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Abstract: Background: A colorectal cancer may develop through a particular molecular genetic pathway, raising 
the question of whether the particular molecular changes are random, or are unique to the particular segment of 
colon. We wanted to determine whether molecular changes found within a colorectal cancer might also be detected 
in separate adenomas and polyps removed from the same area of colon at surgery. Microsatellite instability was 
chosen as a marker for a pathway of colon carcinogenesis. Methods: We studied a total of 46 primary colorectal 
cancers with microsatellite instability and 77 synchronous adenomas and polyps. All tumors were evaluated for mic-
rosatellite instability, BRAF and KRAS mutations, and methylation using standard polymerase chain reaction based 
methods. Results: Forty-nine benign tumors did not follow a pathway similar to that of their 31 synchronous primary 
cancers. For two distinct subsets of the microsatellite unstable colorectal cancers, those with acquired methylation 
and BRAF mutation, and those without methylation suggestive of an underlying germ line mutation, the molecular 
changes in the majority of their synchronous benign tumors were different from the colorectal cancer. Conclusions: 
These differences suggest a stochastic process within the colon regarding the particular molecular carcinogenic 
pathways followed by the synchronous tumors, rather than a ‘field defect’ within the colon segments. Variability in 
molecular findings was present for colorectal cancers arising from acquired methylation, as well as those cancers 
suggestive of a germ line origin.

Keywords: Adenoma, BRAF gene, colorectal cancer, field defect, hyperplastic polyp, KRAS gene, methylation, 
microsatellite instability, sessile polyp 

Introduction

Colorectal cancer (CRC) can develop through 
several general pathways, resulting in cancers 
with particular phenotypic and molecular char-
acteristics [1]. One pathway involves chromo-
somal instability, and gives rise to the majority 
of CRCs. A second pathway involves aberrant 
epigenetic DNA hypermethylation of CpG 
islands within gene promotor regions, referred 
to as the CpG island methylator phenotype 
(CIMP). This pathway is considered to be the 
major mechanism driving the serrated polyp 
pathway to CRC. It is closely linked with somatic 
BRAF p.V600E mutations. A third pathway 
involves defective DNA mismatch repair, lead-
ing to microsatellite instability (MSI) [2]. This 
pathway represents approximately 15% of all 

CRCs [3]. Colorectal cancers with MSI frequent-
ly demonstrate methylation of one of the mis-
match repair genes, particularly the MLH1 
gene, as well as frequent BRAF mutations. DNA 
methylation has been suggested as a mediator 
of ‘field defect’ within a region of colon mucosa, 
thereby acting as a risk factor for developing 
tumors [4].

Adenomas and hyperplastic polyps are fre-
quently the precursor neoplasm for colon can-
cers. Various genetic alterations have been 
reported in adenomas, but significantly fewer 
than in colorectal cancers [5]. For example, 
early publications on the incidence of MSI in 
adenomas reported from 2% to 9%, but with 
small sample sizes [6-8]. A more recent study 
found CIMP-high in only 1% of 580 conventional 
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adenomas, but in 26% of 419 serrated lesions 
[9]. Yamme et al found no MSI in 50 adenomas 
detected during colonoscopies [10]. However, 
the adenomatous portions of MSI-high carcino-
mas were reported to be also MSI-high in 9 
cases [11]. Using microarrays to assess DNA 
methylation of one half-million CpG dinucleo-
tides, Grady et al demonstrated a higher fre-
quency of methylation in CRC-associated nor-
mal mucosa compared with colon mucosa from 
cancer-free individuals [12].

We were interested in determining whether 
molecular changes found within a colorectal 
cancer might also be detected in separate ade-
nomas and polyps removed from the adjacent 
area of colon at the time of primary colon can-
cer resection. Finding one or more similar 
molecular changes within both the cancer and 
the synchronous benign tumor might suggest 
that the particular changes are an early altera-
tion within the carcinogenesis process. It could 
also suggest a similar molecular response with-
in the colon segment to a particular carcino-
genic stimulus. Further, similar findings could 
reflect an underlying ‘field defect’ upon which a 
carcinogenic stimulus is acting. However, differ-
ent molecular findings between the cancer and 
the synchronous benign tumor might suggest a 
more stochastic process with regard to molecu-
lar genetic changes in the colorectal carcino-
genesis process.

