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ABSTRACT
Colon cancer is the third leading cause of cancer-related
death in the United States, affecting f147,000 people each
year. Most colon cancers arise from benign neoplasms and
evolve into adenocarcinomas through a stepwise histologic
progression sequence that starts from adenomas or hyperplastic polyps/serrated adenomas. Genetic alterations and,
more recently, epigenetic alterations have been associated
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with specific steps in this polyp-adenocarcinoma sequence
and likely drive the histologic progression of colon cancer.
Consequently, we have assessed in colon adenomas and
hyperplastic polyps the methylation status of MGMT,
CDKN2A, and MLH1 to determine the timing and frequency
of these events in the polyp-carcinoma progression sequence
and subsequently to analyze the potential for these methylated genes to be molecular markers for adenomas and
hyperplastic polyps. We have found that methylated MGMT,
CDKN2A, and MLH1 occur in 49%, 34%, and 7% of
adenomas and in 5%, 10%, and 7% of hyperplastic polyps,
respectively, and that they are more common in histologically
advanced adenomas. Furthermore, analysis of fecal DNA
from persons who have undergone colonoscopic exams
revealed methylated CDKN2A, MGMT, and MLH1 in fecal
DNA from 31%, 48%, and 0% of individuals with adenomas
and from 16%, 27%, and 10% of individuals with no
detectable polyps, respectively. These results show that
aberrant methylated genes can be detected frequently in
sporadic colon polyps and that they can be detected in fecal
DNA. Notably, improvements in the specificity and sensitivity of the fecal DNA-based assays will be needed to make
them clinically useful diagnostic tests for polyps.

INTRODUCTION
Colorectal cancer affects f147,000 people in the United
States each year and is most effectively treated when diagnosed
at an early stage (1). Colon cancers develop as the result of the
transformation of normal colon epithelium to cancer via a
progression of histologic changes and concurrent molecular
changes that has been termed the adenoma to carcinoma
progression sequence and the hyperplastic polyp-serrated
adenoma to carcinoma sequence (2, 3). The adenoma to
carcinoma sequence is characterized by recognizable histologic
changes that start with dysplastic aberrant crypt foci and benign
tubular adenomas. These lesions then have the potential to
progress to advanced adenomas (characterized by size >1 cm,
villous histology, and high-grade dysplasia), which have a
significant potential to transform into invasive adenocarcinomas
(4). The evidence that supports a hyperplastic polyp-serrated
adenoma to carcinoma sequence suggests that these polyps, like
adenomas, can evolve through a histologic progression sequence
that culminates in adenocarcinomas of the colon, and that
hyperplastic polyps that occur in the right colon and in the
setting of hyperplastic polyposis have the greatest potential to
transform into adenocarcinomas (5, 6).
Genetic alterations and epigenetic alterations are believed to
play a pathogenic role in driving colon neoplasms through the
polyp-carcinoma progression sequence (2). The most extensively
studied epigenetic alteration in neoplasms, CpG island DNA
methylation, has been shown to affect tumor suppressor genes
during the adenoma to carcinoma and hyperplastic polyp-serrated
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adenoma to carcinoma sequences. CpG island DNA methylation
is an epigenetic mechanism that represses gene transcription
in a variety of normal cellular processes including imprinting and
X-chromosome inactivation, but it becomes excessive and
aberrant in many neoplasms. The aberrant DNA methylation
affects CpG-rich regions, called ‘‘CpG islands,’’ in the 5V region
of genes and results in transcriptional silencing through complex
effects on transcription factor binding and associated changes in
chromatin structure. The aberrant methylation of certain tumor
suppressor genes, such as CDKN2A, has been reported in colonic
adenomas and aberrant crypt foci (7 – 9). These hypermethylated
genes are not only probable pathogenic events in the polypcancer progression sequence but also are neoplasm-specific
molecular events that have the potential to be used as molecular
markers for pre-malignant tumors in the colon. In fact, a novel
approach to colon cancer early detection that has the potential to
be less expensive and better accepted by patients than currently
available screening methods is the use of fecal DNA-based tests
that can detect tumor-specific DNA alterations in patients with
cancer or colonic adenomas (10, 11). Pilot studies have shown the
feasibility of an approach using tumor-derived DNA mutations
for the early detection or prevention of colon cancer; however, the
use of assays based on methylated genes for the detection of
colon polyps, which is the histologic stage of colon neoplasm that
is most easily treated, has not been well studied to date (11, 12).
Consequently, we have developed modified, high-sensitivity methylation-specific PCR (MSP) assays for MLH1 ,
CDKN2A, and MGMT, three genes previously shown to be
methylated in pre-malignant neoplasms in the colon, and have
applied these assays to DNA extracted from colon polyps to
assess the prevalence of aberrant DNA methylation in neoplasms
at different steps of the polyp-carcinoma progression sequence
and to analyze the feasibility of using these methylated genes as
molecular markers for colon polyps (13). We have detected
methylation of these genes in adenomas and hyperplastic polyps
and have found increased frequencies of methylated CDKN2A,
MGMT, and MLH1 in the subset of polyps with the greatest
potential for malignant transformation. Furthermore, we have
shown it is feasible to detect the methylated genes in fecal DNA
using MSP-based assays.

