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Molecular classification of colorectal cancer is evolving.
As our understanding of colorectal carcinogenesis im-
proves, we are incorporating new knowledge into the
classification system. In particular, global genomic sta-
tus [microsatellite instability (MSID) status and chromo-
somal instability (CIN) status] and epigenomic status
[CpG island methylator phenotype (CIMP) status] play a
significant role in determining clinical, pathological
and biological characteristics of colorectal cancer. In
this review, we discuss molecular classification and mo-
lecular correlates based on MSI status and CIMP status in
colorectal cancer. Studying molecular correlates is im-
portant in cancer research because it can 1) provide
clues to pathogenesis, 2) propose or support the exis-
tence of a new molecular subtype, 3) alert investigators
to be aware of potential confounding factors in associ-
ation studies, and 4) suggest surrogate markers in clin-
ical or research settings. (J Mol Diagn 2008, 10:13-27; DOI:
10.2353/jmoldx.2008.070082)

Why Molecular Classification?

Colorectal cancer (CRC) is not a single disease. Rather,
CRC encompasses a heterogeneous complex of dis-
eases, and each CRC patient has a unique disease that
has been caused by distinctive genetic/epigenetic back-
ground. Theoretically, every CRC arises and behaves in a
unique fashion that is unlikely to be exactly recapitulated
by any other CRC. Nonetheless, we believe that tumors
with similar characteristics most likely arise or behave in
a similar way. The purpose of tumor classification is to
find similar characteristics among individual tumors, to
predict empirically the pathogenesis and biological be-
havior of a particular tumor.

Tumor classification is historically based on various
clinical (eg, proximal versus distal), pathological (eg, mu-
cinous versus nonmucinous; well-moderate versus poorly
differentiated), and/or molecular features [eg, microsat-
ellite instability status (MSI)-high versus microsatellite
stable (MSS)]."® Molecular classification is important be-
cause it reflects underlying mechanisms of carcinogen-
esis. In other cancers, for example, molecular classifica-
tion of leukemias and lymphomas has considerably
advanced the field over the past couple of decades.*~®
Although clinical and pathological classifications are
largely phenotypic, clinicopathological features are
nonetheless very important because some of the features
are associated with particular underlying molecular de-
fects and are thus useful in estimating the likelihood of a
particular molecular subtype.

There are different ways of determining molecular clas-
sification. One can theoretically divide tumors into different
groups by the presence or absence of any molecular
event(s). However, as a primary discriminator in classifica-
tion, emphasis should be put on molecular classification
based on global cellular events [such as chromosomal
instability (CIN), MSI, and CpG island methylator phenotype
(CIMP)]. Nonetheless, single molecular events are also use-
ful classifiers, in particular, for predicting response to tar-
geted therapies against those molecules.

Why Molecular Correlates?

CRCs arise through a multistep carcinogenic process
in which genetic and epigenetic alterations accumu-
late in a sequential manner.®'° Although these molec-
ular alterations may occur in a stochastic fashion in
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many different cells, these alterations accumulate in a
nonrandom fashion in a tumor, probably caused by
selection advantages or disadvantages of many of
these alterations. This nonrandom accumulation of mo-
lecular alterations creates an association between one
alteration and another in tumors. Therefore, studying
molecular correlates in tumor helps decipher nonran-
domness in the multistep carcinogenic process. Mo-
lecular correlates in synchronous colorectal neoplasias
support a nonrandom process of epigenetic alterations
during carcinogenesis.'’

The ultimate goal of studying molecular correlates is to
identify clinically useful biomarkers, which correlate with
patient survival or treatment response or help in treatment
decision making or genetic counseling. Molecular corre-
lates also advance further research; simple reports of
some molecular correlates may give clues to other
investigators.

The purposes of discovering molecular correlates in
cancer research are multitude, and four major purposes
are as follows.

Molecular Correlates Can Provide Clues to
Pathogenesis

Positive correlations can support direct cause-effect
relationship, and negative correlations can support the
existence of mutually exclusive pathways of carcino-
genesis. For example, an inverse association between
CIN and MSI can propose the hypothesis that CIN and
MSI represent mutually exclusive pathways of tumori-
genesis. A mutually exclusive relationship between
KRAS and BRAF activating mutations in CRC can con-
firm the theory that KRAS and BRAF are present in the
same signal transduction pathway (see Table 1 for a
full list of gene names and abbreviations). In contrast,
a PIK3CA mutation in colorectal cancer tends to coex-
ist with KRAS or BRAF mutation,'? supporting the par-
allel pathways of RAS-RAF-MAPK and PI3K-AKT and
also suggesting synergistic effects of both pathways
on the downstream mTOR (FRAPT) pathway. As an-
other example, a strong correlation between CIN and
Aurora kinase A amplification supports the hypothesis
that Aurora kinase A amplification is one of the causes
of CIN.™®

Molecular Correlates Can Propose or Support
the Existence of a New Molecular Subtype

The existence of a new molecular subtype can be sup-
ported by the presence of unique molecular correlates.
For example, an association between CIMP-high and
BRAF mutation supports the existence of CIMP-high as a
distinct phenotype in CRC. An association between
CIMP-low and KRAS mutation can propose CIMP-low as
a new molecular subtype in CRC.™

Table 1. Abbreviations and HUGO Gene Nomenclature
Committee (HGNC)-Approved Official Gene
Symbols

APC adenomatous polyposis coli

AURKA Aurora kinase A (STK15/BTAK)

CACNA1G calcium channel, voltage-dependent,
T type alpha-1G subunit

CDKN1A cyclin-dependent kinase inhibitor 1A
(p21/CIP1)

CDKN1B cyclin-dependent kinase inhibitor 1A
(p27/KIP1)

CDKNZ2A cyclin-dependent kinase inhibitor 1A
(p16/INK4A)

CGH comparative genomic hybridization

CHFR checkpoint with forkhead and ring
finger domains

CIMP CpG island methylator phenotype

CIN chromosomal instability

CRABP1 cellular retinoic acid binding protein 1

CRC colorectal cancer

CTNNB1 catenin, beta 1 (B-catenin)

FASN fatty acid synthase

FBXW7 F-box and WD repeat domain
containing 7 (CDC4)

