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Activation of RAS signalling induced by K-ras/BRAF mutations is a hallmark of colorectal tumours. In addition, Ras association domain
families 1 and 2 (RASSF1 and RASSF2), the negative regulators of K-ras, are often inactivated by methylation of the promoter region
in those tumours. However, reports showing differences in the occurrence of these alterations on the basis of tumour characteristics
have been scarce. We analysed K-ras/BRAF mutations and the methylation status of RASSF1 and RASSF2 promoter regions in 120
colorectal adenomas with respect to their clinicopathological features. K-ras/BRAF mutations and RASSF2 methylation were observed
in 49 (41%) and 30 (25%) of the samples, respectively, while RASSF1 methylation was observed in only 3 (2.5%). Adenomas with
RASSF2 methylation often carried K-ras/BRAF mutations simultaneously (22 out of 30, Po0.01). Multivariate analysis revealed that the
concomitance of these alterations was frequently observed in serrated adenomas (odds ratio (OR) 11.11; 95% confidence interval
(CI) 1.96–63.00), but rarely in adenomas located in the sigmoid or descending colon (OR 0.13; 95% CI 0.03–0.58). A comparison
between adenomas and cancers showed a significantly higher prevalence of these alterations in cancers than in adenomas in the
proximal colon (58 vs 27%, P¼ 0.02). Frequency and the time point of the occurrence of Ras signalling disorders differ according to
colorectal neoplasia’s characteristics, particularly the location.
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The Ras family of small guanosine triphosphatases plays essential
roles in controlling the activity of several crucial signalling
pathways (Malumbres and Barbacid, 2003). In normal cells,
Ras proteins, including H-, K-, and N-ras, are transiently activated
in response to extracellular signals and function as molecular
switches in cell proliferation. Human tumours frequently express
Ras proteins that have been activated by point mutation, although
the spectrum of Ras gene mutation varies in different cancer types
(Hidaka et al, 2000; Toyooka et al, 2006). K-ras mutation is
frequently (B45%) detected in colorectal tumours and has been
thought to be an early event in colorectal tumorigenesis, mainly
occurring during the transformation of small adenomas to
intermediate-size ones (Fearon and Vogelstein, 1990; Kinzler and
Vogelstein, 1996; Rajagopalan et al, 2002; Yuen et al, 2002). The
activated guanosine triphosphate-bound Ras then interacts with
several effector proteins, of which the Raf kinases are among
the most well characterised (O’Neill et al, 2004). Raf is a major
proliferative and antiapoptotic effector, and it was recently shown
that BRAF, one of the Raf kinases, is frequently activated by

mutation in human tumours, particularly melanomas (B70%) and
colorectal tumours (B15%) (Davies et al, 2002; Rajagopalan et al,
2002; Yuen et al, 2002).
The recent discovery of the Ras association domain family

(RASSF) protein of Ras effectors allows an explanation of at least
some of the growth-inhibitory actions of Ras. To date, RASSF1–8
have been identified (Falvella et al, 2006), and RASSF1,2,4,5 have
been shown to mediate Ras-dependent cell cycle arrest and
apoptotic death (Vos et al, 2003). Moreover, these proteins are all
frequently downregulated during tumour development by promo-
ter CpG island methylation (Dammann et al, 2003; Vos et al, 2003;
Aoyama et al, 2004; Eckfeld et al, 2004). Of these Ras effectors,
RASSF1 and RASSF2 have been shown to be involved in colorectal
tumorigenesis (van Engeland et al, 2002; Akino et al, 2005).
Previous studies have found RASSF1 methylation in 20–45%
of colorectal cancers (CRCs) (Wagner et al, 2002; van Engeland
et al, 2002; Oliveira et al, 2005; Miranda et al, 2006). Meanwhile,
Sakamoto et al (2004) have shown that the early flat-type colorectal
tumours exhibited a much higher frequency of RASSF1 methyla-
tion (81.3%). The frequency of RASSF2 methylation in CRC was
reported to be 42–73% (Akino et al, 2005; Hesson et al, 2005; Park
et al, 2006).
It is generally accepted that a large proportion of CRCs develop