MATERIALS AND METHODS
Patients and Collection of Tissue and Fecal DNA
Samples. Sixty-six patients undergoing colonoscopy for routine
clinical indications or for colon cancer screening in the
Department of Veterans Affairs Tennessee Valley Health Care
System (TVHCS) or at Vanderbilt University Medical Center
(VUMC) at Nashville, Tennessee, were enrolled in this study over
an 18-month time period using protocols approved by the
Institutional Review Board of VUMC and the TVHCS. None of
the patients had a clinically apparent polyposis syndrome or
Hereditary Nonpolyposis Colon Cancer syndrome. Colon lavage
effluent samples were collected from all patients during colonoscopy before polypectomy. After collection, the samples were
kept at 4jC until being processed. Within 12 hours after
collection, the samples were washed with 1 PBS and centrifuged
at 1,800 rcf for 15 minutes to pellet the solid stool. The supernatant
was discarded and the pellet was stored at 80jC.

Tissues from the polyps that were resected at the time of
colonoscopy were obtained from the formalin-fixed, paraffinembedded tissue blocks stored in the pathology archives. These
tissues were used for DNA analysis after the cases had
undergone pathologic review. In addition, 25 normal colon
specimens that were resected for non-cancer-related indications
were obtained from the VUMC pathology archives. DNA was
extracted from the microdissected epithelial layer of formalinfixed, paraffin-embedded tissue sections from these normal
colon specimens.
Control Cell Lines. DNA from the colon cancer cell lines
VACO5 and RKO were used as controls in the studies described
below. The establishment and maintenance of the cell lines has
been described previously. Genomic DNA from the cell lines
was extracted using previously published protocols (14, 15).
DNA Isolation from Tissue and Fecal Samples. DNA
was extracted from 5 A formalin-fixed, paraffin-embedded
sections using InstaGene Matrix (Bio-Rad, Hercules, CA) as
previously described (16). H&E-stained sections from each
tumor sample were examined by an experienced pathologist to
confirm the histological diagnosis, and the right-sided hyperplastic polyps were reviewed by an experienced gastrointestinal
pathologist (M.K.W.).
For fecal DNA extraction, the fecal pellet was thawed at
room temperature and resuspended in 7 TNE (EXACT
Sciences, Maynard, MA). This fecal-TNE solution was centrifuged to pellet residual particulate matter, and then the supernatant
was incubated at 37jC for 30 to 60 minutes after the addition of
RNAse (4 mg/mL; Sigma Chemical Co., St. Louis, MO). The
DNA was precipitated in 1/10 volume 3 mol/L sodium acetate
(Fisher Scientific, Pittsburgh, PA) and an equal volume of
isopropyl-alcohol (EM Science, Gibbstown, NJ), then centrifuged
and washed in 70% ethanol. After a final centrifugation, the
pellet was air-dried and resuspended in 1 TE. The DNA
solution was incubated at room temperature overnight and stored
at 20jC.
Bisulfite Modification. Genomic DNA was modified
with sodium bisulfite as previously described (13, 17). The set
of known methylated and unmethylated control DNA samples
used in the MSP assays was included in each round of bisulfite
treatment.
Methylation Specific PCR. The bisulfite-modified DNA
was subject to MSP in a blinded manner using primer pairs
designed to amplify specifically the methylated or unmethylated
alleles for the respective genes (Table 1). Each PCR reaction mix
consisted of a total volume of 20 AL containing 10 PCR buffer
(Qiagen, Valencia, CA), 200 pmol/L deoxynucleotide triphosphate mix (Sigma), 500 pmol/L of each primer (Sigma Genosys,
The Woodlands, TX), 1 unit of HotStar Taq enzyme (Qiagen),
and bisulfite-modified DNA. The thermocycler conditions were
in general as follows: 95jC for 15 minutes, 41 cycles (45 cycles
for CLE DNA) of 92jC for 30 seconds, specific annealing
temperature for 30 seconds, 72jC for 30 seconds, followed by a
final extension at 72jC for 10 minutes. All MSP assays were
repeated at least twice to validate the results. Six control samples
were included in each MSP assay run for both the methylated
and unmethylated reactions and included the following: DNA
from peripheral blood leukocytes, DNA extracted from colorectal cancer cell lines known to be methylated for the three target
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Table 1
CpG
status
M
U
M
U
M
U

