of h(MLH1, MINT2, and MINT31 was
determined by bisulfite-PCR followed by restriction digestion as
described (25). In brief, 20—-40 ul of the amplified products were
digested with restriction enzymes that distinguish methylated
from unmethylated sequences, were electrophoresed on 3%
agarose or 5% acrylamide gels, and were visualized by ethidium
bromide staining. Primer sequences, condition for PCR, and
restriction enzymes used are available at www.med.jhu.edu/
methylation/primers.html. For p/6, MINT2, and MINT31, the
results obtained by methylated CpG island amplification were
97% concordant with the results obtained by MSP (pl6) or
bisulfite-PCR (MINT2 and MINT31). Both MCA and bisulfite/
PCR provide semiquantitative results. The loci selected for
analysis are unmethylated (<1%) in normal tissues. Therefore,
any tumor showing =5% methylation was considered positive.
Because the tumors were not microdissected and contain a
variable amount of contaminating normal tissues, no attempt
was made to distinguish levels of methylation beyond positive/
negative.

Results

K-RAS Mutations in CRCs With or Without CIMP. The recently de-
scribed hypermethylator phenotype in CRC termed CIMP af-
fects about half of all cases and includes ~70% of sporadic MSI*
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Fig. 1. Mutational analysis of K-RAS in colorectal tumors. Mutations were
detected by mutant allele-specific amplification. (A). PCR reactions were first
performed by using a primer mixture to detect six different mutations of
K-RAS codon 12 (Upper). A second PCR reaction was then performed by using
specific primers to detect the exact mutation in each case (Lower). For exam-
ple, p30 was found to have a mutation by using the primer mix (Upper), and
the mutation was determined to be a GGT to GAT change by using specific
primers (Lower). P30, P31, P36, and P37, colorectal adenomas; H157, a human
lung cancer cell line that has a mutation in codon 12 of K-RAS. ““Normal” refers
to normal colon (a negative control). (B) Frequencies of K-RAS mutations in
colorectal tumors with or without CIMP. The frequencies of K-RAS mutations
in each population were expressed as percentages. The number of tumors
examined is shown at the bottom. The adenomas were divided into <1.5 cm
and =1.5 cm.

cases through methylation of k/MLH1 (18). CIMP was originally
defined by using a panel of six newly cloned, differentially
methylated CpG islands and required that the tumors methyl-
ated three or more of these loci. This threshold of three loci was
based on the distribution of methylation: most cases (38/41 or
93%) had methylation of either zero or one loci, or at least four
loci. Thus, changing the threshold to two loci or four loci would
not appreciably change the CIMP classification. Moreover, all
three cases that had only three MINT loci methylated also
methylated p16, suggesting a true hypermethylator phenotype in
these cases.

To study the interaction between CIMP and known genetic
events in CRC, we began by determining the K-RAS mutational
status of a panel of 41 unselected cancers previously typed for the
presence of CIMP and MSI. Of 41 cases, 21 (51%) were CIMP*
and averaged 4.6/6 loci methylated whereas the 20 CIMP ™~ cases
averaged 0.3/6 loci methylated. Nine cases (22%) were MSI*, of
which five were also CIMP™. Screening for K-RAS mutations at
codons 12 and 13 was performed by mutant allele-specific
amplification (19) (Examples in Fig. 14, summarized in Fig. 1B
and Table 1; details are shown in Table 2, which is published as
supplemental data on the PNAS web site, www.pnas.org). K-RAS
mutations were found in 13/21 (62%) CIMP* tumors and 5/20
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Table 1. Summary of epigenotype/genotype interactions in colorectal tumors

MINT p16 K-RAS p53 TGFBRII
Group Epigenotype methylation* methylation mutations mutations mutations MSI
Cancer, first series, n = 41 CIMP*, n = 21, 51%; 47 62%"* 62%53 24%* 33% 24%
CIMP—, n = 20, 49% 0.3 0% 25% 68% 21% 21%
Cancer, second series, n = 47 CIMP*, n = 20, 42%; 4.0 40%* 75%* 25%S5 ND ND
CIMP—, n = 27, 58% 0.3 0% 33% 63% ND ND
Adenomas, n = 45 CIMP*, n = 22; 45 55%"* 68%* 5% ND ND
CIMP—, n =23 0.4 0% 13% 22% ND ND
All cases, n = 133 CIMP*, n = 63; 4.4 53%" 68%" 18%7T ND ND
CIMP—,n =70 0.3 0% 24% 51% ND ND

ND, not determined.
*Average of six.
TP < 0.0001.
*P < 0.01.
5P < 0.05 (compared to CIMP~ cases).