from colorectal adenomas. The frequency of K-ras mutation in
adenomas was found to be lower (3–17%) than that of CRCs, and
the mutation had a strong association with larger adenoma size,
villous histology, and high-grade dysplasia (Maltzman et al, 2001;
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Barry et al, 2006; Einspahr et al, 2006). In addition, our previous
report indicated that the laterally spreading type of adenomas,
particularly in the proximal colon, frequently carried the K-ras
mutation (Hiraoka et al, 2006). The BRAF mutation was frequently
observed in serrated adenomas and has been shown to be
significantly correlated with the recently proposed serrated
polyp-microsatellite instability pathway (Kambara et al, 2004). It
has also been shown that the K-ras and BRAF mutations are
mutually exclusive (Domingo et al, 2004; Li et al, 2006). On the
other hand, reports regarding the frequency of RASSF1 and
RASSF2 methylation in adenomas have been scarce. In addition,
clinicopathological features of colorectal tumours that carry the
methylation of either RASSF1 or RASSF2 are still largely unknown
in adenomas as well as in cancers. Moreover, the association
between K-ras/BRAF mutations and RASSF methylation, particu-
larly whether or not they work synergistically or are mutually
exclusive, is controversial in CRCs (Akino et al, 2005; Hesson et al,
2005; Park et al, 2006), and has not been sufficiently investigated in
adenomas.
In this study, therefore, we investigated K-ras and BRAF

mutations and the methylation status of RASSF1 and RASSF2 in
colorectal adenoma samples. We then examined the correlation
between these mutations and methylation based on the clinico-
pathological features of the adenomas. In particular, we focused
on locational differences in combinations of these genetic and
epigenetic alterations because a locational imbalance in each of
these alterations has been indicated (Samowitz et al, 2000;
Luchtenborg et al, 2005; Park et al, 2006). Moreover, we compared
these alterations in adenomas with those in CRCs, and examined
when these alterations are likely to occur during colorectal
carcinogenesis.

MATERIALS AND METHODS

Patients and tissue samples

Tissues of adenomas larger than 10mm were consecutively
collected from patients who underwent endoscopic polypectomy
or surgical resection of colorectal polyps at Okayama University
Hospital between June 2003 and August 2005. Tissues from
patients who had concurrent advanced CRC or a history of CRC
were excluded from analysis. Also excluded were tissues from
patients with inflammatory bowel disease or who had a known
history of familial adenomatous polyposis or hereditary non-
polyposis CRC. A total of 97 patients met the criteria and provided
written informed consent, and 120 adenomas from these patients
were analysed. At the time of resection, patient’s age and
gender, and the location, size, and macroscopic appearance of
each adenoma were determined. The anatomical distribution of
adenoma locations divided among the caecum, ascending colon,
transverse colon, descending colon, sigmoid colon, and rectum. In
this study, locational grouping was divided into three categories:
the proximal colon, including the caecum, ascending colon, and
transverse colon; the distal colon, including the descending colon
and sigmoid colon; and the rectum. Adenoma size was recorded as
the maximum diameter of the extirpated specimen. The macro-
scopic appearance of the adenomas was classified as either the
protruded type or the flat type. The flat type was defined as lesions
with a low vertical axis extending laterally along the interior
luminal wall, which is often called a laterally spreading tumour in
Japan (Kudo et al, 1997). Adenomas forming protruded morpho-
logies, other than the flat type, were designated as the protruded
type.
In addition to the adenoma samples, 65 sporadic CRC tissue

samples from patients who underwent surgical treatment at
Okayama University Hospital were also collected and analysed.

A small tissue fragment was excised from resected neoplasm for
DNA extraction, and the remaining portion was submitted for
histological diagnosis. Samples were stored at �801C until the
analysis began.
This study protocol was approved by the Institutional Review

Board of Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences, and informed consent
was obtained from each patient.