Gene
CDKN2A
MGMT
MLH1

Primer sequence, annealing temperature, and product size for MSP assays

Forward
primer (5V!3V)

Reverse
primer (5V!3V)

Annealing
temperature
(jC)

Product
size (bp)*

GGTTACGGTCGCGGTTCG
GTTATGGTTGTGGTTTGGGGTTG
TTTCGACGTTCGTAGGTTTTCGC
TTTGTGTTTTGATGTTTGTAGGTTTTTGT
CGGATAGCGATTTTTAACGC
AATGAATTAATAGGAAGAGTGGATAGT

CTAAATCGACCTCCGACCG
CCACCTAAATCAACCTCCAACCA
GCACTCTTCCGAAAACGAAACG
AACTCCACACTCTTCCAAAAACAAAACA
CCTAAAACGACTACTACCCG
TCTCTTCATCCCTCCCTAAAACA

65.1
65.1
62.0
62.0
58.5
57.5

143
146
121
133
120
136

NOTE. M, methylated; U, unmethylated.
*All of the primers were modified with a 20 bp GC-rich tail (5V-GCGGTCCCAAAAGGGTCAGT-3V) at their 5V end.

genes, a bisulfite treated water control, and a no template control
for cross-contamination assessment. The MSP products were
then subjected to horizontal gel electrophoresis through a 3%
agarose gel, stained with ethidium bromide and visualized with
UV transillumination using the Quantity One Image Analyzer
system (Bio-Rad).
Statistical Analysis. To compare characteristics of the
different groups of patients and biologic samples, t tests, 2
tests, and Fisher exact tests were used as appropriate. All
statistical tests were two sided. All statistical tests were done
using SAS software version 8.02 (SAS Institute, Inc., Cary, NC).

RESULTS
Aberrantly Methylated CDKN2A, MGMT, and MLH1
Occur in Adenomas and Become More Frequent in
Histologically Advanced Adenomas. DNA from 42 separate
adenomas obtained from 29 patients was analyzed by
methylation-specific PCR (MSP) to analyze the prevalence of
methylated CDKN2A, MGMT, and MLH1 in the adenomas.
Methylated CDKN2A, MGMT, and MLH1 were detected in
34% (n = 14/41), 49% (n = 19/39), and 7% (n = 3/41) of the
adenomas, respectively. Fifty-nine percent (n = 23/39) of the
adenomas that were successfully analyzed for all three genes
carried at least one methylated gene. The prevalence of
methylated CDKN2A and MGMT was substantially higher in
the tubulovillous and villous adenomas compared with the
tubular adenomas. The prevalence of methylated CDKN2A
and methylated MGMT increased from 13% (n = 3/23) to 61%
(n = 11/18) and from 38% (n = 8/21) to 61% (n = 11/18),
respectively, in the tubular adenomas versus tubulovillous/
villous adenomas. In contrast, the prevalence of methylated
MLH1 was 9% and 5% in these tubular adenomas and
tubulovillous/villous adenomas, respectively (Fig. 1). The
average size of the adenomas with at least one methylated
gene was significantly larger than the average size of the
adenomas with no methylated genes (15.6 versus 7.0 mm,
respectively; P = 0.0067). Analysis of the frequency of the
methylated genes in left and right sided adenomas revealed that
50% (n = 11/22), 27% (n = 6/22), and 4.5% (n = 1/22) of right
sided and 47% (n = 8/17), 42% (n = 8/19), and 10.5% (n = 2/
19) of left sided adenomas showed methylated MGMT,
CDKN2A, and MLH1, respectively. There was no statistically
significant association between any of the methylated genes and
the location of the polyp(s). The overall prevalence of right
sided and left sided adenomas with at least one methylated gene

was 54.5% (n = 12/22) and 64.7% (n = 11/17; P = 0.74), and
the average number of methylated genes among right and left
sided adenomas was 0.82 and 1.0, respectively.
In light of the detection of methylated CDKN2A, MGMT,
and MLH1 in tubular adenomas, we determined the methylation
status of these genes in normal colonic mucosa by analyzing
DNA extracted from the normal mucosal layer of 25 people who
had undergone partial colectomy for benign colonic disease.
None of these samples had detectable methylated CDKN2A,
MGMT, or MLH1. This observation shows that the MSP assays
we have designed do not detect low-level methylation in normal
colon mucosa, which has been observed for some genes, such as
ESR, p14 ARF, and DAPK (18, 19).
Aberrantly Methylated CDKN2A, MGMT, and MLH1
Also Occur in Hyperplastic Polyps. In addition to the
analysis of the adenomas, 44 hyperplastic polyps from 17
patients who had hyperplastic polyps were collected and
analyzed. None of the individuals in this part of the study met
the clinical criteria for hyperplastic polyposis. Interestingly, in
the hyperplastic polyps, aberrantly methylated CDKN2A,
MGMT, and MLH1 were detected in 5% (n = 2/40), 10%
(n = 4/40), and 7.5% (n = 3/40) of the polyps, respectively
(Fig. 1). Twenty percent of all the hyperplastic polyps that could