(25%) CIMP~ tumors, and the difference between the two
groups was statistically significant (P = 0.028 by Fisher’s exact
test). This difference was preserved when MSI* cases were
excluded [13/16 (81%) K-RAS mutations in CIMP™* cases vs.
4/16 (25%) in CIMP~ cases, P = 0.004].

p53 Mutations in CRCs With or Without CIMP. We next studied the
mutational status of p53 in this same panel of cancers. To detect
mutations of p53, the entire coding region of the gene was
screened by SSCP, and all mutations were confirmed by excision

of the shifted bands and direct sequencing (Fig. 24). Overall, p53
mutations were found in 18/40 (45%) cases. Four additional
cases had intragenic p53 LOH (determined by using polymor-
phisms in exon 2, 3, or 4 of the gene) but no detectable mutations
by SSCP. p53 mutations were found in 5/21 (24%) CIMP*
cancers and 13/19 (68%) CIMP~ tumors, and this difference was
statistically significant (P = 0.01 by Fisher’s exact test). Further-
more, three of four cases with intragenic p53 LOH but no
detectable mutations belonged to the CIMP~ group. Thus,
overall, 6/21 (29%) CIMP™ cases showed p53 mutations and/or
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Fig. 2. Mutations of p53 and methylation of p76 in colorectal tumors. (A) Detection of p53 mutations by SSCP and direct sequencing. Aberrantly migrating

SSCP bands (reflecting base pair changes) are indicated by arrows (left part of each panel). Shifted bands were excised from gels and were reamplified by using
the same set of primers, and direct sequencing was performed by using automated sequencers (right part of each panel). Tumor 703 has a band shift in exon
8 caused by a mutation in codon 282 (CGG to CAG). Tumor 547 has a band shift in exon 7 caused by a mutation in codon 245 (GGC to AGC). Tumor 1290 has a
band shift in exon 5 caused by a 10-bp duplication that creates a premature stop codon. N, normal tissue; T, colorectal cancer. (B) Frequencies of alterations of
p53 and p16 in CRCs. Forty-one CRCs are divided into four categories based on the presence of alterations of p53 (p53+) and/or p16 (p16+). Alterations of p76
and p53 were inversely correlated (P = 0.0007, Fisher’s Exact test). (C) Summary of alterations of p53 and p76 in colorectal tumors with or without CIMP. The
frequencies of alterations in p53 and p76 in cancers and adenomas are expressed as percentages. n, number of tumors analyzed.
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LOH whereas 16/19 (84%) CIMP~ cases showed such alter-
ations (P = 0.0005 by Fisher’s exact test). These differences
between CIMP* and CIMP ™ cases were independent of the MSI
status.

p53 and pl6 alterations have been implicated as alternative
mechanisms of overcoming senescence in various cells (26). We
therefore sought to determine whether there was a specific
interaction between p/6 methylation and p53 mutations in CRC
(Fig. 2B). In this series, we found a strong inverse correlation
between these two events: 11/40 (28%) cases had p16 methyl-
ation only, 16/40 (40%) cases had p53 mutation only, 2/40 (5%)
cases had both events, and 11 (28%) cases had neither p/6 nor
p53 mutations (P = 0.016 by Fisher’s exact test). This inverse
correlation was maintained when we considered CIMP™* cases
alone and appeared to be independent of the MSI status.
Interestingly, the two cases that had both p/6 methylation and
p53 mutation had very low levels of methylation (<10% by
Southern blot analysis), indicating perhaps that only a fraction of
the cells were affected. In addition, we note that 12/18 (67%)
cases with K-RAS mutations had concomitant inactivation of
either p53 or pl6.

Mutations of Other Genes. To determine whether the distinct
differences in the genotypes of CIMP* and CIMP~ cancers is
applicable to other genetic alterations, we used SSCP to examine
the mutational status of TGFBRII and DPC4 in these cancers
(summarized in Table 1; details are shown in Table 2). TGFBRII
has a poly(A) tract in exon 3 that is frequently mutated in MSI*
cancers (21, 27). As expected, we found exon 3 TGFBRII
mutations in 7/8 (88%) MSI* cancers and 0/32 (0%) MSI~
cancers. In MSI~ cancers, however, we found four mutations in
the kinase domain of TGFBRII. Three of the four mutations
were in CIMP* cases. We found only one DPC4 mutation, which
was in a CIMP~ MSI™ tumor that had a K-RAS mutation but no
p53 inactivation.

