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Colon cancer has been viewed as the result of progressive accu-
mulation of genetic and epigenetic abnormalities. However, this
view does not fully reflect the molecular heterogeneity of the
disease. We have analyzed both genetic (mutations of BRAF, KRAS,
and p53 and microsatellite instability) and epigenetic alterations
(DNA methylation of 27 CpG island promoter regions) in 97 primary
colorectal cancer patients. Two clustering analyses on the basis of
either epigenetic profiling or a combination of genetic and epige-
netic profiling were performed to identify subclasses with distinct
molecular signatures. Unsupervised hierarchical clustering of the
DNA methylation data identified three distinct groups of colon
cancers named CpG island methylator phenotype (CIMP) 1, CIMP2,
and CIMP negative. Genetically, these three groups correspond to
very distinct profiles. CIMP1 are characterized by MSI (80%) and
BRAF mutations (53%) and rare KRAS and p53 mutations (16% and
11%, respectively). CIMP2 is associated with 92% KRAS mutations
and rare MSI, BRAF, or p53 mutations (0, 4, and 31% respectively).
CIMP-negative cases have a high rate of p53 mutations (71%) and
lower rates of MSI (12%) or mutations of BRAF (2%) or KRAS (33%).
Clustering based on both genetic and epigenetic parameters also
identifies three distinct (and homogeneous) groups that largely
overlap with the previous classification. The three groups are
independent of age, gender, or stage, but CIMP1 and 2 are more
common in proximal tumors. Together, our integrated genetic and
epigenetic analysis reveals that colon cancers correspond to three
molecularly distinct subclasses of disease.

classification | DNA methylation | genetic alterations

Colorectal cancer (CRC) is the second and fourth most
common cancer in men and women, respectively (1). Ap-
proximately 70% of colorectal cancers are sporadic, with no
inherited predisposition. A stepwise progression model involv-
ing two distinct genetic pathways has been proposed to explain
the etiology of colon cancer from benign neoplasm to adeno-
carcinoma (2). One class of genetic alterations involves muta-
tions of oncogenes and tumor-suppressor genes that directly
control cell birth and death, such as APC, KRAS, and p53.
Another involves mutations of DNA mismatch repair genes.
In addition to these genetic alterations, cancer initiation and
promotion can occur by epigenetic mechanisms (3). CpG meth-
ylation is the best characterized epigenetic change in the mam-
malian genome. Whereas CpG dinucleotides are underrepre-
sented in the mammalian genome, approximately half of all
human genes contain a CpG-rich region called a “CpG island”
in the 5’ area, often encompassing the promoter and transcrip-
tion start site of the associated gene (4, 5). Gene silencing by
hypermethylation of CpG islands (including tumor-suppressor
genes) is a common event in tumors. Further, hypermethylation
of specific genes such as ERa, MYOD]1, and N33 occurs in the
normal colon tissue of aging individuals (6, 7), and hypermeth-
ylation of the secreted frizzled-related gene family (SFRPs) is
detectable in aberrant crypt foci (8). The early occurrence of
epigenetic alterations led to a hypothesis that they allow for the

18654-18659 | PNAS | November 20,2007 | vol. 104 | no. 47

subsequent accumulation of both genetic and epigenetic alter-
ations that promote tumor development and progression.

Importantly, certain individuals appear predisposed to aber-
rant promoter hypermethylation, including at several tumor-
suppressor genes (9). This phenomenon, termed CpG island
methylator phenotype (CIMP), provides an alternative pathway
to promote colon cancer (10). Several independent studies have
linked CIMP to distinct genetic and clinical features, including
high rates of BRAF and KRAS mutation, low rates of p53
mutations, specific histology (mucinous, poorly differentiated),
familial occurrence, and distinct clinical outcome (11). However,
the current view of the formation of colon cancer does not fully
reflect the molecular heterogeneity of the disease. Here, we
analyzed both genetic and epigenetic alterations in primary
colorectal cancers and found that, molecularly, colon cancer
consists of three distinct subclasses, each of which is fairly
homogeneous.