We utilized microsatellite instability as an indi-
cation for one of the CRC carcinogenesis path-
ways, and we focused our analysis on colorec-
tal cancers found to have MSI, as well as 
synchronous polyps and/or adenomas. In addi-
tion, we assayed both the CRC and the benign 
tumors for BRAF and KRAS mutations and for 
methylation. Additionally, we also assayed the 
benign portions of those MSI carcinomas with 
residual adenomatous tissue for the same 
molecular changes.

Materials and methods

Ascertainment of cases

We have completed several studies evaluating 
colorectal neoplasms utilizing banked tissue 
blocks from our Department of Pathology com-
puterized files [13, 14]. Each study was ap- 
proved by the Saint Barnabas Medical Center 
Institutional Review Board, under a limited data 
certification for material de-identified of any 

protected health information. The current 
cases are those determined to be microsatel-
lite unstable and to have accompanying adeno-
mas found in the surgical specimens. The cur-
rent analysis was also approved by the Saint 
Barnabas Medical Center Institutional Review 
Board on the same basis. Written informed 
consent was not obtained from the patients 
whose material was studied. This was a patho-
logical study only, based upon banked tissue 
samples, there was no direct patient contact. 

Clinical material primarily reflected a suburban 
community of middle economic level, with sub-
stantial representations from various minority 
groups (Asian, African-American). Histological 
slides stained with hematoxylin and eosin 
(H&E), and paraffin blocks containing adequate 
tumor material to ensure sufficient DNA for 
analysis, were available for all cases. Normal 
colonic mucosa from each patient was used as 
control tissue for all studies. One clinical pathol-
ogist reviewed all histological slides and identi-
fied the areas for molecular analysis. All can-
cers were surgically removed prior to the 
administration of any radiation or chemothera-
py to the patient. Criteria for differentiation of 
adenomas followed the World Health Orga- 
nization guidelines with respect to villous com-
ponent: tubular adenomas, <20%; tubulovillous 
adenomas, 20-80%; and villous adenomas, 
>80%. Right side colonic segments were de- 
fined as cecum, ascending, hepatic flexure, 
transverse; and the left side was considered 
the splenic flexure, descending, sigmoid and 
rectum. We defined carcinomas with residual 
adenoma as tumors in which both a benign 
component and an invasive malignant compo-
nent were present within the surgically removed 
specimen. All authors had access to the study 
data and reviewed and approved the final 
manuscript.

DNA extraction and purification 

All tissue specimens were formalin-fixed and 
paraffin-embedded. Histological slides stained 
with H&E were examined and the area of rele-
vant tissue and an area of normal mucosa were 
identified. Consecutive unstained slides from 
the blocks were prepared and the correspond-
ing areas were isolated under a dissecting 
microscope by manual dissection. Micro-
dissections were approximately 75% tumor 
cells. The paraffin wax was removed by xylene 
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and ethanol washes. Cellular material was 
lysed in a proteinase K buffer solution. DNA 

was isolated and purified using the QIAamp 
DNA Mini Kit (Qiagen Inc., Valencia, CA). DNA 
concentration was determined using a Na- 
noDrop ND-1000 spectrophotometer (Nano- 
Drop Technologies, Wilmington, DE).

Sequence analysis of the KRAS and BRAF 
genes

The codon 12/13 region in exon 2 of the KRAS 
gene was amplified using the primer set 
5’-AAGGCCTGCTGAAAATGACTG-3’ and 5’-GGT- 
CCTGCACCAGTAATATGCA-3’. The codon 600 
region in exon 15 of the BRAF gene was ampli-
fied using the primer set 5’-CATAATGCTTGCT- 
CTGATAGGAAA-3’ and 5’-GATCCAGACAACTGT- 
TCAAACTG-3’. Primers were ordered through 
Sigma Life Sciences Custom Oligomer Service 
(customorders@sial.com). PCR was performed 
in 50 µl volumes with AmpliTaq Gold poly-
merase and ABI reagents (Applied Biosystems, 
Foster City, CA) using 100 ng of template DNA, 
50 pmols of primer, and 2.0 mM MgCl2 on a 
GeneAmp PCR System 9700 (Applied Bio- 
systems). PCR consisted of an initial 8 minute 
denaturation at 94°C, followed by 40 total 
cycles of a 30 second denaturation at 94°C, a 
30 second annealing, and a one minute elonga-
tion at 72°C, with a final 30 minute extension at 
72°C. The annealing temperature was stepped 
down at 62°C, 60°C, and 58°C for 5, 15, and 
20 cycles, respectively.