K-RAS and p53 Mutations in a Separate Group of CRCs. To determine
the reproducibility of the interactions between CIMP, K-RAS,
and p53 changes, we studied a separate group of unselected 47
CRC:s for both epigenetic and genetic changes. Of the 47 cases,
20 (43%) were CIMP* based on previously determined criteria
(18) and averaged 4.0/6 loci methylated whereas the 27 CIMP~
cases averaged 0.3/6 loci methylated. Nine cases had p16 meth-
ylation and four had AMLHI methylation. All of these were
CIMP". As in the first series, there were no significant differ-
ences in age, gender, stage, or location in the colon between
CIMP* and CIMP~ cases. Combining the two series, CIMP*
tumors tended to be more frequent among proximal tumors
(57% of proximal tumors were CIMP™ vs. 35% of distal tumors),
and patients with CIMP* tumors tended to be older (mean age
68 years old vs. 63 years old for CIMP~ tumors). These trends,
however, were not statistically significant.

The results of K-RAS and p53 mutations in this group are
summarized in Table 1, and details are shown in Table 3,
published as supplemental data. K-RAS mutations were present
in 15/20 (75%) CIMP™ cases vs. 9/27 (33%) CIMP~ cases (P =
0.008). This difference in the rate of K-RAS mutations is
essentially identical to that observed in the first series. p53
mutations were present in 5/20 (25%) CIMP™ cases vs. 17/27
(63%) CIMP~ cases. This difference is largely similar to what
was seen in the first series and was statistically significant (P =
0.02). Overall (combining the two cancer series), 28/41 (68%)
CIMP* cases had K-RAS mutations compared with 14 /47 (30%)
CIMP~ cases (P = 0.0005). By contrast, p53 mutations were
found in 24% (10/41) of CIMP* CRCs vs. 65% (30/46) of
CIMP~ cases (P = 0.0002). These differences in K-RAS and p53
mutation rates were independent of tumor location in the colon.

Toyota et al.

Epigenetic and Genetic Interactions in Colorectal Adenomas. To
determine whether the epigenotype/genotype interactions we
observed in CRC are the result of early events in cancer
progression, we studied 64 colorectal adenomas of various sizes
for the presence of CIMP, p16 methylation, K-RAS mutations,
and p53 mutations by using methods similar to those described
above. The methylation status of the same six CpG islands used
to define the CIMP phenotype in cancers was determined by
methylated CpG island amplification and was confirmed by
bisulfite-PCR for two loci. Among the 64 colorectal adenomas,
38 (59%) had methylation of three or more of these loci and were
defined as CIMP* (Fig. 3). CIMP* adenomas averaged 4.0/6
methylation events per tumor, which was identical to CIMP*
cancers. Similarly, CIMP~ adenomas averaged 0.3/6 methyl-
ation events per tumor, which was the same rate seen in CIMP~
carcinomas. There was a significant difference in the rate of
CIMP positivity cases between small (<1.5 cm) and large (>1.5
cm) adenomas (23% vs. 73% respectively, P = 0.004 by Fisher’s
exact test). Interestingly, six cases (9%) showed partial methyl-
ation (5-10%) at multiple loci, suggesting that only a portion of
the tumor cells were affected by CIMP. These cases were
considered CIMP™* for all subsequent analyses. The CIMP
phenotype in adenomas was independent of age, gender, or
location (proximal vs. distal).

We next determined the rates of K-RAS mutation, p53 mu-
tation, and p16 methylation in this group of adenomas (summa-
rized in Table 1; details are shown in Table 4, published as
supplemental data). Just like in carcinomas, K-RAS mutations
were more frequent in CIMP* cases (23/38, 61%) than in
CIMP~ cases (5/26, 19%, P = 0.002 by Fisher’s exact test). In
both CIMP* and CIMP~ tumors, K-RAS mutations were more
frequent in larger adenomas (Fig. 1B). The frequency of K-RAS
mutations in large CIMP* and CIMP~ adenomas was identical
to that found in CIMP* and CIMP~ carcinomas, respectively.

Mutations of p53 were determined for 23 CIMP* adenomas
and 23 CIMP~ adenomas (Fig. 2C). Just like in carcinomas, p53
mutations were more frequently detected in CIMP~ adenomas
(5/23,22%) than in CIMP* adenomas (2/23, 9%), although this
difference did not reach statistical significance. Among CIMP~
cases, p53 mutations were more frequent in cancers than in
adenomas (65% vs. 22%, P = 0.0009 by Fisher’s exact test).