Histopathological analysis of colorectal adenomas

Histologic studies were performed on all removed adenomas. The
resected adenomas were fixed and embedded in paraffin. Serial
sections were obtained and stained with haematoxylin and eosin.
All cases were reviewed by two board certified pathologists,
and were classified as tubular, tubulovillous, villous, or serrated
adenomas. Hyperplastic polyps were not included in this analysis.

Analysis of K-ras and BRAF mutations

To detect genetic alterations in K-ras and BRAF, we analysed the
point mutations of codons 12 and 13 of the K-ras gene and the
mutation of the exon 15 codon 600 of the BRAF gene by direct
sequencing using a Big Dye Terminator v3.1, Cycle Sequencing kit,
and an ABI Genetic Analyzer 3100. The primers for K-ras sequen-
cing of codons 12 and 13 were similar to those described previously
(Hiraoka et al, 2006). The primers for sequencing the BRAF gene
were as follows: 50-TCATAATGCTTGCTCTGATAGGA-30 (forward)
and 50-TCCACTGATTAAATTTTTGGCC-30 (reverse).

Methylation analysis of RASSF1 and RASSF2

Tumour tissues were assayed for RASSF1 and RASSF2 promoter
CpG island methylation using combined bisulphite restriction
analysis (COBRA), following the report by Akino et al (2005).
Extraction and bisulphite modification of genomic DNA from neo-
plastic tissues were performed as described previously (Hiraoka
et al, 2006). Bisulphite-treated DNA was amplified by touchdown
polymerase chain reaction (PCR) using primers capable of
annealing both methylated and unmethylated alleles. Primer
sequences for RASSF1 and RASSF2, and restriction enzymes that
digest only methylated alleles were similar to those used in the
previous report (Akino et al, 2005). A touchdown thermal cycle
programme was modified in our analysis. In detail, that included
an initial denaturation for 5min at 951C, followed by three cycles
of 30 s at 951C, 15 s at 631C (RASSF1) or 671C (RASSF2), and 30 s at
721C. The annealing temperature was then decreased by 21C until
it reached 571C (RASSF1) or 611C (RASSF2): 611C/651C (4 cycles),
591C/631C (5 cycles), and 571C/611C (28 cycles), respectively, for
RASSF1/RASSF2. A final extension for 4min at 721C was included
at the end of the cycles before holding at 121C. Samples digested
with enzymes were electrophoresed on 6% polyacrylamide gels and
visualised under ultraviolet light by staining with ethidium
bromide.

Statistical analysis

Differences in frequency were assessed by Fisher’s exact test.
Mann–Whitney U-test or Kruskal–Wallis rank test was used for
comparisons of patient age. P-values less than 0.05 were consi-
dered significant. Multiple testing was corrected by Bonferroni
correction, and Po0.017 is considered statistically significant in
the comparison among three locational groups. Univariate and
multivariate analyses were also performed to identify factors that
were independently associated with the concomitance of K-ras/
BRAF mutations and RASSF2 methylation, using a logistic
regression model with corresponding calculation of odds ratios
(ORs) and 95% confidence intervals (CIs). These analyses were
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performed using the SAS program (version 9.1, SAS Institute,
Cary, NC, USA).

RESULTS

Clinicopathological characteristics of patients and
adenomas

A total of 120 adenomas from 97 patients with a median age of 67
years (range 31–86) were analysed (Table 1). Of 97 patients, 79 had
one adenoma, 14 had two adenomas, 3 had three adenomas, and 1
had four adenomas. Out of 14 patients harbouring two adenomas,
9 patients had both adenomas in the same location (two in the
proximal colon, six in the distal colon, and one in the rectum).
Three or four adenomas in the same patients did not cluster in the
same location. Patients with more than one adenoma were
significantly younger than those with a single adenoma (60 vs 67
years, P¼ 0.02).
Of these 120 adenomas, 48 (40%) were located in the proximal

colon (11 (9%) in the caecum, 24 (20%) in the ascending colon,
and 13 (11%) in the transverse colon); 49 (41%) were in the distal
colon (9 (8%) in the descending colon and 40 (33%) in the sigmoid
colon); and 23 (19%) in the rectum. There were no significant
differences in patient age among these three locational groups
(P¼ 0.31).
Histological examinations revealed that 72 (60%) were tubular

adenomas, 40 (33%) were tubulovillous adenomas, and 8 (7%)
were serrated adenomas.