FISH fluorescence in situ hybridization

5-FU 5-fluorouracil

HNPCC hereditary nonpolyposis colorectal
cancer

HR hazard ratio

IGF2 insulin-like growth factor 2

LOH loss of heterozygosity

MGMT O-6-methylguanine-DNA
methyltransferase

MINT methylated in tumor

MSI microsatellite instability

MSI-H microsatellite instability-high

MSI-L microsatellite instability-low

MSS microsatellite stable

NEUROGT neurogenin 1

PTGS2 prostaglandin-endoperoxide synthase
2 (COX-2, cyclooxygenase-2)

RUNX3 runt-related transcription factor 3

SNP single nucleotide polymorphism

SOCS1 suppressor of cytokine signaling 1

TP53 tumor protein p53

WNT wingless-type MMTV integration site

Molecular Correlates Can Alert Investigators to
Be Aware of Potential Confounding Factors in
Association Studies

The presence of potential confounding factors is always a
concern in any association study. For example, an investi-
gator has found that MLH7 methylation is associated with
resistance to 5-fluorouracil (5-FU)-based chemotherapy
and may conclude that MLH7 methylation confers che-
moresistance.’® However, MLH7 methylation is associated
with MSI-high, and if chemoresistance is caused by MSI-
high, but not by MLH1 methylation per se, anyone may be
able to show the association between MLHT methylation
and chemoresistance. If this investigator knew the associ-
ation between MLH17 methylation and MSI-high, this inves-
tigator could avoid a wrong conclusion.

As another example, investigators have found that an
infiltrate of a subset of lymphocytes in CRC is associated
with patient survival and concluded that a lymphocytic infil-



trate kills tumor cells and helps patients live longer.'® How-
ever, in this study, longer survival may be due to the effect
of MSI, which is associated with lymphocytic infiltrate. Alter-
natively, the known association between MSI and longer
survival may be due to lymphocytic infiltrate. Unless these
investigators perform multivariate analysis, including MSI
data and lymphocytic infiltrate, results cannot support a
causal link between lymphocytes and longer survival.

Molecular Correlates Can Suggest Surrogate
Markers in Clinical or Research Settings

Surrogate markers are useful when it is difficult or impos-
sible to test exactly what molecular alterations are
present in an individual patient. There are many exam-
ples of good surrogate markers.

p53 immunohistochemistry is performed as a surrogate
marker for the presence of p53 (TP53) mutation, because
p53 positivity by immunohistochemistry correlates well with
the presence of TP53 mutation and functional loss.'” Be-
cause mutations are distributed diversely in the TP53 gene,
one may need to sequence the entire TP53 gene to achieve
high sensitivity for mutation detection; however, it is often
not practical to sequence the entire TP53 gene in a large-
scale clinical study or clinical setting.

MSI markers (whether the 5 markers recommended by
National Cancer Institute (NCI) or an expanded panel con-
taining 10 or more markers) are good surrogate markers for
global microsatellite instability level and underlying mis-
match repair defect. Although it is not possible at this time to
test all microsatellites in the human genome, testing 5 to 10
markers can certainly predict a defect of mismatch repair
system and global microsatellite instability in CRC.

Molecular Classification of CRC

Global Molecular Classifiers: CIN, MSI, and
CIMP

To study correlates with molecular events in CRC or
patient outcomes, it is important to classify CRCs accord-
ing to global genomic or epigenomic status. We herein
discuss global molecular classifiers: CIN, MSI, and CIMP.
Nonetheless, single molecular events are also useful
classifiers, in particular for predicting response to tar-
geted therapies against those molecules.

CIN

CIN appears to be a distinct phenotype in colorectal
cancer, and tumors with CIN show frequent karyotypic
abnormalities and chromosomal gains and losses.'® Al-
lelic losses are quite common in CRC,' and CIN is
considered to promote carcinogenesis through loss of
tumor suppressors and copy number gains of onco-
genes. Although the occurrences of chromosomal abnor-
malities may be more stochastic than nonrandom, selec-
tion process can make a nonrandom pattern of
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chromosomal aberrations in tumor cells. CIN and MSI
tend to be mutually exclusive in CRC.%°

CIN has been commonly assessed by DNA ploidy
analysis or loss of heterozygosity (LOH) analyses of mi-
crosatellite markers. For LOH analyses, markers in the
18q region have been shown to be generally more sen-
sitive, compared with markers in other chromosomal re-
gions such as 1p, 2p, 3p, 59, 8p, and 17p.2"2° However,
markers and criteria for CIN have not been standardized.
In addition, LOH analyses are prone to have false-posi-
tive results (due to PCR bias or allele dropout), false-
negative results (due to PCR bias or contamination of
non-neoplastic cells), and uninformative results (due to
homozygosity in a particular marker or unavailability of
normal germline DNA).

Recently, array-based comparative genomic hybrid-
ization (array-CGH) and single nucleotide polymorphism
(SNP) arrays have been used to study copy number
gains/losses and LOH. Compared with conventional
CGH, both techniques have higher resolution in genome-
wide analysis of DNA copy number gains and losses.
Major issues are assay cost and a requirement of high
quality DNA. Although technically challenging, applica-
tion to paraffin-embedded tissue is possible.

CIN may represent a heterogeneous phenomenon.
CRC can have multiple reciprocal translocations with little
changes in allele copy numbers or DNA content.?® Such
a CRC would be misclassified as CIN negative by copy
number variation assays including LOH or array-CGH.
The existence of different mechanisms of CIN (whole
chromosomal LOH, mitotic recombination, and mitotic
gene conversion) is also suggested by a comprehensive
study using array-CGH, SNP arrays, and multicolor fluo-
rescence in situ hybridization (FISH).2*

Causes of CIN are also likely heterogeneous. Muta-
tions in genes encoding mitotic checkpoint proteins such
as BUB1 and BUB1B (BUBR1) may cause CIN in a sub-
set of CRCs.?” In addition, abnormal centrosome number
and function have been a candidate mechanism for CIN.
Amplification of AURKA (Aurora kinase A, STK15/BTAK),
a centrosome-associated serine threonine kinase, has
been found in a colon cancer cell line® and is correlated
with CIN in colon cancer.’® Overexpression of Aurora
kinase A can induce aneuploidy in various cell lines.?®
Other candidate causes of CIN include APC 23" TP53,32
FBXW7 (CDC4 ubiquitin ligase),®® CHFR®**3° (for contro-
versial view, see Ref. 26), and JC virus®”*® (for contro-
versial view, see Ref. %9).