Results

Clinical Variables and Epigenetic and Genetic Alterations. We ana-
lyzed colorectal cancers from 97 individual CRC patients se-
lected solely based on tissue availability. Clinical characteristics
of the patients are summarized in Table 1. DNA isolated from
grossly microdissected cancers was analyzed to determine the
methylation status of 27 promoter-associated CpG islands se-
lected based on prior studies. For each gene, the average
methylation level measured quantitatively and the frequency of
positive cases (with methylation level greater than >15%) are
shown in supporting information (SI) Table 6. In an initial
analysis, we selected 20 cases to compare methylation analysis
for the same genes by different methods [methylated CpG island
amplification (MCA) (12), combined of bisulfite restriction
enzyme amplification (COBRA) (13), or bisulfite pyrosequenc-
ing (14)] and found excellent correlation in methylation between
the methods (similar results were observed for 92% cases, using
MCA or pyrosequencing methods, and 95% cases using COBRA
or pyrosequencing methods). Therefore, we combined all results
together for further analysis. Methylation frequencies for the 27
genes we examined ranged from 5.2 to 98.9%. Five genes, ERq,
MyoD1, N33, HPP1, and SFRP1, were hypermethylated in
>80% of cancer cases, suggestive of age-related methylation (6,
15). Indeed, when we examined the methylation of these genes
in normal-appearing mucosa from the same patients, we found
substantial methylation in normal colon and significant corre-
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Table 1. Clinical characteristics of 97 CRC patients

Characteristic n=297
Age
Median age in years, range 68 years (25-98 years)
Missing data 2
Gender
Female 29 (30%)
Male 66 (68%)
Missing data 2 (2%)
Location
Proximal 38 (39%)
Distal 44 (45%)
Missing data 15 (16%)
Stage
lorll 43 (44%)
lor IV 37 (38%)
Missing data 17 (18%)

lation between patient age and methylation of each gene (R =
0.36, P = 0.0005 for ERa; R = 0.42, P < 0.001 for MyoD1; R =
0.45, P < 0.0001 for N33; R = 0.45, P < 0.0001 for SFRP1; and
R = 0.33, P = 0.002 for HPP1; see SI Fig. 6). This was not found
for any of the other genes examined. Therefore, as previously
proposed, we called these five genes Type-A genes for age-
related and all other genes Type-C genes for tumor-specific.

We next determined the status of BRAF mutation (using
pyrosequencing), KRAS mutation (using mutant allele specific
amplification), p53 mutation (using single-strand conforma-
tional polymorphism and sequencing), and microsatellite insta-
bility (using the classical panel) in these same cases. BRAF
mutation was observed in 11 of 87 cancers (12.6%); KRAS
mutation was found in 43 of 94 cancers (45.7%); and 44 of 93
patients (47.3%) had p53 mutation. Of the 97 tumors evaluated
for microsatellite instability, 22 (22.7%) had high levels of
microsatellite instability (MSI-H).

CIMP Affects Most Genes. It was shown that methylation clusters in
specific colorectal cancer subsets termed CIMP, and CIMP was
originally defined based on seven cancer-specific MINT markers
with hypermethylation at 2 or more loci (9). Using the original
definition, 49 cases studied here were defined as CIMP-positive
(51%) and 48 cases were CIMP negative. We compared the
average methylation measured quantitatively at the additional 20
genes between these two groups and found that all genes except
SFRP1 and SOCS1 showed significantly higher methylation
density in the CIMP-positive group (Fig. 14). When we analyzed
the frequency of methylation-positive cases (methylation density
>15%), we found all 15 Type-C genes except SOCS1 showed
significantly higher frequency of methylation in the CIMP-
positive group; the 5 Type-A genes showed no difference be-
tween these two groups (Fig. 1B).