The post-PCR products were quality checked  
by agarose gel and then purified using the 
QIAquick PCR Purification Kit (Qiagen Inc., 
Valencia, CA) prior to sequencing. The sequenc-
ing reactions were performed in 20 µl volumes 
using 0.25× BigDye Terminator Cycle Sequen- 
cing Reagents (Applied Biosystems, Foster City, 
CA) with 5.0 pmol of primer (reverse KRAS or 
forward BRAF) and 1.0 µl of the purified PCR 
reaction. Reactions were run on the GeneAmp 
PCR System 9700 for 25 cycles using a 2-min-
ute extension time. The sequencing reaction 
fragments were cleaned using isopropanol pre-
cipitation. Sequencing products were separat-
ed by capillary electrophoresis with an ABI 
3130 Genetic Analyzer and the data were pro-
cessed with Sequencing Analysis v5.2 (Applied 
Biosystems, Foster City, CA) software (Figure 
1).

Microsatellite instability (MSI) analysis

MSI was detected using the Bethesda panel of 
markers, which includes two mononucleotide 

Figure 1. BRAF DNA sequence analysis. A: DNA from 
a tubular adenoma. The arrow indicates the wild-
type pattern with a single peak at nucleotide number 
1799, codon 600 of exon 15. B: DNA from a second 
tubular adenoma from the same colon segment. The 
arrow indicates a heterozygous mutant peak under 
the wild-type peak. C: DNA from a colon carcinoma 
from the same colon segment. The arrow indicates 
a heterozygous mutant peak of equal intensity to the 
wild-type peak.
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markers BAT25 and BAT26, and three dinucleo-
tide markers D2S123, D5S346, and D17S250. 
All microsatellite primer sets were ordered 
through the Life Technologies Custom Oligo 
Synthesis Service (genomicorders@lifetech.
com). In all primer sets the forward primer con-
tains a 5’fluorescent label while the reverse 
primer contains a 5’-GTGTCTT tail.

All PCR reactions were performed in 30 µl vol-
umes using 100 ng of template with Applied 
Biosystems reagents and final 1.5 mM MgCl2 
concentrations. Reactions were run on the 
GeneAmp PCR System 9700 under the follow-
ing conditions: 5 minutes denaturation at 94°C, 

followed by 35 cycles of a 30 second denatur-
ation at 94°C, 30 second annealing at 55°C, 
and a 60 second elongation at 72°C, with a 
final 30 minute extension at 72°C. PCR prod-
ucts were separated by capillary electrophore-
sis with an ABI 3130 Genetic Analyzer and the 
data was processed with GeneMapper v4.0 
(Applied Biosystems, Foster City, CA) software. 
Microsatellite instability for a given primer set 
was defined as a change in the allele pattern, 
with the appearance of one or more new PCR 
products relative to those produced by the nor-
mal DNA. A tumor was defined as MSI-high if 
two or more of the five markers had a changed 
allele pattern, and referred to as “MSI” (Figure 
2).

Methylation analysis

The methylation status of the mismatch repair 
(MMR) system was ascertained using the 
SALSA® MS-MLPA® Methylation-specific DNA 
detection Kit #ME011 (MRC-Holland, Ams- 
terdam, The Netherlands). Briefly, 200 ng of 
genomic DNA was hybridized overnight with the 
32-probe mix. This hybridization mixture was 
then split for two separate reactions, a ligation 
reaction, and a dual ligation and Hha1 restric-
tion enzyme cutting reaction. Electrophoresis 
of PCR fragments was performed on an ABI 
3130 Genetic Analyzer and the raw data were 
processed with Genemapper v4.0 software. 
The Genemapper data were subsequently 
exported and the methylation status was ana-
lyzed using Coffalyser v9.4 software (MRC-
Holland website, www.mlpa.com). The “Direct 
Methylation Status” analysis option was cho-
sen to normalize and analyze the MS-MLPA 
data. Methylation status for the 21 probe target 
sites in each sample was determined by com-
paring the PCR products from the normal DNA 
to that of the tumor. Based upon guidelines pro-
vided by the Coffalyser v9.4 software, ratios of 
tumor to normal peak areas for a given probe 
that are from 0.7 to 1.0 are assigned as methyl-
ated. Ratios of tumor to normal peak areas for 
a given probe that are <0.3 range are assigned 
unmethylated. Ratios from 0.3 to 0.7 are con-
sidered as partially methylated or hemi-methyl-
ated (Figure 3).