MSI

MSI refers to altered lengths (“instability”) of short nucle-
otide repeat sequences (“microsatellites”) in tumor DNA
compared with normal DNA.#° It has also been referred
to as RER (replication error), mutator phenotype, and
microsatellite instability (MIN); however, MSI has become
the most commonly used term. MSI has been suggested
as a carcinogenic mechanism alternative to the CIN path-
way.?® Mutations of coding mononucleotide repeats in
tumor suppressor genes such as the transforming growth
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factor (TGF)-B receptor type 2 (TGFBR2) and BAX have
been shown to be important in carcinogenesis.**2 A
high degree of MSI (MSI-H) has been shown to be due to
defects in the DNA mismatch repair system. Functional
loss of MLH7 due to promoter methylation and gene
silencing is the most common cause of MSI, particularly
in sporadic MSI-H cancer. In contrast, in the setting of
hereditary nonpolyposis colorectal cancer (HNPCC)/
Lynch syndrome, mutations in any of the mismatch
repair genes, MSH2, MLH1, MSH6 and PMS2, can
cause MSI.*®* MSI-H is present as a distinct phenotype
in approximately 15% of CRCs."® A number of patho-
logical features have previously been linked with
MSI-H, such as mucinous differentiation, signet ring
cell morphology, Crohn’s-like lymphoid reaction, abun-
dant tumor-infiltrating lymphocytes, tumor necrosis,
and poor differentiation.® 4447

MSI is typically assessed by analyzing five microsat-
ellite markers (D2S123, D5S346, D175250, BAT25, and
BAT26) referred to as the NCI consensus panel,*® but
additional microsatellite markers are commonly tested to
increase the accuracy of classification. In clinical set-
tings, MSI testing has been performed as a screening
test for the identification of HNPCC/Lynch syndrome and
sometimes as a prognostic marker (generally MSI-H im-
plying a better prognosis) or a marker for predicting
efficacy of chemotherapy (generally MSI-H implying re-
sistance) (see Molecular Classification and Patient
QOutcomes).

MSI-Low versus MSS

Whether MSI-low (MSI-L) exists as a distinct phenotype
from MSS has been controversial.**->° A study has shown
that virtually all CRCs show some degree of microsatellite
instability when a large number of markers are tested.*®
The study concluded that a difference between MSI-L
and MSS is merely quantitative and that it is unlikely that
there are qualitatively different genetic pathways to MSI-L
tumors and MSS tumors.“® This study demonstrates that
microsatellites may not be the best markers to identify
MSI-L because there is no discrete phenotype or geno-
type associated with MSI-L determined by microsatellite
markers.*® Thus, a newer MSI marker panel has been
designed to separate a substantial number of MSI-L tu-
mors into MSS and MSI-H.>"-52

In contrast, there is evidence that supports the exis-
tence of MSI-L. MSI-L has been associated with shorter
survival in Stage C colon cancer, compared with MSS
tumors.®3 A cDNA microarray expression study has also
supported MSI-L as a distinct phenotype from MSS and
MSI-H.5* MSI-L has been associated with MGMT methyl-
ation and loss.®® The association between MSI-L and
MGMT methylation/loss is particularly strong among
CIMP-low tumors.®® Among CIMP-low tumors, frequency
of MGMT methylation and loss is much higher in MSI-L
tumors than in MSI-H and MSS tumors; thus, MSI-L can-
not be a mixture of MSI-H and MSS tumors.*® These data
collectively support differences between MSI-L and MSS
in colorectal cancer, although more studies are neces-

sary to establish definitively the existence of MSI-L as a
distinct phenotype. If MSI-L exists, additional studies are
necessary to find underlining molecular defects for MSI-L
and better biomarkers for MSI-L (maybe markers other
than microsatellites).

CIMP

Transcriptional inactivation by cytosine methylation at
promoter CpG islands of tumor suppressor genes is an
important mechanism in human carcinogenesis, and a
number of tumor suppressor genes have been shown to
be silenced by promoter methylation in CRC.%”~ 2 In fact,
a subset of CRCs have been shown to exhibit wide-
spread promoter CpG island methylation, which is re-
ferred to as the CIMP.57:6364 CIMP has been established
as a unique epigenetic phenotype in colorectal cancer,
and CIMP-high colorectal tumors have a distinct clinical,
pathological, and molecular profile, such as associations
with proximal tumor location, female sex, poor differenti-
ation, MSI, and high BRAF and low TP53 mutation
rates.®>"® Even within MSI-H tumors and within MSI-L/
MSS tumors, CIMP-high has been associated with prox-
imal location," poor differentiation,*® BRAF muta-
tion,”"”? and loss of nuclear p27 [cyclin-dependent
kinase inhibitor 1A (CDKN1B)]”* and inversely associ-
ated with TP53 aberrations,”® loss of p21 (CDKN1A),”®
overexpression of cyclooxygenase-2 (PTGS2),”® and cy-
toplasmic mislocalization of p27.7” Within MSI-H tumors,
CIMP-high has been associated with TGFBR2 mononu-
cleotide mutation.”® Using analyses on a large number of
CpG island methylation markers, CIMP-high tumors form
a distinct group by an unsupervised cluster analysis.”
These data collectively contradict the claims that CIMP
does not represent a distinct phenotype in CRC and that
characteristics of CIMP merely reflect those of MSI-H
tumors.”®8° The serrated pathway of tumorigenesis has
been suggested in the development of CIMP-high colo-
rectal cancer,®'-8* whereas flat-type adenomas do not
appear to show frequent promoter methylation.8°

At the present time, the panel of methylation markers
and the method of assessment of CIMP is not standard-
ized, although recent studies have found a fairly sensitive
and specific identification of CIMP-high using MethyLight
technology and evaluation of new panels of four to eight
CpG islands (CACNATG, CDKNZ2A, CRABP1, IGF2,
MLH1, NEUROG1T, RUNX3, and SOCS17).”%8¢ Any of
these panels is a useful tool at this time to examine CRCs
to diagnose CIMP-high versus non-CIMP-high.