K-ras/BRAF mutations and RASSF1 and RASSF2
methylation

K-ras codons 12 and 13 and BRAF codon 600 point mutations of
adenomas were analysed by direct sequencing analysis. Of the 120
adenomas, 49 (41%) exhibited K-ras/BRAF mutations. Of these, 43
carried the K-ras mutation and 6 carried the BRAF mutation, and
there was no overlap between the two mutations. Mutations were
significantly more likely to be observed in females (59%, P¼ 0.01),
adenomas larger than 2 cm (61%, Po0.01), and flat-type adenomas
(59%, Po0.01) than in the respective counterparts. K-ras mutation
was frequently detected in tubulovillous adenomas (24 out of 40,
60%), while BRAF mutation was mostly observed in serrated
adenomas (5 out of 8, 63%). The analysis of locational distribution
showed a higher prevalence of K-ras/BRAF mutations in the proxi-
mal colon (23 out of 48, 48%), and rectum (12 out of 23, 52%), and
a lower prevalence in the distal colon (14 out of 49, 29%).
Next, we analysed the methylation status of the promoter CpG

islands of RASSF1 and RASSF2 (Figure 1). Of the 120 adenomas
examined, RASSF2 methylation was observed in 30 (25%) cases,
while only 3 (2.5%) adenomas exhibited RASSF1 methylation. In
addition, 2 out of 3 adenomas with RASSF1 methylation also
showed methylation of RASSF2. Therefore, subsequent analysis
was performed on the basis of the results of RASSF2 methylation.
RASSF2 methylation was significantly more frequently observed in
large adenomas (X2 cm) than in adenomas of 1–2 cm (37 vs 19%,
P¼ 0.046). More strikingly, histopathological findings revealed
that a large proportion of serrated adenomas (6 out of 8, 75%)
exhibited RASSF2 methylation. The locational distribution of
RASSF2 methylation was similar to that of K-ras/BRAF mutations,
although the prevalence in each location was relatively low.
Prevalence was higher in the proximal colon (14 out of 48, 29%)
and rectum (9 out of 23, 39%), and lower in the distal colon (7 out
of 49, 14%) (Table 1).
Adenomas with RASSF2 methylation were more likely to carry

K-ras/BRAF mutations than those without RASSF2 methylation
(73 vs 30%, Po0.01), suggesting that these genetic and epigenetic
alterations are mutually correlated and may work synergistically.

Patients who had at least one adenoma carrying either K-ras/BRAF
mutations or RASSF2 methylation or both were significantly older
than those who had adenoma(s) without these alterations (70 vs
62 years, P¼ 0.01). In 18 patients harbouring plural adenomas,
2 patients each carried two adenomas with K-ras/BRAF mutations,
while no patients had two or more adenomas with RASSF2
methylation. In addition, in only 4 out of 18 (22%) patients, all of
adenomas that each patient carried exhibited the same K-ras/BRAF
and RASSF2 status (all exhibited neither K-ras/BRAF mutation nor
RASSF2 methylation). Thus, characteristics of adenomas in each
patient were not always the same regarding K-ras/BRAF mutations
or RASSF2 methylation.