 Statistical analysis

Descriptive statistics using proportions was uti-
lized throughout.

Figure 2. MSI analysis: Paired normal and tumor re-
sults demonstrating microsatellite instability (MSI) 
with the noncoding mononucleotide repeats BAT25 
and BAT26. A: DNA from normal mucosa. B: DNA 
from a tubular adenoma showing equal numbers of 
peaks as the normal tissue. C: DNA from a second 
tubular adenoma from the same segment showing 
additional peaks indicating MSI. D: DNA from a colon 
carcinoma from the same segment showing many 
more additional peaks indicating MSI.
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Results

Group A: colorectal cancers with synchronous 
polyps and adenomas

In this group, a total of 33 patients had colorec-
tal cancer demonstrating MSI as well as a syn-
chronous adenoma or hyperplastic polyp. There 
were 26 (78.8%) females and 7 (21.2%) males. 
The average age was 75.3 years, with a range 
from 53 to 94 years. The distribution of these 
cancers was: right colon = 5, cecum = 10, 
ascending = 12, transverse = 4, descending = 
1, sigmoid = 1. Size was available for 31 can-
cers and the average was 6.51 cm in greatest 
dimension (S.D. = 3.15). Pathological features 

are shown in Table 1. These 33 patients had a 
total of 58 synchronous tumors. All synchro-
nous tumors were in the same segment of the 
colon as the primary cancer for 30 patients. 
Three primary cancers were in the right colon, 
with a synchronous tubular adenoma in the left 
colon. 

The overall comparisons between the CRCs 
and synchronous tumors are shown in Table 2 
and in more detail through Figures 4, 5. Twenty-
five of the 33 (75.8%) CRCs demonstrated MSI, 
methylation of MLH1 and BRAF mutation. For 
18 (54.5%) of these cancers, 29 synchronous 
polyps and adenomas were all normal with 
regard to these molecular changes. Specifically, 

Figure 3. Methylation analysis: Capillary electrophoresis patterns from the PCR products of Hha1 digestion reaction 
for tumors from one colon resection. A: Normal mucosa and B: Tubular adenoma. All probes that hybridize to an 
unmethylated Hha1 site were cut and no PCR product was observed for those probes. C: Second tubular adenoma. 
PCR products from methylation sensitive probes for MLH1 and MGMT are present in small amounts. D: Colon can-
cer. The MLH1 and MGMT probes are prominent, indicating full methylation for these targets. u = unmethyated site; 
m = methylated site.
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the synchronous tumors were microsatellite 
stable, showed no methylation and were BRAF 
and KRAS wild type. These 29 benign tumors 
included: 2 hyperplastic polyps, 25 tubular ade-
nomas and 2 tubulovillous adenomas (Table 2 
and Figure 4A).

The other 7 of these 25 CRCs had 13 synchro-
nous tumors. Twelve of the 13 were microsatel-
lite stable, but 10 demonstrated methylation of 
MLH1, and 11 contained a BRAF mutation. 
These 13 benign tumors were: 5 hyperplastic 
polyps, 2 sessile serrated adenomas and 6 
tubular adenomas (Figure 4B). Of these seven 
cancers, one carcinoma had four synchronous 
hyperplastic polyps, all of which were microsat-
ellite stable, but were methylated and BRAF 
mutated. One carcinoma had two synchronous 
sessile serrated adenomas, both of which were 
microsatellite stable, but methylated and BRAF 
mutated. A third carcinoma had a synchronous 
hyperplastic polyp with just a BRAF mutation, 

similar in their molecular findings from the pri-
mary cancer. All six of these CRCs were MSI, 
but did not have methylation and were BRAF 
wild, suggesting the possibility of a germ line 
mutation. Three demonstrated a KRAS muta-
tion. The average age for these 6 patients was 
68.3 years (54-81 years).