Another question that has yet to be resolved is whether
there are any sporadic MSI-H tumors that exhibit neither
MLH1 methylation nor the CIMP phenomenon. Again, a
recent study suggested that all sporadic MSI-H tumors
were explainable by CIMP and MLH7 methylation,”®
whereas other studies have suggested that there may be
a subset of sporadic MSI-H non-CIMP-high tumors.” '8¢
The frequency of HNPCC/Lynch syndrome in the general
population is estimated to be 1 to 3%.%” A large popula-
tion-based study has suggested that the frequency of
MSI-H non-CIMP-high tumors is ~5%°%°; thus, it is likely
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Figure 1. CIMP classification in colorectal cancer and associations with
clinical and molecular features.

that nearly one-half or more of MSI-H non-CIMP-high
tumors do not arise through either HNPCC/Lynch syn-
drome or the CIMP-high pathway. Thus, the absence of
CIMP-high in MSI-H tumors does not necessarily indicate
HNPCC/Lynch syndrome, although it increases the like-
lihood of HNPCC/Lynch syndrome.

CIMP-High versus CIMP-Low versus CIMP-0

The original report of CIMP in 1999 used type C (cancer
specific) methylated in tumor (MINT) clones as markers
for CIMP, and methylation in MINT markers is correlated
with CDKN2A (p16) methylation.®® The subsequent study
demonstrated that CIMP determined by MINT markers
exhibited distinct genetic features, including associations
with KRAS mutation and wild-type TP53.%% Studies by
other investigators basically used a similar panel of mark-
ers including MINT1, MINT2, and MINT31.66-6971 |n
these studies, although the inverse association between
CIMP and TP53 mutation appears to be consistent, the
association between CIMP and KRAS mutation is not
consistent; some studies have shown a positive correla-
tion,®7" whereas another study showed a negative
correlation.6-88

Since BRAF mutation in CRC was first discovered,
BRAF mutation has consistently been associated with
CIMP or CIMP-high.®®72 It has been shown that MINT
markers are not highly specific for CIMP-high tumors with
BRAF mutation.”® Thus, the existence of CIMP-low that is
separate from CIMP-high and CIMP-negative has re-
cently been hypothesized.”? Using a panel of methylation
markers that are specific for BRAF-mutated CIMP-high
tumors, we have shown that CIMP-low is associated with
KRAS mutation and male sex, whereas CIMP-high is as-
sociated with BRAF mutation and female sex, and CIMP-0
(CIMP-negative) is associated with wild-type BRAF/
KRAS.'* Because the frequency of KRAS mutation in
CIMP-low tumors is higher than in CIMP-high and CIMP-0
tumors, CIMP-low cannot be a mixture of misdiagnosed
CIMP-high and CIMP-0.'* These findings also explain
why previous studies using MINT markers and lower
cutoffs for CIMP showed the positive correlation between
CIMP and KRAS mutation. CIMP-positive tumors deter-

Molecular Classification of Colorectal Cancer 17
JMD January 2008, Vol. 10, No. 1

CIMP-H CIMP-L CIMP-0

Gr. 1 Gr. 2
10% 5%

MSI-H

|
|
MSI-L o !
Gr. 3 e !
5-10% [ """ |

Gr.6
40%
MSS

Figure 2. The six groups of colorectal cancer according to MSI and CIMP
status.

mined by MINT markers probably represent a heteroge-
neous group of tumors including substantial numbers of
CIMP-low tumors with a high frequency of KRAS
mutation.

A difference between CIMP-low and CIMP-0 is not as
clear-cut as that between CIMP-low and CIMP-high,
probably because methylation markers (CACNATG,
CDKNZ2A, CRABP1, IGF2, MLH, NEUROG1, RUNX3, and
SOCS1) are specific for CIMP-high but are not ideal for
the identification of CIMP-low.'® In future studies,
markers that are sensitive and specific for CIMP-low need
to be determined for the identification of CIMP-low, if
CIMP-low really exists. Nonetheless, a difference be-
tween CIMP-low and CIMP-0 is more striking in terms of
MGMT methylation and loss of expression.®® Among
CIMP-low tumors, MSI-L tumors showed a significantly
higher frequency of MGMT methylation/loss than MSI-H
and MSS tumors, but no such relationship was observed
in CIMP-0 tumors.®® Figure 1 represents current knowl-
edge on different CIMP subtypes in CRC. The term
“CIMP-0" is used to avoid confusion; “CIMP-negative”
has been used for either “CIMP-low/Q” or “CIMP-0".

MSI/CIMP Subtypes of CRC

Recently, Jass*” proposed a very comprehensive molec-
ular classification system in which five groups of CRC are
defined according to MSI and CIMP status in conjunction
with clinical and pathological features. Here, we propose
an updated classification system incorporating recent
new data in this field. We still need to accumulate more
data to further validate our proposed classification sys-
tem. There are some differences from the Jass classifi-
cation, in particular groups 2 and 4. It is theoretically
possible to have nine groups (three MSI status X three
CIMP status). However, some of the nine groups have
similar features, so we combined some of the nine groups
to make six groups as shown in Figure 2. Because the
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Figure 3. The four major subtypes of colorectal cancer according to MSI and
CIMP status.

differences between MSI-L and MSS are subtle and be-
cause the differences between CIMP-low and CIMP-0 are
also subtle, CRCs can also be classified into four major
subtypes [two MSI status (MSI-H versus MSI-L/MSS) X
two CIMP status (CIMP-high versus CIMP-low/0)] (Figure
3). In other words, groups 4, 5, and 6 can be combined
into one major subtype, MSI-L/MSS CIMP-low/0, because
they share similar clinical, pathological and molecular
features.

Note that MSI and CIMP are not the only molecular
classifiers in CRC; however, MSI and CIMP status reflect
global genomic/epigenomic status, and compared with
CIN, MSI and CIMP are still relatively well defined. The
frequency of each subtype among CRCs in the general
population is an approximate number, depending on
markers and criteria, in particular for CIMP status.

Group 1: MSI-H CIMP-High (10%°%°)

This group of tumors commonly shows MLH7 methyl-
ation, BRAF mutation, CIN negative, wild-type TP53, in-
tact p21 (CDKN1A) expression,”® loss of nuclear p27
(CDKN1B),”* poor differentiation, lymphocytic reactions,
and mucinous and/or signet ring cell features. Clinically,
this is generally known as sporadic MSI-H and is asso-
ciated with good prognosis, elderly female, and proximal
colon.