Three Distinct Clusters of Colon Cancers. To explore the underlying
patterns of gene-methylation changes, we performed unsuper-
vised hierarchical clustering analysis, using the methylation of 27
genes as a continuous variable within primary CRC patients.
Three separate clusters were identified by this analysis, one of
which corresponded very closely to the previous CIMP-negative
group (middle cluster in Fig. 2) showing low or less methylation
for all genes we examined. Surprisingly, CIMP-positive cases fit
into two subgroups: CIMP1 (cluster 1 in Fig. 2) and CIMP2
(cluster 3 in Fig. 2). When we compared the genetic alterations
within these three clusters, each of them corresponded to very
distinct genetic profiles (Fig. 3). CIMP1 cases showed a signif-
icantly higher frequency of MSI and BR AF mutations (80% and
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Fig. 1. Comparison of methylation level and frequency for 20 genes be-
tween CIMP-positive and negative groups. (A) Comparison of the mean
methylation level of each gene between CIMP-positive group and CIMP-
negative group. All genes except SFRP1 and SOCS1 showed significantly
higher methylation level in the CIMP-positive group. (B) Comparison of meth-
ylation frequency of positive cases for each gene between CIMP-positive and
-negative groups. Methylation-positive case is defined by methylation level
>15%. All Type-C genes except SOCS1 showed significantly higher frequency
of methylation in CIMP-positive group, whereas 5 Type-A genes (on the Right)
showed no difference between these two groups. **, P < 0.001; *, P < 0.05

53%, respectively) but few KRAS and p53 mutations (16% and
11%, respectively). Conversely, CIMP2 was associated with a
high frequency of KRAS mutations (92%), but MSI and BRAF
mutation occurred rarely (0% and 4% respectively) with a low
rate of p53 mutation (31%). CIMP-negative cases had a higher
rate of p53 mutation (71%) and lower rates of MSI (12%) and
mutations of BRAF (2%) and KRAS (33%). Thus, each of MSI,
BRAF, KRAS, and p53 alterations were unevenly distributed
within the three groups (Fig. 3), and all of the P values were
statistically significant (<0.0001 by Fisher’s exact test).

Based on the hierarchical clustering results, we used both
genetic and epigenetic information to perform K-means clus-
tering, which identifies the most homogeneous clusters. The
three groups classified from this analysis (Fig. 4) were largely
overlapping with the previous classification, with only 17 (18%)
cases being reclassified. By K-Means clustering, 22 cases were
classified as CIMP1 (23%), 37 cases (38%) were classified as
CIMP2, and 38 cases (39%) were classified as CIMP negative.

To assess the reliability and reproducibility of the classifica-
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Fig. 2.
methylation markers. Three separate clusters were generated by this analysis
with one cluster corresponding very closely to the previous CIMP-negative
group (middle cluster), and CIMP-positive cases were separated into two
subgroups, CIMP1 (cluster 1) and CIMP 2 (cluster 3).

Unsupervised hierarchical clustering analysis on the basis of 27

tion, first we performed bootstrap analysis (resampling with
replacement method) (16) to determine the level of confidence
of the clustering. As shown in SI Fig. 7, we observed three main
blocks robustly clustered in bootstrap datasets, suggesting that
each of these three classes is fairly stable. Interestingly, the
middle cluster (CIMP2) shows more heterogeneity than the
other two clusters. We also compared the current classification
with our classification in ref. 9 in 49 CRC patients. We found that
44 cases (90%) remained in the same groups, with only 5 cases
being reclassified (Table 2). These results show that these three
newly identified clusters largely overlap with the previous clas-
sification. Together, our results suggest that combined genetic
and epigenetic characteristics subclassify colorectal cancer into
three distinct groups.

We next analyzed whether the different CRC subclasses
identified correlated to distinct clinical characteristics. Among
the three groups, there was no significant difference in age,
gender, or stage (Table 3). However, a significantly higher
incidence of proximal colon cancer was found in both CIMP1
and CIMP2 groups (63% of proximal tumors in CIMP 1 and 60%
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Fig.3. Comparison of the genetic alterations among the three clusters. Each
cluster corresponds to very distinct genetic profiles. CIMP1 is characterized by
high frequency of MSI (80%) and BRAF mutations (53%), CIMP2 is character-
ized by a higher rate of KRAS mutations (92%), and CIMP negative is charac-
terized by high frequency of p53 mutations (71%).
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in CIMP 2) compared with the CIMP-negative group (24% of
proximal tumors, P = 0.004 by Fisher’s exact test).