These 6 CRCs had a total of 14 synchronous 
tumors: 3 hyperplastic polyps, 10 tubular ade-
nomas, and 1 villous adenoma. Five of the 
tubular adenomas were MSI; only one hyper-
plastic polyp demonstrated methylation and a 
BRAF mutation, the other 8 tumors were all 
microsatellite stable, unmethylated and BRAF 
wild; three demonstrated a KRAS mutation. 
(Figure 4D and 4E).

Three patients had a second primary carcino-
ma removed at the time of surgery. For each 
patient, the second cancer was in the same or 
adjacent colon segment as the first primary. For 

Table 1. Clinical findings in patients with microsatellite unstable 
colorectal cancer and synchronous polyps and adenomas

Group Cancer 
No. (%)

Cancer with  
residual adenoma

33 13
Gender
    Female 26 (78.8) 7 (53.8)
    Male 7 (21.2) 6 (46.2)
Age 75.3 75.4
Range 53-94 46-91
Right side 31 (93.9) 10 (76.9)
Left side 2 (6.1) 3 (23.1)
Stage
    0 0 (0) 1 (7.7)
    1 6 (18.2) 5 (38.5)
    2 15 (45.4) 4 (30.8)
    3 9 (27.3) 0 (0)
    Unknown 3 (9.1) 3 (23.1)
Grade
    1 2 (6.1) 6 (46.2)
    2 11 (33.3) 2 (15.4)
    3 19 (57.6) 3 (23.1)
    Unknown 1 (3.0) 2 (15.4)
Mucin
    Yes 6 (18.2) 1 (7.7)
    No 27 (81.8) 8 (61.5)
    Intermediate 4 (30.8)
No. accompanying Polyps + adenomas 58 19

but also a synchronous tubular 
adenoma with a BRAF mutation 
and methylation. A fourth carci-
noma had two synchronous 
tubular adenomas; one had 
none of the molecular changes 
and the other had all three: 
BRAF mutation, methylation and 
MSI. The carcinoma and both 
tubular adenomas were all from 
the ascending colon. The other 3 
carcinomas each had one syn-
chronous tubular adenoma, with 
methylation (1), a BRAF muta-
tion (1), or both (1). These 7 indi-
viduals were all elderly, with 
ages between 61 and 87 years.

Two additional MSI CRCs demo- 
nstrated methylation, but were 
BRAF wild. One contained a 
KRAS mutation. The synchro-
nous tumors were a tubular ade-
noma and a hyperplastic polyp; 
both were microsatellite stable, 
showed no methylation, and 
were BRAF and KRAS wild 
(Figure 4C). 

The remaining 6 (18.2%) of the 
33 CRCs were variable in their 
molecular findings, and their 
synchronous tumors were dis-
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Table 2. Comparison of molecular changes in microsatellite unstable colorectal cancers and in their synchronous tumors
Colorectal can-

cers No. (%) No. accompanying tumors
Accompanying tumors

MSI Methylation BRAF mut KRAS mut
Group A 33 CRC with synchronous polys and adenomas
    [MSI + Methylated + BRAF mutated] 25 (75.7) 42 1 10 11 0
    [MSI + Unmethylated + BRAF wild] 6 (18.2) 14 5 1 1 3
    [MSI + Methylated + BRAF wild] 2 (6.1) 2 0 0 0 0
Group B 13 CRC with residual adenomatous tissue and synchronous adenomas
    [MSI + Methylated + BRAF mutated] 7 9 1 1 1 0
    [MSI + Unmethylated + BRAF wild] 4 7 4 0 0 0
    [MSI + Methylated + BRAF wild KRAS mutated] 1 1 0 0 0 0
    [MSI + Methylated + BRAF wild] 1 2 0 2 0 0
CRC with residual adenoma; comparison of changes in the cancer and adenomatous tissue (from Group B)

Residual adenomatous tissue
[MSI + Methylated + BRAF mutated] 5 5 4 5 4 0
[MSI + Methylated + BRAF wild] 1 1 1 1 0 0
[MSI + Unmethylated + BRAF wild KRAS wild] 3 3 3 0 0 0
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one patient, the molecular changes in the two 
primaries were identical. However, for the other 
two patients, there were differences between 
the two primaries, with one primary showing 
microsatellite instability and methylation, while 
the second primary was microsatellite stable 
and did not demonstrate methylation (data not 
shown). 