Fig. 1 Prevalence of methylated CDKN2A, MGMT, and MLH1 in
normal colonic mucosa, hyperplastic polyps (HP), tubular adenomas (TA),
and tubulovillous and villous adenomas (TVA and VA) from patients
undergoing colonoscopy for routine clinical indications, including colon
cancer screening. The histologically normal colonic mucosa was obtained
from surgical resection specimens from individuals with no neoplastic
disease and showed no detectable methylation of the genes studied.
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be analyzed for all three genes (n = 8/39) carried at least one
methylated gene. Among the 17 patients with hyperplastic
polyps, 35% (N = 6/17) had methylated gene(s) detected in their
polyps. In the hyperplastic polyp group, the average size of the
polyps with and without at least one methylated gene was 3.4
and 3.8 mm, respectively. These polyps were located throughout
the colon but were almost exclusively from the left colon. Of
note, the likelihood of identifying a polyp with a methylated
gene was independent of the number of hyperplastic polyps
present.
Aberrantly Methylated Genes in Colon Polyps Can Be
Detected in Fecal DNA. Following the performance of the
MSP assays on the DNA extracted from the polyps, we assessed
fecal DNA from a group of study subjects who had matched
fecal and polyp DNA samples to determine if we could detect
methylated genes in the fecal DNA from individuals with colon
polyps. Sixteen study subjects had an adenoma with methylated
CDKN2A and eight (50%) of these cases had methylated
CDKN2A in the fecal DNA as well. Nine subjects did not have
methylated CDKN2A in either their adenomas or fecal samples,
and one had methylated CDKN2A only in his fecal DNA but not
in his adenoma. For MGMT, 12 of 17 study subjects had
concordant methylated MGMT in their adenoma DNA and fecal
DNA. Nine subjects had no methylated MGMT in either their
adenomas or fecal samples, and two subjects had methylated
MGMT only in the fecal DNA. None of the three individuals
whose adenomas carried methylated MLH1 had detectable
methylated MLH1 in their fecal samples, and all of the remaining
25 subjects with adenomas that had unmethylated MLH1
showed unmethylated MLH1 in their fecal samples. Comparison
of the performance characteristics of CDKN2A and MGMT MSP
assays showed that the assays could detect 50% and 71% of
individuals with adenomas that carried methylated CDKN2A or
MGMT, respectively. Overall, methylation of at least one of the
candidate genes was detected in the fecal DNA from 55% of
patients with adenoma(s) (N = 16/29), and 14 of these
individuals had at least one gene that showed matching
methylation in the adenoma(s) and fecal DNA (Table 2; Fig. 2).
With regards to the study subjects with hyperplastic
polyps, we restricted our analysis to individuals who only had
hyperplastic polyps to simplify the interpretation of our results.

Ten study subjects with matched fecal and polyp DNA were
found to only have hyperplastic polyps during colonoscopy.
Two of these individuals had methylated MGMT in their polyps,
and both of these individuals tested positive for methylated
MGMT in their fecal DNA. Only two individuals had
methylated CDKN2A in a hyperplastic polyp, and one of these
two cases had detectable methylated CDKN2A in his fecal
DNA. One additional subject had methylated CDKN2A in the
fecal sample but had no detectable methylated CDKN2A in any
of his polyps (Table 2).
After detecting methylated genes in the fecal DNA of
individuals with colon polyps, fecal DNA samples from another
25 individuals without detectable polyps during colonoscopy
were also tested for the presence of methylated CKDN2A,
MGMT, or MLH1. The methylation analysis revealed that 37%
(N = 7/19) of these individuals had methylated genes detected in
their fecal DNA despite having no polyps detected during
colonoscopy (Table 2). The MSP assays failed to generate
products from the DNA of six subjects with normal colonoscopic
exams, most likely because of an insufficient amount of DNA in
their fecal samples.