Group 2: MSI-H CIMP-Low/0 (5%°°)

This group of tumors includes HNPCC/Lynch syn-
drome (1 to 3%). However, because the frequency of
HNPCC/Lynch syndrome is estimated to be 1 to 3% of
CRCs in the general population,®” nearly one-half or even
a majority of MSI-H CIMP-low/0 tumors are sporadic and
unrelated to HNPCC/Lynch syndrome. Recently identi-
fied CIMP-high-specific markers have a high power of
separating CIMP-low/0 from CIMP-high in MSI-H tumors
with virtually no overlap between CIMP-high and CIMP-
low/0.8% Thus, the 5% estimated frequency based on

almost 900 tumors is quite accurate.®® This group (MSI-H
CIMP-low/0) of tumors are associated with KRAS muta-
tion, wild-type TP53, CIN negative, fatty acid synthase
overexpression,® proximal colon (compared with MSI-L/
MSS CIMP-low/0),2¢ lymphocytic reactions, and muci-
nous features, but not with poor differentiation or signet
ring cell features.*® Therefore, the presence of poor dif-
ferentiation or signet ring cells perhaps by itself does not
increase the likelihood of HNPCC/Lynch syndrome. Prog-
nostic significance of sporadic MSI-H CIMP-low/0 needs
further investigation.

Group 3: MSI-L/MSS CIMP-High (5 to 10%%°)

This group of tumors commonly shows BRAF muta-
tion,”" 72 wild-type TP53,”"7® CIN negative,®® poor differ-
entiation, and signet ring cell features*® and is associ-
ated with poor prognosis,®' elderly female, and right
colon.™71

Group 4: MSI-L CIMP-Low (~5%°6)

This group of tumors is associated with high frequen-
cies of MGMT methylation and KRAS mutation.®® Previ-
ous studies have shown an association between MSI-L
and MGMT methylation,®3-°5 which is due to the associ-
ation between MSI-L and MGMT methylation among
CIMP-low tumors.*®

Group 5: MSS CIMP-Low (30 to 35%°°)

This group of tumors is associated with KRAS muta-
tion,™ CIN negative,®® and male sex.'®

Group 6: MSI-L/MSS CIMP-0 (~40%°°)

This group of tumors are associated with CIN,%%92

wild-type KRAS/BRAF,'* and distal colon' and show no
sex predilection. ™

Molecular Correlates in CRC

General Approach to Molecular Correlates
Based on MSI/CIMP Classification

As mentioned previously, molecular classification based
on global genomic/epigenomic aberrations, including
CIN, MSI, and CIMP, is important. However, classification
based on CIN is a challenge for several reasons. Cur-
rently, the methods/markers and criteria for CIN are far
from uniform. LOH analysis has been known to have false
positive and false negative results and substantial unin-
formative results. Thus, we illustrate how MSI/CIMP clas-
sification can decipher correlates with other molecular
alterations.

According to MSI status, CRCs can be classified into
two categories, MSI-H and MSI-L/MSS, because a dis-
tinction between MSI-L and MSS is subtle. According to
CIMP status, CRCs can also be classified into two cate-



gories, CIMP-high and CIMP-low/0, because a distinction
between CIMP-low and CIMP-0 is subtle. Considering the
status of both MSI and CIMP, CRC can be classified into
four major groups: MSI-H CIMP-high (10% of all CRCs;
group 1), MSI-H CIMP-low/0 (5% of all CRCs; group 2),
MSI-L/MSS CIMP-high (5 to 10% of all CRCs; group 3),
and MSI-L/MSS CIMP-low/0 (75 to 80% of all CRCs;
groups 4, 5, and 6) (Figure 3). Because each of MSI-H
CIMP-low/0 and MSI-L/MSS CIMP-high constitutes only 5
to 10% of all CRCs, a large number of samples are
required to properly dissect molecular correlates using
the combined MSI and CIMP classification system.

The classification system based on combined MSI and
CIMP status is useful in analyzing molecular correlates.
For example, one can examine BRAF mutation frequen-
cies in these four subtypes of colorectal cancer as in
Figure 4A (data in Ref. 86). This figure shows much higher
BRAF mutation frequencies in MSI-H CIMP-high and MSI-
L/MSS CIMP-high tumors than in MSI-H CIMP-low/0 and
MSI-L/MSS CIMP-low/0 tumors. It is evident that MSI sta-
tus has no effect on BRAF mutation frequencies. These
results indicate that BRAF mutation is positively corre-
lated with CIMP-high, independent of MSI status. As an-
other example, in Figure 4B (data in Ref. 7®), both MSI-H
and CIMP-high exhibit synergistic effect of lowering the
frequency of p53 positivity (by immunohistochemistry);
ie, both MSI-H and CIMP-high are inversely associated
with p53 positivity. Because p21 (CDKN1A) is one of the
major downstream effectors of p53, the interrelationship
between p53, p21, and MSI (or CIMP) is examined in
Figure 4C (data in Ref. 7®). After CRCs are stratified by
p53 and p21 status, p53 status exhibits very little effect
on the frequencies of CIMP-high and MSI-H. In contrast,
p21 loss is inversely correlated with CIMP-high and
MSI-H regardless of p53 status.

Molecular Correlates

Figure 5A illustrates our current knowledge of molecular
correlates in CRC. When CIMP and BRAF mutation were
unknown, our understanding was something simpler, as
in Figure 5B. It is likely that we will have a better (although
more complicated) figure than Figure 5A in the future with
advancement of science. Table 2 lists findings on molec-
ular correlates mainly based on the MSI/CIMP (and CIN)
classification. It does not list findings by studies that only
analyze either MSI or CIMP classifiers.