Group B: colorectal carcinomas with residual 
adenomatous tissue and synchronous adeno-
mas

The classical cancer model for colon carcino-
genesis proposes a series of stages with step-
wise accumulation of somatic mutations, and 
the development of a malignant tumor from a 
pre-existing adenoma [15]. During the malig-
nant progression, adenoma tissue is typically 
destroyed. However, malignant lesions with 
residual adenomatous tissue present an 
unusual setting, one that raises the question of 
whether the residual benign tissue had merely 
‘failed’ to be completely destroyed, or whether, 
in these tumors, there is parallel evolution for 
the benign and malignant parts of the tumor 
mass [16, 17]. Since these cancers might, 
therefore arise through a different mechanism, 
we have elected to present separately the 
results for our CRCs that had residual adeno-
matous tissue. 

A total of 13 patients had a colorectal carcino-
ma demonstrating MSI, with residual adenoma 
in the primary tumor; and, additionally, had 
separate, synchronous tumors. There were 7 
(53.8%) females and 6 (46.2%) males. The 
average age was 75.4 years, with a span from 
46 to 91 years. Ten carcinomas were from the 
right colon and 3 from the left colon. The distri-
bution was: right = 2, cecum = 3, ascending = 
4, transverse = 1, sigmoid = 1 and rectum = 2 
(Table 1). The residual adenomatous tissue 
within the primary tumors was: tubular = 7, vil-
lous = 5, and tubulovillous = 1. Pathological 
features are shown in Table 1. One of these 13 
primary tumors was from a patient also includ-
ed in the first group of colorectal cancers; there 
was a span of 19 years between the patient’s 
two colorectal cancers. Size was available for 
12 of these cancers with residual adenoma, 
and the average size was 4.65 cm in greatest 
dimension (S.D. = 2.47).

These 13 patients had a total of 19 separate, 
synchronous adenomas (Table 2). Adenomas 
were in the same segment of the colon as the 
primary cancer for 17 (89.5%).

Two primary cancers were from the rectum, 
with a synchronous adenoma in the transverse 
colon (one tubular adenoma and one tubulovil-
lous adenoma). Seven of these 13 (53.8%) 
CRCs demonstrated methylation and a BRAF 

Figure 4. Molecular findings in 33 microsatellite unstable colorectal cancers and their synchronous polyps and 
adenomas. *aden = adenoma. tubular = tubular adenoma. villous = villous adenoma. hyperplastic = hyperplastic 
polyp. Serrated = sessile serrated adenoma. This figure provides a detailed description of those benign tumors that 
accompany carcinomas demonstrating four specific molecular profiles.
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mutation. For 6 (85.7%) of these 7 CRCs, the 
eight synchronous adenomas were all micro-
satellite stable, unmethylated, and were BRAF 
and KRAS wild (Table 2 and Figure 5A). Only 
one of these seven CRCs had a synchronous 
adenoma with the same findings, and it was a 
sessile serrated adenoma (Figure 5B). Four 
(30.1%) MSI CRCs with residual adenomatous 
tissue lacked methylation and were BRAF and 
KRAS wild; and among their synchronous ade-
nomas, 4 were MSI, but were not methylated 
and were BRAF and KRAS wild, while 3 other 
adenomas were microsatellite stable, were not 
methylated, and were BRAF and KRAS wild 
(Figure 5C and 5D). Two additional MSI CRCs 
with residual adenomatous tissue were also 
methylated and one contained a KRAS muta-
tion. The three synchronous adenomas were 
microsatellite stable, two were methylated, and 
all three were BRAF and KRAS wild (Table 2 
and Figure 5E). 