DISCUSSION
We have identified aberrantly methylated genes in
colorectal polyps and found that over 59% of adenomas carry
at least one methylated allele of MGMT, CDKN2A, or MLH1.
Notably, the prevalence of methylated MGMT and CDKN2A,
but not MLH1, is higher in the more histologically progressed
adenomas. We have also found that aberrant DNA methylation
occurs in hyperplastic polyps although significantly less
frequently than it does in adenomas. Finally, we have now
shown for the first time to our knowledge the results of
studies assessing the use of methylated genes as fecal DNAbased molecular markers for colon polyps.
Our results support the observation that the aberrant
methylation of genes occurs early in the tumorigenesis process
in the gastrointestinal tract, arising in the premalignant stage of
these colon neoplasms. Consistent with our observation, aberrant
CpG island methylation has been detected by some investigators
in the precursor lesions for colon cancer, including aberrant crypt

Fig. 2 Methylation analysis of CDKN2A, MGMT, and MLH1 in matched polyp-fecal DNA pairs by methylation-specific PCR using primers for
methylated (M) and unmethylated (U) alleles of bisulfite-modified DNA. The gene analyzed and case numbers are indicated above each gel. DNA from
lymphocytes (N1 and N2), and colon cancer cell lines [RKO and VACO5 (V5)] was used for unmethylated and methylated controls, respectively, and
distilled UV light-treated water without DNA was used as a negative control. The unmethylated alleles detected in the polyp and fecal DNA are
presumed secondary to contaminating DNA from normal cells.
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Table 2

Correlation between colonoscopic findings and tissue and fecal
DNA MSP assay results
Genes and DNA sources

Endoscopic
findings

Case
ID

CDKN2A,
tissue/fecess

MGMT,
tissue/feces

MLH1,
tissue/feces

Normal
colonoscopy
(no polyps)

1n
2n
3n
4n
5n
6n
7n
8n
9n
10n
11n
12n
13n
14n
15n
16n
17n
18n
19n
20n
21n
22n
23n
24n
25n
1h
2h
3h
4h
5h
6h
7h
8h
9h
10h
1a
2a
3a
4a
5a
6a
7a
8a
9a
10a
11a
12a
13a
14a
15a
16a
17a
18a
19a
20a
21a
22a
23a
24a
25a
26a
27a
28a
29a

/U
/U
/U
/U
/U
/U
/U
/U
/U
/U
/U
/U
/U
/M
/U
/U
/U
/M
/M
/na
/na
/na
/na
/na
/na
na/na
U/na
U/U
U/U
U/na
U/U
U/M
U/U
U/U
M/U
U/na
U/U
U/U
U/U
U/U
U/U
U/na
U/U
M/U
M/U
U/U
na/U
M/U
M/U
M/U
M/M
M/M
U/U
U/U
U/M
M/U
M/U
M/U
M/M
M/M
M/M
M/M
M/M
M/M

/U
/U
/U
/U
/U
/U
/U
/na
/U
/U
/U
/U
/U
/U
/M
/M
/M
/M
/M
/na
/na
/na
/na
/na
/na
na/U
U/U
U/U
U/U
U/U
U/U
U/U
M/M
M/M
M/M
U/na
U/U
U/U
U/U
U/U
U/U
U/M
U/M
U/U
U/U
M/U
M/U
M/U
M/U
M/U
U/U
U/U
M/M
M/M
M/M
M/M
M/M
M/M
M/M
M/M
M/M
M/M
M/M
M/M

/U
/U
/U
/U
/U
/U
/U
/U
/U
/U
/U
/U
/M
/U
/U
/U
/U
/U
/M
/na
/na
/na
/na
/na
/na
na/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
U/na
U/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
M/U
U/U
U/U
U/U
U/U
U/U
U/U
M/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
U/U
M/U

Hyperplastic
polyps

Adenomas

foci and adenomas (7 – 9, 20 – 23). In fact, Chan et al. (8) showed
that methylated MINT1, MINT31, and MGMT could be found in
sporadic dysplastic aberrant crypt foci, which are the most likely
precursors of adenomas, suggesting that aberrant DNA methylation is present at the earliest histologically detectable stage of
colon cancer formation. In light of these previous findings, we
focused our analysis on three genes that likely play a role in
driving the initiation and promotion of colon adenomas,
CDKN2A, MGMT, and MLH1. We have found that methylated
CDKN2A and MGMT can be found in 34% and 49% of adenomas
and that they increase in frequency in histologically progressed
adenomas (7, 24). These findings suggest that methylation of
these two genes may contribute to the progression of the polyps.
On the contrary, methylated MLH1 was found in 9% and 5% of
tubular adenomas and tubulovillous/villous adenomas, respectively, which, in light of the 10% to 20% frequency of methylated
MLH1 observed in colon cancers, suggests that methylation of
MLH1 may contribute to the rapid progression to colon cancer
(9, 20). Indeed, the marked increase in the frequency of
methylated MLH1 from tubular adenomas to cancers is in
contrast to the stepwise increase observed for CDKN2A and
MGMT and would be congruent with methylation of MLH1 being
associated with a rapid polyp-cancer progression sequence.
Notably, our results regarding the methylation status of
colon adenomas are consistent with those of Rashid and Esteller
but contradict those of Lee and Bariol who found lower
frequencies of CDKN2A methylation in colon adenomas (7, 9,
20, 24). There are multiple potential reasons for these differences
including assay-related differences and differing patient populations. It is notable that the two studies done on populations
outside of the United States showed substantially less methylation of CDKN2A and MGMT, suggesting the possibility of
environmental factors having a role in the pattern of aberrant
DNA methylation observed in colon neoplasms. Also, it is
important to note the degree of methylation present for a gene
can vary across the 5V part of the gene, which can result in
variable results for different MSP assays that are assessing the
same gene but not necessarily the same location in the 5V part of
the gene (17, 20, 25). It is conceivable that differences in the
location of the annealing sites for the MSP primers used by the
investigators noted above may account for the different results.
In addition to analyzing adenomas, we have also assessed
sporadic hyperplastic polyps that were found in the study subjects
at the time of colonoscopy. Aberrantly methylated CDKN2A,
MINT1, MINT2, and MINT31 have been observed in hyperplastic
polyps but the hyperplastic polyps assessed in these studies have
mainly been those occurring in the setting of hyperplastic
polyposis or concurrent cancer (5, 26). We have assessed a