As previously seen in carcinomas, methylation of p/6 was
exclusively detected in the CIMP™* group, being seen in 16/38
(42%) CIMP™* adenomas and 0/26 (0%) CIMP~ adenomas.
Among CIMP™ cases, methylation of p/6 appeared to be slightly
lower in adenomas than in carcinomas (42% vs. 51%, P = NS).
The inverse relationship between pl6 methylation and p53
mutations was preserved in adenomas. Finally, methylation of
hMLH1 was detected in 0 of 64 colorectal adenomas (data not
shown), which is consistent with previous results showing a low
frequency of MSI in this preneoplastic lesion (28, 29).

Mutational Spectra of K-RAS and p53in CIMP+ vs. CIMP— Tumors. We
next analyzed the specific types of mutations observed in the
entire group of tumors. Overall, 70 tumors had K-RAS muta-
tions, and 51 of these (73%) were CIMP*. For K-RAS, the
relative number of G to A, G to T, and G to C changes was
identical for the two CIMP groups (55, 34, and 11% in CIMP*
cases vs. 56, 28, and 17% in CIMP~ cases). Interestingly, all 10
cases with codon 13 mutations were CIMP™*, which was mar-
ginally different than the distribution of codon 12 mutations
(41/60 CIMP*, P = 0.05). For p53, 47 tumors overall had
confirmed mutations, of which 68% were CIMP . In this limited
series, the spectrum of mutations and codon involvement was
similar between the two CIMP groups.
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Fig.3. Methylation analysis of multiple CpG islands in colorectal adenomas.
(A) Methylation of multiple CpG islands detected by methylated CpG island
amplification. Methylated CpG island amplification products from colon ad-
enomas (P2-P48) were blotted on a nylon membrane and were hybridized
with one of the MINT clones (indicated on the top), as well asa p76 probe. M2,
MINT2; M1, MINT1; M12, MINT12; and M31, MINT31. Tumors P46, P47, and P48
showed methylation of multiple loci, indicating the presence of CIMP. Tumor
P23 showed methylation of MINT31 only. (B) Methylation analysis of MINT2 by
bisulfite-PCR. PCR products were digested with BstUl, which cleaves CGCG
sequences that are retained after bisulfite treatment only when both cy-
tosines are methylated. Methylated alleles are shown by arrows. Tumors P46,
P47, and P48 are methylated at this locus. No methylated alleles were detected
in PCR products from normal colon. RKO is a colon cancer cell line used as a
positive control. (C) Methylation analysis of p76 in colorectal adenomas by
MSP. U, unmethylated allele-specific primers; M, methylated allele-specific
primers. Tumor P28 and P33 showed methylated alleles.

Discussion

In this report, we have examined the interactions between
epigenetic and genetic alterations in sporadic colorectal tumors.
By characterizing the mutational status of four major genes
(K-RAS, p53, DPC4, and TGFBRII) that are known to be altered
in CRCs in a panel of tumors also typed for hypermethylation
and MSI status, we observed several findings: (i) K-RAS muta-
tions are significantly higher in CIMP* cancers compared with
CIMP~ cases; (i) p53 mutations are significantly higher in
CIMP~ cases and are inversely correlated with methylation of
pl6; and (iii) the CpG island methylator phenotype, pI6 meth-
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ylation, and p53 mutation are all relatively early events in the
progression of CRC because they occur at a significant fre-
quency in preneoplastic adenomas. The overall frequency of
each genetic and epigenetic alteration we observed here is
broadly similar to those reported previously (3, 29), suggesting
that our results are not related to a failure to detect mutations
in a group of cases. Our results, which have been observed in two
independently studied groups of cancers and one group of
adenomas, demonstrate that there are clear differences between
the genotypes of CIMP* and CIMP~ tumors, suggesting impor-
tant interactions between genetic and epigenetic changes in this
tumor type.