Comparison of primary MSI colorectal carcino-
mas with their residual adenomatous tissue

For nine carcinomas with residual adenoma-
tous tissue, the residual adenomatous tissue 
was also evaluated for the molecular changes. 
The molecular changes in the adenomatous tis-
sue were identical to the changes found in the 
carcinomatous portion for 7 (77.8%) of these 
cancers. For one tumor, the adenomatous part 
lacked a BRAF mutation, but was otherwise 

identical to the carcinomatous part, demon-
strating MSI and MLH1 methylation. For the 
other tumor, the adenomatous portion did not 
show microsatellite instability, as seen in the 
carcinomatous portion. However, both parts 
demonstrated methylation and a BRAF muta-
tion (Table 2).

Discussion

Microsatellite instability (MSI) is a mutational 
change resulting from inactivation of DNA mis-
match repair systems, first reported in colorec-
tal cancers in the early 1990s [18]. Normal 
DNA contains repetitive nucleotide sequences, 
referred to as microsatellites. When DNA mis-
match repair is defective, the microsatellites 
may become either shorter or longer in length 
due to deletion or insertion of repeating units, 
as compared with normal DNA from the same 
individual. Mismatch repair may be defective 
because of a germ line mutation in one of sev-
eral genes that participate in the repair system. 
These germ line mutations account for approxi-
mately 2% of all colorectal cancers [19] and for 
approximately 12% of all colorectal cancers 
that are MSI-H [20].

However, for the majority of colorectal cancers 
demonstrating MSI, the instability is not caused 
by a germ line mutation, but is the result of an 
acquired loss of DNA repair function, usually 
resulting from biallelic methylation of the pro-

Figure 5. Molecular findings in 13 microsatellite unstable colorectal cancers with residual adenomatous tissue and 
their accompanying polyps and adenomas. tubular = tubular adenoma. villous = villous adenoma. hyperplastic = 
hyperplastic polyp. Serrated = sessile serrated adenoma. This figure provides a detailed description of those benign 
tumors that accompany carcinomas demonstrating three specific molecular profiles.
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motor region of a repair gene, frequently the 
gene MLH1 [21]. These cancers frequently also 
demonstrate a point mutation in the BRAF 
gene. Colorectal cancers with acquired methyl-
ation of MLH1 have an overall background of 
numerous genes in which sequences of at least 
200 bases in length with >50% cytosine and 
guanine content have become methylated, 
referred to as CpG island methylator phenotype 
(CIMP) [22]. Thus, MSI-high may be considered 
a characteristic of the CIMP phenotype.

There are different epidemiological approaches 
to analyzing colorectal tissue for a possible 
‘field defect’. For example, molecular data of 
synchronous colorectal tumors have been 
reported in several publications. In a study of 
47 synchronous colorectal cancers, those pairs 
in either the proximal or the distal colon showed 
a significantly concordant pattern of CpG island 
methylation compared with pairs with one prox-
imal and one distal tumor [23]. The authors 
suggested that this finding supported the con-
cept of field effect in the colorectal carcinogen-
ic process. However, their methylation and 
BRAF mutation data from cancers and paired 
adjacent normal tissue were inconclusive. 
Similar results were reported by others [24].

We previously reported that informative syn-
chronous carcinomas from the same segment 
showed the same genetic findings in approxi-
mately two-thirds of pairs; but when separated 
by one or more colonic segments, less than half 
of the pairs had consistent findings [13]. Rosa 
et al suggested that co-localization of carcino-
mas and adenomas in their study favored a 
regional field defect in the colon [25]. Thus, the 
presence of a field effect in sporadic colorectal 
cancer has not yet been strongly established.

In a recent publication, Kim et al compared the 
carcinomatous and adenomatous portions of 
eight surgically removed colorectal cancers 
using whole-exome sequencing. They found dif-
fering molecular profiles between the two por-
tions, suggesting independent evolutionary his-
tories for the adenomatous and carcinomatous 
tissue within the overall cancer [16]. Their find-
ings are consistent with the “Big Bang” model 
of colorectal carcinogenesis, in which there is 
an initial transformation, followed by tumor 
growth through numerous intermixed sub-
clones, resulting in intra-tumor genomic hetero-
geneity [17]. However, we found the molecular 

changes in the residual adenomatous tissue to 
be identical to the changes found in the carci-
nomatous tissue from 7 of 9 tumors with both 
carcinomatous and benign features that were 
evaluated in this study.