Optimal Markers to Predict the Three Groups. We further examined
in detail the epigenetic signatures among three groups of CRC
identified (CIMP1, CIMP2, and CIMP negative). By Kruskal-
Wallis tests, we found that all Type-C genes (except for COX2,
DAPK, and RASSF1A) showed significant differences among
these groups (see SI Table 7 for details). The three genes
showing no difference had very low levels of methylation overall.
For Type-A genes, only MYOD]1 showed a statistically signifi-
cant difference among the groups. However, there was a non-
significant trend for increased methylation of ER«a, HPP1, N33,
and SFRP1 in CIMP2 compared with the other groups. Next, we
used Z-score method to assign equal weight for methylation of
each gene by substituting all raw methylation values in each data
set with their respective Z-scores (see SI Materials and Methods
for details), and assigned methylation scores for each patient
based on the average Z-scores of either Type-A genes or Type-C
genes. As shown in Fig. 5, the methylation score for Type-C
genes was significantly higher in CIMP1, followed by CIMP2,
and CIMP-negative cases were the lowest (0.56, 0.06 and —0.38,
respectively, P < 0.001). Interestingly, the methylation score for
Type-A genes was significantly higher among CIMP2 (0.21)
compared with CIMP1 (—0.18) and CIMP-negative (—0.15)
individuals (P < 0.04).

To determine which individual genetic or epigenetic alteration
can best predict these three groups clinically, we calculated the
sensitivity, specificity, positive and negative predictive values and
k coefficient value (assessment for reliability) for each marker.
Table 4 shows the top 10 single markers for predicting each
group. Based on « coefficient, the best single marker to predict
CIMP1 group is hMLH1 methylation, whereas KRAS mutation
is the best predictive marker for CIMP2 group, and p53 mutation
is the best predictive marker for CIMP-negative group. As
expected, the two genetic markers MSI-H and BRAF mutation
were also among the best predictors for CIMP1, with a high
degree of accuracy determined by sensitivity and predictive
values. Several methylation markers are also on the top of the list
for predicting each cluster; hMLH1, TIMP3, and MINT17
methylation were most closely linked to CIMP1, methylation of
MINT?2 and MINT27 were associated with CIMP2, and lack of
methylation of MINT1, MINT2, MINT27, and MINT31 pre-
dicted CIMP negativity.

To explore whether a combination of markers could provide
greater accuracy than individual markers in predicting subtypes
of CRC, we selected the top five predictive markers based on
predictive values and analyzed them together. For the CIMP1
group, a combination analysis of five markers (BRAF mutation
and methylation of hMLH1, TIMP3, MINT1, and RIZ1) indi-
cates that having three positive markers results an excellent
positive predictive value and negative predictive value (94% and
94% respectively, Table 5). For the CIMP2 group, no combina-
tion performs better than KRAS mutation alone. In CIMP-
negative group, p53 mutation and lack of methylation at
MINT27, MINT2, MINT31, and MINT1 are the top five best
markers, and a combination of any three markers gave 73%
positive predictive value and 100% negative predictive value
(Table 5). The performance of these markers in classifying CRC
should, however, be validated in independent studies.

Discussion

In this study, we show that primary colorectal cancers cluster into
three distinct subclasses based on epigenetic and genetic profiles:
CIMP1, intense methylation of multiple genes and MSI and
BRAF mutations; CIMP2, methylation of a limited group of
genes, increased methylation level for age-related genes, and
mutation in KRAS; and CIMP negative, rare methylation with
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K-means clustering analysis on the basis of both genetic and epigenetic markers. K-means clustering including genetic information yielded very

homogenous groups. Twenty-two cases were classified as CIMP1 (23%), 37 cases (38%) were classified as CIMP2, and 38 cases (39%) were classified as CIMP
negative. This clustering largely overlaps with the previous hierarchical clustering with only 17 cases (18%) reclassified.

pS3 mutation. These three groups are relatively homogeneous on
a molecular level and likely representative of three different
subclasses of disease.

These data suggest that colon cancer can be divided into
substantially distinct groups in a way similar to breast cancers,
where hormone status and HER2 amplification define distinct
groups (17), and to leukemias, where specific chromosomal
changes define very different diseases (18). The three colorectal
cancer groups also differ clinically; CIMP1 and CIMP2 are more
often proximal; CIMP1 has a good prognosis because it consists
mostly of MSI-H cancers (19, 20), whereas CIMP2 has a poor
prognosis (21). Moreover, they may have distinct precancerous
lesions such as HPP/serrated adenomas for CIMP1 (22, 23), and
villous adenomas for CIMP2 (24). It is unclear whether these
three groups reflect initiations of cancer in distinct precancerous
cells (as hypothesized for breast cancer), or reflect entirely
different diseases (with a different cause/epidemiology) that
affect the same precancerous cells. Nevertheless, they are suf-
ficiently distinct to merit consideration in clinical trials and
clinical management of colorectal cancer.