The relationship of APC mutation and pB-catenin
(CTNNBH1) nuclear localization with MSI/CIMP warrants
discussion. APC mutations are common causes of WNT/
CTNNB1 activation in CRC. Although there are conflicting
data regarding correlations of APC mutation or CTNNB1
nuclear localization with MSI status,?'5-192 CTNNBT
mutation is associated specifically with HNPCC MSI-H
tumors.'®® Recent reports have shown an inverse corre-
lation between APC mutation and BRAF mutation'®* and
an inverse correlation between CTNNB1 nuclear localiza-
tion and CIMP-high independent of MSI status.®® In ad-
dition, APC methylation may be inversely associated with
CIMP-high 28
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Figure 4. A: Frequency of BRAF mutation in the four major subtypes of
colorectal cancer (data in Ref. %), B: Frequency of p53 positivity (by immu-
nohistochemistry) in the four major subtypes of colorectal cancer (data in
Ref. 7). C: Frequencies of CIMP-high and MSI-H in colorectal cancer accord-
ing to combined p53 and p21 (CDKN1A) status (data in Ref. 7).

Pathological Features and MSI/CIMP

Various pathological features have been associated with
MSI-H, but few studies with a large sample size have
examined the relationship between pathological features
and MSI/CIMP.#6-7":8¢ pathological features have been
used to assess risks of HNPCC/Lynch syndrome. It is
widely thought that poor tumor differentiation increases
the likelihood of HNPCC/Lynch syndrome because of the
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Figure 5. A: Molecular correlates in colorectal cancer. Note that MSI and
CIMP (in the blue circle) are present centrally in this figure of the molecular
correlates, implying their influence on various molecular alterations (indi-
cated as “p53,” “p21,” etc) and a phenotype in colorectal cancer. B: Molecular
correlates in colorectal cancer in the past (particularly without our current
knowledge on CIMP and BRAF mutation). This figure is much simpler
than A.

association of poor differentiation with MSI-H. However,
recent data indicate that poor differentiation is associated
with CIMP-high tumors, but not MSI-H CIMP-low/0 tumors
(which include most HNPCCs).8¢ Thus, it is unlikely that
poor differentiation alone increases HNPCC risk. On the
other hand, mucinous features (=50% mucinous), lym-
phocytic reactions, and proximal tumor location increase
HNPCC risk because these features are associated with
both MSI-H CIMP-high and MSI-H CIMP-low/0.4¢:8¢

Molecular Classification and Patient Outcomes

There are numerous studies on individual molecular al-
terations (such as KRAS mutation, TP53 mutation, etc)
and patient outcomes. Discussion in this article focuses
on global genomic and epigenomic status and patient
outcomes. A correlation of a single molecular event (such
as TP53 mutation, BRAF mutation, etc) with patient out-
comes needs to be interpreted with caution; the molecule

examined might be associated with global genomic or
epigenomic aberrations and improved or adverse out-
comes might be caused by aberrations in other
molecules.

With regard to MSI status and CRC patient survival, a
systematic review of 32 studies that reported survival
data on a total of 7642 colorectal cancer patients, includ-
ing 1277 with MSI-H tumors, showed that MSI-H tumors
were associated with better prognosis compared with
MSS tumors [the combined hazard ratio estimate for
overall survival associated with MSI-H was 0.65 (95%
confidence interval, 0.59 to 0.71)].7°° In a meta-analysis
of six studies'®~""" that investigated overall survival
stratified by MSI status in patients who received adjuvant
5-FU, patients with MSI-H tumors had a better prognosis
(hazard ratio, 0.76; 95% confidence interval, 0.65 to
0.88).79% In addition, MSI-H tumors showed no benefit
from adjuvant 5-FU.108:199.112 However, other studies
have shown no predictive value of MSI status on overall
survival of CRC patients treated with adjuvant 5-FU-
based chemotherapy or on survival benefit from adjuvant
5-FU-based chemotherapy.''® "' Although evidence
has been accumulating for MSI-H as a good prognostic
indicator, additional investigation is needed to under-
stand the mechanisms by which MSI influences colorec-
tal cancer survival.

MSI-H tumors frequently show mutations in
TGFBR2.''6-1'® TGFBR2 mediates signaling from
TGF-B to its signal transducers, such as SMADs and
further downstream targets, and functions as a tumor
suppressor.'® Mutations in TGFBR2 observed in MSI-H
cancers truncate and inactivate the TGFBR2 protein,
abolishing its growth-regulating function.*” Among
MSI-H cancers, TGFBR2 mutations have been associ-
ated with a significantly improved survival in one pop-
ulation of patients with stage Ill colon cancer.’®” In a
separate analysis, the survival benefit of TGFBR2 mu-
tations in MSI-H tumors appeared to be particularly
strong in the presence of coexistent BAX mutations.’'®
However, other studies have failed to confirm these
data with one study finding worse survival associated
with TGFBR2 mutations among 16 MSI-H tumors''®
and another analysis finding no influence of TGFBR2
mutations on survival among 174 MSI-H tumors.™"”
Additional studies are necessary to assess whether
survival benefit of MSI-H status is influenced by the
presence of TGFBR2 or BAX mutation.

Why MSI-H tumors show better prognosis is currently
unknown. A study has shown that MSI-H is not an inde-
pendent predictor of survival in a multivariate model in-
cluding DNA ploidy status.'®° Although DNA ploidy may
be a crude measure of CIN status, this study suggests
that the association between MSI-H and better survival
may be due to the confounding effect of CIN, which is a
predictor of worse survival independent of MSI status. 2°
Another study has also shown that CIN is an independent
predictor of worse survival, but survival is not correlated
with MSI-H when CIN-positive tumors are excluded. '’