The cause of the high frequency of K-RAS mutations in
CIMP* cancers remains unclear. One possible explanation is
that CIMP™* tumors inactivate DNA repair gene(s) (other than
mismatch repair) and that this results in a higher frequency of
mutation. O>-MGMT may be a candidate for such a gene because
its inactivation could increase the rate of G to A mutations, a
common mechanism of K-RAS activation (30). However, many
K-RAS mutations in CIMP™* tumors are non-G to A, suggesting
that another gene could be involved in the process. Given the
high rate of TGFBRII mutations in MSI* cases (7/8, 88%) and
the high rate of K-RAS mutations in CIMP* MSI™ cases (44 /49,
90%), one attractive hypothesis is that both of these genetic
events inactivate a common critical pathway for CRC progres-
sion. Indeed, many CRCs are TGF 3 unresponsive despite having
no TGFBRII mutation (31), and experimental evidence suggests
that K-RAS mutations can largely overcome the growth-
inhibiting effects of TGFp treatment (32). If this hypothesis is
correct, the low rate of K-RAS mutations in CIMP~ cases could
be related to (unidentified) alterations in one or several other
genes in the K-RAS /TGF 3 pathway. Interestingly, 24 of 42 CRCs
(57%) that have K-RAS mutations also have p16 or p53 alter-
ations. It was previously shown that, although oncogenic K-RAS
efficiently transforms immortalized rodent cell lines, it fails to
transform primary cells because altered K-RAS signaling can
induce senescence, mediated in part by up-regulation of p53 and
p16 (33, 34). Thus, it was predicted that K-RAS mutations would
occur concurrently with alterations in senescence-related genes
(35), and our results are consistent with these observations.

One of the interesting results of this study is the inverse
correlation between p16 and p53 inactivation. About 65% of the
CRCs we examined showed either pl6 or p53 inactivation, but
only 5% showed both events simultaneously. These results
indicate, as suggested previously (35), that colorectal tumor cells
have an absolute requirement for inactivation of either p76 or
p53 (in addition to other pathways). Furthermore, at least in
primary tumors, cancer cells that have both p16 and p53 alter-
ations do not appear to have a growth advantage compared with
tumors that have only one of these alterations. Interestingly, both
of these molecular changes start early in CRC pathogenesis
because 42% of CIMP* adenomas showed p16 methylation, and
22% of CIMP~ adenomas showed mutations of p53. A possible
explanation for these results comes from the apparent require-
ment for either p/6 or p53 inactivation (but not both) for
overcoming cellular senescence, as documented in various mod-
els (33, 36, 37). However, p16 and p53 also play roles distinct
from this senescence-response, and the simultaneous inactiva-
tion of both genes may be important for late steps of tumori-
genesis. Indeed, studies in pancreatic xenografts (38) and blad-
der cancer cell lines (39) demonstrated frequent coexistence of
pl6 and p53 alterations.

By studying both epigenetic and genetic defects in CRC, we
identified at least two major groups of tumors. CIMP* tumors
have a high degree of CpG island methylation and a high
frequency of classical genetic changes such as MSI, K-RAS, and
TGFBRII mutations. CIMP~ tumors, on the other hand, are
characterized primarily by p53 mutations, with relatively few
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additional “classical” genetic changes. We propose that this
latter group may then evolve along a distinct pathway charac-
terized by chromosomal instability (40), including a significant
degree of gene amplification and deletion. This division of CRC
into two major molecular pathways appears early, being identi-
fiable in adenomas. Further studies are needed to verify this
predicted difference in chromosomal changes between the two
groups. Furthermore, a strikingly important issue is the identi-
fication of molecular changes that are responsible for the
malignant transformation of preneoplastic polyps. Indeed, when
divided into CIMP* and CIMP~ tumors, the rates of p16, p53,
and K-RAS alterations are fairly high in preneoplastic adenomas,
suggesting that other events mediate this critical transformation
step.

It is now well recognized that, during cancer progression,
inactivation of one of the components of multiple critical
pathways (senescence, apoptosis, cell cycle regulation, etc.) is
required in virtually all of the tumors, regardless of how each
component is activated/inactivated (mutation, deletion, and
methylation). However, our results show that the ultimate mo-
lecular profile of each cancer is very different, dependent on the
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major pathway selected by the cancer for generating molecular
diversity (genetic or epigenetic). Therefore, genotyping of one or
two known oncogenes and tumor suppressor genes is not enough
for the molecular classification of CRCs. We propose that
determining the precise genetic and/or epigenetic alterations of
each cancer may be important to determining treatment strat-
egies and predicting prognosis. Indeed, the subset of tumors that
show a high degree of methylation may be appropriate for
treatment with methylation inhibitors (41). On the other hand,
tumors that develop through different pathways (e.g., chromo-
somal instability) may be more sensitive to drugs such as DNA
damaging agents. Obviously, more studies are necessary to
clarify the causes and the clinical implications of genetic and
epigenetic alterations in colorectal tumorigenesis.
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