The mechanistic basis of these two CIMP in colon cancer
remain unknown. One possibility is that genetic events that
activate methylases or inactivate methylation-protection factors
explain CIMP1, where increased methylation degree and fre-
quency is observed for multiple CpG islands including a number
of tumor-suppressor genes, such as hMLHI1, pl6, pl4, etc.
Another possibility is environmental exposure-related CIMP
etiology, possibly explaining CIMP2, in which methylation
spreading could be a molecular signature of environmental
exposure by targeting age-related genes (25). In this case,

Table 2. Comparison between previous and current
classifications based on 49 CRC patients

Previous study* Current study
No. of cases,
old Cases, New %
Group categories no. categories agreement
1 MSI*/CIMP+ 12 CIMP1 12 (100%)
MSI=/CIMP+ 16 CIMP2 14 (88%)
CIMP1 2
3 MSI+/CIMP— 4 CIMP-negative 3 (75%)
CIMP1 1
4 MSI=/CIMP~ 17 CIMP-negative 15 (88%)
CIMP2 2

increased methylation may not be directly linked to the meth-
ylation machinery, but to a constitutional predisposition to
environment-DNA interactions, such as chronic inflammation
or an exaggerated response to tissue injury (25, 26).

Our data also confirm that CIMP affects many genes, not just
a subset of genes, and show that there are two distinct CIMPs
with potentially different causes. The optimal markers for CIMP
remain unclear. A recent article by the Laird group (27) used a
panel of five-markers by MethyLight method, and concluded
that a new panel of genes outperforms the classic panel. How-
ever, this study possibly focused mainly on the CIMP1 group and
largely underestimated the CIMP2 group. In our study, we also
included three of the five genes (Neurogl, RUNX3, and SOCS1)
from the previous report. All three markers performed well to
identify CIMP1 confirming the previous study, but they did not
perform well for identifying the CIMP2 group. Among all of the
methylation markers we analyzed, the original markers (all
MINT markers) still show the best predictive values, and the
combination of them could best define CIMP2. However, in this
study, genetic markers performed equally well or better than
epigenetic markers in some cases, highlighting the importance of
integrated genetic and epigenetic analysis to resolve the heter-
ogeneity in cancers.

Table 3. Patient clinical characteristics in each cluster

CIMP
CIMP1 CIMP2 negative
Characteristic (n =22) (n =37) (n = 38) P
Age
Median, years 68 69 67 0.90
Range, years 25-88 26-85 29-98
Missing data (N) 1 1 0
Gender (N)
Female 6 14 9 0.40
Male 15 22 29
Missing data 1 1 0
Location (n)
Proximal 12 18 8 0.004
Distal 7 12 25
Missing data 3 7 5
Stage (n)
Tor2 8 18 17 0.84
3or4d 6 14 17
Missing data 8 5 4

*Based on refs. 9 and 10.
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Fig. 5. Comparison of methylation for Type-C genes and Type-A genes
among the three clusters. A Z-score method was used to standardize the
methylation level of each gene and each patient was assigned methylation
scores based on the average Z-scores of either Type-C genes or Type-A genes.
(Left) For Type-C genes, the average methylation Z-score was significantly
higher in CIMP1 compared with other two groups (P < 0.001). (Right) For
Type-A genes, the average methylation Z-score was significantly higher in
CIMP2 group (P = 0.04).

In summary, by integrating genetic and epigenetic analysis, we
show that colon cancers correspond to three molecularly distinct
subclasses of disease. Further studies will be needed to quantify
the prognostic utility of our findings. It will also be important to
study the epidemiology and clinical courses of these three
subclasses of colon cancers. We suggest that molecular classifi-
cation of all cancers by combined genetic and epigenetic analyses
will improve our understanding of the diseases and the selection
of optimal therapy.

Materials and Methods

Further details of tissue samples, DNA methylation analysis,
mutation analysis, and statistical analysis used in this study are
described in SI Materials and Methods.