With regard to the influence of CIMP on CRC patient
survival, previous studies have been conflicting. Al-
though some studies have found no significant relation-
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Table 2. Molecular Correlates with MSI and CIMP in Colorectal Cancer
Positive or
inverse
Molecular event Molecular subtypes association Note Reference
AURKA amplification CIN Positive AURKA amplification is not correlated 8
with MSI or CIMP status
BRAF mutation CIMP-high Positive BRAF mutation is not correlated with 7.2
MSI-H independent of CIMP status
B-Catenin (CTNNBT) CIMP-high Inverse Inverse correlation between B-catenin o8
nuclear localization nuclear localization (or activation) and
(activation) CIMP-high is independent of MSI status;
the B-catenin activation score system is
based on the system described by Jass
et al*!
CIN CIMP Inverse o
Cyclooxygenase-2 MSI-H and CIMP-high Inverse COX-2 and p53 expressions 76
(PTGS2) overexpression synergistically decrease the
frequencies of both MSI-H and CIMP-
high in CRC
Fatty acid synthase MSI-H Positive Positive correlation between FASN 89
(FASN) overexpression overexpression and CIMP-high is
mediated by MSI
JC virus T antigen CIMP and CIN Positive JC virus T antigen is not correlated with o4
MSI status
KRAS mutation CIMP-low Positive Inverse relationship between KRAS 4
mutation and CIMP-0 is not observed
in MSI-H tumors because of the small
number of MSI-H CIMP-0 tumors
KRAS mutation CIMP-high Inverse Inverse relationship between KRAS 86
mutation and CIMP-high is particularly
strong among MSI-H tumors
18q loss of heterozygosity CIMP-high and CIMP-low Inverse MSI-H tumors are excluded o2
189 loss of heterozygosity MSI-L Positive MSI-H tumors are excluded o2
p21 (CDKN1A) loss MSI-H and CIMP-high Inverse Inverse relationship between p21 loss &
and BRAF mutation is mediated by
CImMP
p53 (TP53) positivity MSI-H and CIMP-high Inverse Inverse relationship between p53 68.75
(expression) positivity and MSI/CIMP is mediated
by p217%; p21 loss and p53 positivity
are positively correlated”®
p27 (CDKN1B) loss MSI-H and CIMP-high Positive Relationship between p27 loss and 4
(nuclear) BRAF mutation is mediated by CIMP;
relationship between p27 and MSI/CIMP
appears to be limited to p53-negative
CRC
p27 (CDKN1B) MSI-H and CIMP-high Inverse p27 cytoplasmic expression is inversely i
cytoplasmic expression correlated with nuclear p27 loss;
relationship between cytoplasmic p27
and MSI/CIMP appears to be limited to
p53-negative CRC
TGFBR2 mononucleotide CIMP-high Positive Only in MSI-H tumors &

mutation

We limit studies to only those that analyzed molecular correlates with combined MSI and CIMP status because analyzing both MSI and CIMP would
be necessary to delineate molecular correlates around MSI and CIMP (Figure 5A). For example, one can find a correlation between MSI and BRAF

mutation without analyzing CIMP. However, the relationship between MSI and BRAF mutation is actually mediated by CIMP (Figure 4A).

ship,®822 one study did demonstrate poor prognosis

associated with CIMP in non-MSI-H tumors but not in
MSI-H tumors,®" and another study has also shown that
CIMP in advanced MSS tumors treated with chemother-
apy predicts worse survival.'®®> BRAF mutations are as-
sociated with poor prognosis in non-MSI-H tumors (al-
though no effect was seen on the good prognosis of
MSI-H tumors)."?? Because non-MSI-H tumors with BRAF
mutations are most likely CIMP-high,”"72 it is possible
that the relationship between prognosis and CIMP-high is
actually due to the relationship between prognosis and
BRAF mutation.

It is also controversial whether CIMP confers survival
benefit from chemotherapy in CRC. In one study of
stage Il colorectal cancer treated with surgery and
adjuvant chemotherapy, '** patients with CIMP-positive
tumors experienced a significant survival benefit from
chemotherapy in contrast to those with CIMP-negative
tumors, and this effect was independent of MSI and
p53 mutation status; however, this study was not de-
signed to randomly assign treatment groups. There-
fore, an unidentified confounding factor cannot be ex-
cluded. Randomized trials are necessary to definitively
assess treatment efficacy.
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Limitations in Molecular Classification and
Correlates

Lack of Gold Standard and Uniform Methods,
Definition, and Criteria

Gold standard methods to assess global genomic and
epigenomic changes are important in various clinical stud-
ies. Gold standard methods are also important to evaluate
performance characteristics of any potential surrogate
markers. However, defining such standard is not a trivial
task, particularly when one needs to analyze global
genomic and epigenomic status in the tumor cell. The use
of a limited set of markers (such as MSI, CIMP, and LOH
marker panels) can serve as a gold standard with careful
validation and correlative studies; however, it is less than
ideal. The use of microarray technology may be a solution,
but validation and cost of implementing microarrays in clin-
ical laboratory settings are currently difficult issues.

Lack of uniform markers, criteria, and definition in the
literature is also a problem. A validation study of markers
and criteria requires a large number of markers and
samples, thus making such a study difficult to perform.
With regard to CIN and CIMP, for example, there are no
uniform methods, criteria, and definition in the literature,
which makes a comparison between studies challenging.
With regard to MSI, the implementation of the NCI marker
panel*® has been successful, and a comparison between
various studies has become easier.

False Positives and False Negatives

False-positive and false-negative results may obscure true
associations. It is important to design a large enough study
to have adequate statistical power, even with predictable
frequencies of false-positive and false-negative results.
False results may also lead to a false association if assay
errors are systematic and nonrandom. For example, KRAS
mutation and MSI have been shown to be inversely asso-
ciated, '?® but the inverse relation could be caused by abun-
dant reactive lymphocytes commonly seen in MSI-H tu-
mors, which can cause false negative results in KRAS
sequencing assays. The inverse association has been con-
firmed by a more sensitive KRAS pyrosequencing assay, '2°
particularly in CIMP-high tumors.™

As another example, poor quality paraffin tissue samples,
which fail to react with a specific antibody (ie, false nega-
tives), tend to fail to react with another antibody. Thus,
negativity of one protein tends to coincide with negativity of
another protein even with the absence of any true associa-
tion. In other words, one should be always be cautious
when obtaining a positive correlation between overexpres-
sion in two proteins by immunohistochemistry. The pres-
ence of internal control in immunohistochemically stained
slides may solve this problem to some extent.