NOTE. MSP assay results from tissue samples and fecal DNA are
shown respectively for study subjects with endoscopically detected
polyps. Subjects were placed into the group with hyperplastic polyps if
they only had hyperplastic polyps and were placed into the group with
adenomas if any of the polyps they had detected on endoscopy included
an adenoma. If an individual had more than one polyp and any of these
polyps had a methylated allele, the polyp DNA was scored as positive.
Subjects with normal colonoscopic findings have single methylation
results obtained from analysis of DNA from the fecal material.
Abbreviations: U, unmethylated; M, methylated; CRC, colorectal
cancer; na, no PCR product generated.
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collection of sporadic hyperplastic polyps and, consistent with the
results of Bariol et al, we found methylated CDKN2A, MGMT,
and MLH1 in a subset of these hyperplastic polyps (20, 26). In
light of recent studies that have suggested that some serrated
polyps have the potential to transform into cancer and that
aberrantly methylated genes are commonly found in serrated
polyps, it is interesting to speculate that hyperplastic polyps that
have aberrantly methylated genes may have the potential to
transform (5, 6). Further studies will be needed to determine if
such a causal relationship exists between these two observations.
Finally, based on our findings in the adenomas and
hyperplastic polyps, we have studied the use of aberrantly
methylated genes as fecal-based molecular markers for colon
adenomas, owing to these being the polyps that have the bestdemonstrated risk for transformation. We have shown that an
MSP-based assay panel employing two genes, CDKN2A and
MGMT, when applied to DNA from fecal material, identified
55% of the patients with adenomatous polyps. Notably, not all
adenomas carry the methylated gene being detected by the MSP
assays we used, suggesting that adding more MSP assays that
assess genes other than CDKN2A and MGMT may improve the
overall performance of the MSP assay panel to detect colon
adenomas (27). In light of the known heterogeneity of molecular
alterations in adenomas, this approach should improve the
sensitivity of MSP assays to detect adenoma DNA from fecal
material. However, it is important to note that the addition of
MSP assays to an assay panel carries the potential to decrease the
specificity of the assay panel and requires the selection of highly
specific individual assays to generate an assay panel with a high
positive predictive value for adenomas (28). Also, the positive
association that we and others have found between the frequency
of aberrant DNA methylation and advanced histological features
suggests that MSP assays may be more accurate for the detection
of advanced adenomas and colon cancer than for polyps in
general.
We also found that this assay panel only detected 55% of
patients with colon adenomas and detected methylated CDKN2A
or MGMT in 37% of people with no polyps found by
colonoscopy. We speculate that the MSP assays used in this
study have suboptimal sensitivity because the PCR-based assays
we have used either are not sensitive enough to detect the small
amount of polyp DNA in the fecal DNA samples of the falsenegative cases or because the technique we have used to extract
the fecal DNA has resulted in loss of the tumor DNA in the
samples that generated false-negative results. In addition, an
important question raised by our results is the significance of the
detection of methylated genes in 37% of the fecal DNA samples
from patients with normal colonoscopic exams, which is in
contrast with the complete lack of methylated genes detected in
the normal mucosal samples obtained from a separate control
group that was age-matched. Possible explanations for this
finding include technical errors, differences between the
populations from whom we obtained normal mucosa samples
and from whom we obtained fecal DNA samples after negative
colonoscopic exams, low-level DNA methylation in the normal
tissue of some people, and false-negative colonoscopic exams
due to colonoscopy having at least a 28% miss rate for small
adenomas (19, 29 – 33). Furthermore, it is possible that the
methylated genes we detected in the fecal DNA were derived