Tissue Samples. We collected samples of primary colorectal
tumors and adjacent normal-appearing tissues from 97 patients
selected solely on the basis of availability.

DNA Methylation Analysis. We used different methods (MCA,
COBRA, MSP, and bisulfite-pyrosequencing) to study the meth-
ylation status of 27 promoter region CpG islands (see also details
in SI Table 8).

Mutation Analysis. Mutations of KRAS and p53 were determined
by mutant allele specific PCR for KRAS codons 12 or 13 and
single-strand conformational polymorphism and sequencing for
pS3 (10, 28). BRAF mutations at exon 11 and 15 were deter-
mined by the pyrosequencing method.

Statistical Analysis. Correlation between methylation and clini-
cal variables were analyzed by Fisher’s exact test for categorical
variables and Spearman correlation analysis for continuous

Table 4. Predictive values of each marker to identify
three clusters

K Specificity, Sensitivity, PPV, NPV,
Marker coefficient % % % %
CIMP1

Genetic
BRAF-MT 0.60 99 53 91 88
MSI-H 0.82 96 86 86 96

Epigenetic
hMLH1-M 0.91 100 86 100 96
TIMP3-M 0.62 84 86 61 95
MINT17-M 0.52 84 73 57 91
MINT1-M 0.49 75 86 50 95
RIZ1-M 0.48 93 50 69 86
SOCS1-M 0.47 86 63 55 90
MINT12-M 0.44 76 77 49 92
RUNX3-M 0.43 85 60 52 89
P16-M 0.41 81 64 50 88
MINT31-M 0.38 71 77 44 91
P14-M 0.36 83 55 48 86

CIMP2

Genetic

KRAS-MT 0.85 88 100 84 100
P53-WT 0.30 60 72 53 77
MSS/MSI-L 0.31 37 100 49 100

Epigenetic
MINT27-M 0.39 63 78 57 83
MINT2-M 0.30 68 62 55 75
Neurog1-M 0.30 71 59 56 73
MINT31-M 0.22 68 54 51 71
Megalin-M 0.21 72 49 51 69
MINT1-M 0.15 67 49 47 68
hMLH1-UM 0.26 32 100 47 100

CIMP-negative

Genetic
P53-MT 0.70 81 92 75 94
KRAS-WT 0.41 63 81 59 84

Epigenetic
MINT27-UM 0.71 81 92 76 94
MINT2-UM 0.58 68 95 65 95
MINT31-UM 0.53 63 95 62 95
MINT1-UM 0.55 63 97 63 97
MINT12-UM 0.46 56 95 58 94
Neurog1-UM 0.45 60 89 59 90
P16-UM 0.41 47 100 55 100

PPV, positive predictive value; NPV: negative predictive value; MT, muta-
tion; M, methylated; UM, unmethylated.

variables. Unsupervised hierarchical clustering and K-means
clustering analyses were used to identify potential distinct
subgroups among CRC patients based on either epigenetic or

Table 5. Predictive values for combination markers to identify each of the three clusters

Positive, no. k coefficient Specificity, % Sensitivity, % PPV, % NPV, %
CIMP 1 (BRAF-Mutation, hMLH1-Meth, Timp3-Meth, MINT1-Meth, and RIZ1-Meth)
20of5 0.80 95 86 83 96
30f5 0.81 99 77 94 94
CIMP2 (KRAS-Mutation, MINT27-Meth, MINT2-Meth, MINT31-Meth, and Megalin-Meth)

20of5 0.40 60 84 56 86

30f5 0.30 45 89 50 87
CIMP Negative (p53-Mutation, MINT27-Unmeth, MINT2-Unmeth, MINT31-Unmeth, MINT1-Unmeth)

20of5 0.55 61 100 62 100

30f5 0.72 76 100 73 100

18658 | www.pnas.org/cgi/doi/10.1073/pnas.0704652104
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combined of genetic and epigenetic profiling. Bootstrapping
cluster analysis (16) was performed to assess the reliability of
clustering results. The difference of molecular and clinical
variables among each cluster was analyzed by the Kruskal-
Wallis test. Sensitivity, specificity, positive and negative pre-
dictive values, and k coefficient values were calculated to
determine the sensitivity and specificity of either single mo-
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