Sampling Bias

Sampling bias is an inevitable problem when one can
analyze only a finite number of cases. Thus, one should

make the best effort to eliminate any source of bias.
Compared with a single-hospital-based study, certainly a
population-based study or multicenter study is designed
to decrease the degree of sampling bias, but it is not
always an option to most investigators. Academic hospi-
tals may have more advanced or complicated cases than
community hospitals. Racial or geographic bias can be
present in any hospital setting. As an example of sam-
pling bias, it is well known that the frequency of HNPCC/
Lynch syndrome has been reported to be 3 to 5% in
many studies; however, in the general population, the
frequency of HNPCC/Lynch syndrome is estimated to be
1t0 3% among all CRCs®”: the reported higher frequency
of 3 to 5% is likely due to a combination of geographic
and/or referral bias in a setting of academic hospitals.®”

Small Sample Size

A small sample size is the cause of a number of prob-
lems. Studies with a small number of samples are more
susceptible to the adverse effects of sampling bias and
false positives/negatives, which may lead to erroneous
conclusion. Even if the total number of cases is not small,
a number of a particular subtype (especially a rare sub-
type such as group 2, 3, or 4 in Figure 2) may become
small. If the total number of CRCs in a study is 100, for
example, the number of cases in group 2, 3, or 4 is at
most 5 to 10 without significant sampling bias. A study
has shown an inverse association between MGMT meth-
ylation and MLH17 methylation using 110 single-hospital-
based CRCs (with only 13 cases showing MLH7 methyl-
ation).”” In contrast, a much larger study has shown a
positive association between MGMT and MLHT methyl-
ation using 920 population-based CRCs (with 115 cases
showing MLH1 methylation).5¢

Issues in MSI Classification

Despite the presence of the recommended panel of
markers (the NCI panel),*® markers used for studies on
MSI are still not uniform. This is partly because the NCI
panel has only five markers, and an increase in the num-
ber of markers increases the accuracy of classification,
and because the five NCI markers may not be the best
markers for the identification of MSI-H.

Another issue is MSI-L. It is still controversial whether
MSI-L represents a distinct phenotype from MSI-H and
MSS. We discussed the rationale for the existence of
MSI-L (see above, MSI-L versus MSS). Yet, it is very clear
that we need better markers for the identification of MSI-L
if it really exists. Ideal MSI-L markers, if any, may not be
microsatellite markers.

Issues in CIMP Classification

Definition of CIMP and markers and criteria for CIMP
diagnosis are still controversial issues. It has been re-
peatedly shown that BRAF mutation can be a good sur-
rogate marker for CIMP-high independent of MSI status,
and originally described MINT markers may not be ideal



for identification of CIMP-high tumors with a high BRAF
mutation rate.

In addition to methylation markers and criteria, meth-
ods of methylation detection are not uniform. Most previ-
ous studies on molecular correlates with CIMP in CRC
used nonquantitative methylation-specific PCR, which
may show positivity in tumors with biologically insignifi-
cant low-level methylation and overestimate the fre-
quency of methylation in any markers as well as the
frequency of CIMP. In contrast, a quantitative methods
such as quantitative methylation-specific PCR (Meth-
yLight) are robust and can reproducibly differentiate
high-level from low-level methylation in paraffin-embed-
ded tissue, and low-level methylation is likely due to
biological noise because it is not associated with gene
silencing.'?®

The concept of CIMP-low is no less problematic than that
of MSI-L. We discussed the rationale for the existence of
CIMP-low (see above, CIMP-high versus CIMP-low versus
CIMP-0). Yet, it is very clear that we need better markers for
the identification of CIMP-low, if it really exists.

Issues in CIN Classification

Lack of standardized definition of CIN is a substantial
issue. CIN has been evaluated by many different meth-
ods, including metaphase karyotyping, flow cytometric
DNA ploidy study, microsatellite LOH analysis, fluores-
cence in situ hybridization, CGH, array-based CGH, SNP
array, and spectral karyotyping. Thus, data in the litera-
ture have been based on a diverse array of methods,
which makes cross-comparison between studies very
difficult. Moreover, markers (chromosomal loci) used for
evaluation are also diverse. Each method has advan-
tages and disadvantages. In particular, microsatellite
LOH analysis has been in widespread use because of its
low cost and easy applicability to paraffin-embedded
archival tissue samples. However, it requires normal DNA
for comparison with tumor DNA, microsatellite markers
are frequently uninformative because of homozygosity,
and there are false positives (because of PCR bias and
allele drop-out) and false negatives (because of PCR
bias and normal cell contamination).

Interpretation of Molecular Correlates or
Association Studies

When one has found a positive correlation between two
molecules, it is often erroneously concluded that two
molecules are pathogenetically linked. However, one
should be cautious in interpreting molecular correlates. A
significant positive correlation is not synonymous to a
causal or pathogenetic link. Unidentified potential con-
founding factors should also be kept in mind when inter-
preting molecular correlates.

Future Directions

It should always be kept in mind that molecular classifi-
cation and correlates in colorectal cancer are still evolv-
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ing and that the current knowledge only represents our
best understanding at the present. Advances in technol-
ogy in the field of cancer research are rapid and very
promising. High-throughput technology for the detection
of molecular alterations in tumors will enable us to eval-
uate molecular correlates in CRC in a much more com-
prehensive way. However, challenges still exist, including
cost issues in newer technologies, inevitable sampling
bias, and time required to assess patient outcomes. The
latter two will persist even with the state-of-the-art labo-
ratory technologies. We can make great efforts to de-
crease the degree of sampling bias by organizing multi-
center studies and population-based studies. Data
obtained from molecular correlate studies will help further
understanding of carcinogenesis and help implement
cost-effective laboratory tests for various purposes: prog-
nostication, treatment decision making, and genetic risk
assessment for family members.

Conclusions

Molecular classification and molecular correlates will
continue to be very important in colorectal cancer re-
search. Studying molecular correlates can 1) provide
clues to pathogenesis, 2) propose or support the exis-
tence of a new molecular subtype, 3) alert investigators to
potential confounding factors in association studies, and
4) suggest surrogate markers in clinical or research set-
tings. In molecular classification, global genomic or epig-
enomic classifiers such as MSI, CIN, and CIMP are in-
creasingly important, and investigators should always try
to analyze such global cellular status in colorectal cancer
whenever feasible.

Notes Added in Proof

Recently, Shen et al (Ref. '2°) have described “CIMP2”
associated with KRAS mutation, separate from CIMP1
and CIMP-negative in colorectal cancer. This CIMP2
appears to have overlapping features  with
ClMP-lOW.14’5G’86’92

We have recently shown that density of methylation in
CIMP-high-specific promoters (CACNATG, CDNK2A,
CRABP1, IGF2, MLH1, NEUROGT, RUNX3, and SOCST)
is generally lower in CIMP-low tumors than in CIMP-high
tumors on average, even after adjusting for the number of
methylated loci, suggesting a possibility of different un-
derlying methylation defects in these two types of tu-
mors.'*°
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