from the normal colon mucosa or aberrant crypt foci in the study
subjects rather than from the polyps, which could explain the
low sensitivity and specificity we observed (8, 19). The design of
our study did not permit us to investigate these possible causes
for the false-positive results.
In summary, we have shown that aberrantly methylated
CDKN2A, MGMT, and MLH1 occur in colon adenomas and
hyperplastic polyps and that the frequency of methylated genes
is higher in histologically advanced adenomas, which are
believed to have the highest likelihood of progressing to colon
cancer. We have also shown the feasibility of using aberrantly
methylated genes detected in fecal material as molecular markers
for these polyps. Our findings suggest that the detection of
aberrantly methylated genes in fecal material from colon lavage
effluent, and likely from stool, has potential value in the
noninvasive and early diagnosis of colorectal neoplasms, but that
the low sensitivity and specificity of the assays we have used
necessitates further assay development before this approach can
be clinically useful as a diagnostic assay for colon polyps. The
identification of additional genes that are frequently, and not
concurrently, methylated in polyps may improve the performance characteristics of the current assay panel. In light of the
success of molecular markers that detect DNA mutations and the
known genetic and epigenetic heterogeneity of colon cancer, it is
possible that molecular marker assays that employ both genetic
and epigenetic alterations could be effective for the early
detection of colon cancer (34 – 37).

ACKNOWLEDGMENTS
We thank Caroline Gilmore, Stephen Vaughn, the staff in the
Nashville VA GI endoscopy lab, and Colin Crosby for their efforts with
helping in patient recruitment, assistance during colonoscopy and clinical
record management, and performance of the molecular laboratory assays.

REFERENCES
1. Jemal A, Murray T, Samuels A, et al. Cancer statistics, 2003.
CA Cancer J Clin 2003;53:5 – 26.
2. Grady WM, Markowitz SD. Genetic and epigenetic alterations in
colon cancer. Annu Rev Genomics Hum Genet 2002;3:101 – 28.
3. Jass JR, Young J, Leggett BA. Evolution of colorectal cancer: change
of pace and change of direction. J Gastroenterol Hepatol 2002;17:17 – 26.
4. Kinzler K, Vogelstein B. Lessons from hereditary colorectal cancer.
Cell 1996;87:159 – 70.
5. Wynter CV, Walsh MD, Higuchi T, et al. Methylation patterns define
two types of hyperplastic polyp associated with colorectal cancer. Gut
2004;53:573 – 80.
6. Goldstein NS, Bhanot P, Odish E, Hunter S. Hyperplastic-like colon
polyps that preceded microsatellite-unstable adenocarcinomas. Am J Clin
Pathol 2003;119:778 – 96.
7. Rashid A, Shen L, Morris JS, et al. CpG island methylation in
colorectal adenomas. Am J Pathol 2001;159:1129 – 35.
8. Chan AO, Broaddus RR, Houlihan PS, et al. CpG island methylation
in aberrant crypt foci of the colorectum. Am J Pathol 2002;160:1823 – 30.
9. Lee S, Hwang KS, Lee HJ, et al. Aberrant CpG island hypermethylation of multiple genes in colorectal neoplasia. Lab Invest 2004;
84:884 – 93.
10. Song K, Fendrick AM, Ladabaum U. Fecal DNA testing compared
with conventional colorectal cancer screening methods: a decision
analysis. Gastroenterology 2004;126:1270 – 9.
11. Ahlquist DA, Skoletsky JE, Boynton KA, et al. Colorectal cancer
screening by detection of altered human DNA in stool: feasibility of a

Downloaded from clincancerres.aacrjournals.org on September 18, 2021. © 2005 American Association for
Cancer Research.