A recent study of two colorectal carcinomas 
and their four synchronous adenomatous pol-
yps and one hyperplastic polyp utilized whole 
exome sequencing to compare the mutational 
spectrum of the multiple samples from the two 
patients. No single recurrent mutation was 
detected in the tumors from the same patient 
[26].

Colorectal cancers with MSI-H are more likely 
to be right-sided and to occur in older individu-
als, particularly women [27]. Our data support 
this observation, with 71.7% of our primary 
CRCs from women, of whom only 10 were under 
the age of 70; while 7 were in their 70s, and 16 
were above age 80 years.

Our data illustrate several key findings regard-
ing the relationship between colorectal cancers 
and synchronous polyps and adenomas. First, 
approximately half (24 of 46, or 52.2%) of the 
studied CRCs with MSI, methylation and a 
BRAF mutation have synchronous adenomas 
and hyperplastic polyps (n = 37) with none of 
these three molecular changes. Thus, for 
approximately half of the CRCs with these 
changes, the neoplastic process appears to be 
stochastic and not related to a field defect.

Second, when accompanying adenomas and 
hyperplastic polyps follow a similar pathway as 
the primary CRC involving these three molecu-
lar changes, the synchronous benign tumors 
almost all have a BRAF mutation, are less likely 
to have methylation, and most likely do not 
have microsatellite instability. These data sup-
port the proposed sequence of these changes 
in sporadic CRCs with methylation. First, the 
development of a BRAF mutation, followed by 
methylation of MLH1, and finally the develop-
ment of microsatellite instability as a late event 
occurring at the interface of serrated adenoma 
and invasive carcinoma [28]. However, some 
evidence from the literature suggests that CpG 
island methylation develops early in the 
sequence [28, 29].

Third, primary CRCs with MSI that are unmeth-
ylated and BRAF wild suggest a germ line muta-
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tion in one of the mismatch repair genes 
(Figures 4D, 4E and 5C, 5D). For our cancers 
suggesting a germ line mutation, eight of 21 
(38.1%) of their synchronous adenomas and 
hyperplastic polyps were also MSI, and also 
unmethylated and BRAF wild. Only one accom-
panying hyperplastic polyp was methylated and 
BRAF mutated. This suggests that approxi-
mately one-third of adenomas synchronous 
with CRCs in patients with a presumed germ 
line mutation in a mismatch repair gene may 
follow the same molecular pathway, but the 
majority of synchronous adenomas, even from 
the same colon segment as the CRC, may be 
following a different molecular pathway. 

Fourth, primary CRCs with MSI and methylation 
may have a mutation in KRAS rather than BRAF 
(Figures 4C and 5E). The 5 synchronous adeno-
mas and hyperplastic polyps of our primary 
CRCs with KRAS mutation did not have a KRAS 
mutation, and only two were methylated. Fifth, 
our data show that a primary carcinoma may 
demonstrate molecular changes that are strict-
ly mirrored in one synchronous adenoma, but 
not in a second synchronous, adjacent adeno-
ma. Similarly, as discussed about, synchronous 
carcinomas may, or may not, demonstrate simi-
lar molecular changes. 

Certain limitations of the present study should 
be noted. The total number of primary CRCs 
studied (46) is not large. However, MSI is found 
in only a minority of all CRCs, and the probabil-
ity of MSI CRCs found with synchronous adeno-
mas and polyps further diminishes the sample 
size. Second, we did not study the primary 
CRCs for germ line mutations. However, it is 
reasonable to assume that a patient with a CRC 
that is MSI, but unmethylated and BRAF wild 
represents a carrier of a germ line mutation in 
one of the mismatch repair genes [30].

In summary, we have studied 46 primary 
colorectal cancers with microsatellite instabili-
ty and 77 synchronous adenomas and hyper-
plastic polyps to assess whether molecular 
genetic changes suggest a similar pathway of 
carcinogenesis. For primary CRCs with acquired 
methylation and BRAF mutation, as well as pri-
mary CRCs suggesting an underlying germ line 
mutation in mismatch repair, only a minority of 
the synchronous tumors appear to follow a 
pathway similar to that of the carcinoma. The 
molecular changes in the majority of synchro-

nous tumors will be different from the primary 
CRC, suggesting a stochastic process, rather 
than a field defect, within the colon regarding 
the molecular pathway of carcinogenesis. 
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