Clinical Cancer Research 1209

multitarget assay panel. Gastroenterology 2000;119:1219 – 27.
12. Muller HM, Oberwalder M, Fiegl H, et al. Methylation changes in
faecal DNA: a marker for colorectal cancer screening? Lancet 2004;363:
1283 – 5.
13. Herman J, Graff J, Myohanen S, et al. Methylation-specific PCR:a
novel PCR assay for methylation status of CpG islands. Proc Natl Acad
Sci U S A 1996;93:9821 – 6.
14. Markowitz S, Wang J, Myeroff L, et al. Inactivation of the type II
TGF-h receptor in colon cancer cells with microsatellite instability.
Science 1995;268:1336 – 8.
15. Willson J, Bittner G, Oberley T, et al. Cell culture of human colon
adenomas and carcinomas. Cancer Res 1987;47:2704 – 13.
16. Grady W, Rajput A, Myeroff L, et al. Mutation of the type II
transforming growth factor-h receptor is coincident with the transformation of human colon adenomas to malignant carcinomas. Cancer Res
1998;58:3101 – 4.
17. Grady WM, Rajput A, Lutterbaugh J, Markowitz S. Detection of
aberrantly methylated hMLH1 promoter DNA in the serum of patients
with microsatellite unstable colon cancer. Cancer Res 2001;61:900 – 2.
18. Shen L, Kondo Y, Hamilton SR, et al. P14 methylation in human
colon cancer is associated with microsatellite instability and wild-type
p53. Gastroenterology 2003;124:626 – 33.
19. Ahuja N, Li Q, Mohan M, et al. Aging and DNA methylation in
colorectal mucosa and cancer. Cancer Res 1998;58:5489 – 94.
20. Bariol C, Suter C, Cheong K, et al. The relationship between
hypomethylation and CpG island methylation in colorectal neoplasia.
Am J Pathol 2003;162:1361 – 71.
21. Li H, Myeroff L, Smiraglia D, et al. SLC5A8, a sodium transporter,
is a tumor suppressor gene silenced by methylation in human colon
aberrant crypt foci and cancers. Proc Natl Acad Sci U S A 2003;100:
8412 – 7.
22. Moinova HR, Chen WD, Shen L, et al. HLTF gene silencing in
human colon cancer. Proc Natl Acad Sci U S A 2002;99:4562 – 7.
23. Suzuki H, Watkins DN, Jair KW, et al. Epigenetic inactivation of
SFRP genes allows constitutive WNT signaling in colorectal cancer. Nat
Genet 2004;36:417 – 22.
24. Esteller M. Epigenetic lesions causing genetic lesions in human
cancer. promoter hypermethylation of DNA repair genes. Eur J Cancer
2000;36:2294 – 300.

25. Deng G, Chen A, Hong J, et al. Methylation of CpG in a small
region of the hMLH1 promoter invariably correlates with the absence of
gene expression. Cancer Res 1999;59:2029 – 33.
26. Chan AO, Issa JP, Morris JS, et al. Concordant CpG island
methylation in hyperplastic polyposis. Am J Pathol 2002;160:529 – 36.
27. Laird PW. The power and the promise of DNA methylation markers.
Nat Rev Cancer 2003;3:253 – 66.
28. Lofton-Day C, Lesche R. DNA methylation markers in patients with
gastrointestinal cancers. Current understanding, potential applications for
disease management and development of diagnostic tools. Dig Dis
2003;21:299 – 308.
29. Nakagawa H, Nuovo GJ, Zervos EE, et al. Age-related hypermethylation of the 5V region of MLH1 in normal colonic mucosa is
associated with microsatellite-unstable colorectal cancer development.
Cancer Res 2001;61:6 991 – 5.
30. Palmisano WA, Divine KK, Saccomanno G, et al. Predicting lung
cancer by detecting aberrant promoter methylation in sputum. Cancer
Res 2000;60:5954 – 8.
31. Belinsky SA, Palmisano WA, Gilliland FD, et al. Aberrant promoter
methylation in bronchial epithelium and sputum from current and former
smokers. Cancer Res 2002;62:2370 – 7.
32. Rex DK, Cutler CS, Lemmel GT, et al. Colonoscopic miss rates of
adenomas determined by back-to-back colonoscopies. Gastroenterology
1997;112:24 – 8.
33. Hixson LJ, Fennerty MB, Sampliner RE, et al. Prospective study of
the frequency and size distribution of polyps missed by colonoscopy.
J Natl Cancer Inst 1990;82:1769 – 72.
34. Hermsen M, Postma C, Baak J, et al. Colorectal adenoma to
carcinoma progression follows multiple pathways of chromosomal
instability. Gastroenterology 2002;123:1109 – 19.
35. Traverso G, Shuber A, Levin B, et al. Detection of APC mutations in
fecal DNA from patients with colorectal tumors. N Engl J Med 2002;
346:311 – 20.
36. Ahlquist DA, Skoletsky JE, Boynton KA, et al. Colorectal cancer
screening by detection of altered human DNA in stool: feasibility of a
multitarget assay panel. Gastroenterology 2000;119:1219 – 27.
37. Dong SM, Traverso G, Johnson C, et al. Detecting colorectal cancer
in stool with the use of multiple genetic targets. J Natl Cancer Inst 2001;
93:858 – 65.

Downloaded from clincancerres.aacrjournals.org on September 18, 2021. © 2005 American Association for
Cancer Research.

Aberrantly Methylated CDKN2A, MGMT, and MLH1 in Colon
Polyps and in Fecal DNA from Patients with Colorectal
Polyps
Zsolt Petko, Mahan Ghiassi, Anthony Shuber, et al.
Clin Cancer Res 2005;11:1203-1209.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/11/3/1203

This article cites 35 articles, 12 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/11/3/1203.full#ref-list-1
This article has been cited by 19 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/11/3/1203.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/11/3/1203.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on September 18, 2021. © 2005 American Association for
Cancer Research.