Uneven locational distribution of adenomas carrying
K-ras/BRAF mutations and RASSF2 methylation

As described above, there was a locational imbalance among
K-ras/BRAF mutations or RASSF2 methylation in adenomas. To
elucidate the differences in the contribution of the Ras signalling
pathway to neoplastic development according to colonic sites, we
next investigated locational distribution of adenomas with either
K-ras/BRAF mutations or RASSF2 methylation, or both (Table 1).
Adenomas with either K-ras/BRAF mutations, RASSF2 methyla-
tion, or both were more frequently observed in the rectum than in
the distal colon (65 vs 37%, P¼ 0.04; and 26 vs 6%, P¼ 0.03,
respectively). Table 1 also shows that the prevalence of K-ras/BRAF
mutations and/or RASSF2 methylation in the proximal colon was
similar to that in the rectum (K-ras/BRAF mutations and RASSF2
methylation; 27% in the proximal colon vs 26% in the rectum,
P40.99), and thus the prevalence in the distal colon was
significantly lower than that in the proximal colon (K-ras/BRAF
mutations and RASSF2 methylation; 6 vs 27%, Po0.01). In
other words, only the adenomas in the distal colon exhibited a
distinctively lower prevalence of alterations of the Ras signalling
pathway.

Univariate and multivariate analyses of factors influencing
concomitance of K-ras/BRAF mutations and RASSF2
methylation

Our results suggested that K-ras/BRAF mutations and RASSF2
methylation can cooperate and work synergistically in adenomas.
In addition, there should be an imbalance in location or in other
characteristics of adenomas that carry these alterations. Then, to
identify factors for the concomitance of K-ras/BRAFmutations and
RASSF2 methylation in adenomas, univariate and multivariate
logistic regression analyses were performed with parameters
including gender, age, location, morphology, size, and histological
diagnosis (Table 2). In multivariate analysis, serrated adenoma
was identified as a highly significant factor for the coexistence
of K-ras/BRAF mutations and RASSF2 methylation (OR 11.11; 95%
CI 1.96–63.00). In addition, location at the distal colon (the
descending colon and sigmoid colon) was a significant factor for
the absence of alterations in the Ras signalling pathway (OR 0.13;
95% CI 0.03–0.58). No other factors were proven to be associated
with the coexistence of K-ras/BRAF mutations and RASSF2
methylation in the multivariate analysis.

K-ras/BRAF mutations and RASSF2 methylation in CRC

Lastly, we analysed K-ras/BRAF mutations and RASSF2 methyla-
tion in CRC according to colonic site. Figure 2 compares the status
of K-ras/BRAF mutations and RASSF2 methylation between
adenomas and CRCs. Among 65 CRCs, the coexistence of K-ras/
BRAF mutations and RASSF2 methylation was observed in 11 out
of 19 (58%) lesions in the proximal colon, 1 out of 19 (5%) of those
in the distal colon, and 6 out of 27 (22%) of those in the rectum. In
the distal colon, adenomas and CRCs exhibited a similarly lower
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prevalence of disorders in the Ras signalling pathway. In addition,
in the rectum, the proportions of tumours with both K-ras/BRAF
mutations and RASSF2 methylation, with either of them, and with
neither of them, were quite similar between adenomas and CRCs.
In contrast, in the proximal colon, the proportion of tumours with
both K-ras/BRAF mutations and RASSF2 methylation was
significantly higher in CRCs (58%) than in adenomas (27%)
(P¼ 0.02). These results suggest that in the proximal colon,
disorders of the Ras signalling pathway are almost requisite for
development into carcinoma, while in the rectum two types of
cancer development may exist: pathways associated with disorders

of Ras signalling and those that are not. In the distal colon, the
major route of CRC development does not seem to require
disorders of the Ras signalling pathway.

DISCUSSION

In the current study, we examined K-ras/BRAF mutations and
methylation status of RASSF1 and RASSF2 in colorectal adenomas
in relation to clinicopathological features. We also compared these
genetic and epigenetic alterations in adenomas with those in
cancers. Our results revealed that these genetic and epigenetic
alterations were likely to occur concomitantly in each colorectal
tumour. Furthermore, tumours with these alterations showed
uneven locational distribution in the colorectum, and the
distributions were a little different between adenomas and cancers.
Previous reports have shown differences between the right-side

colon (including the caecum, ascending colon, and transverse
colon) and the left-side colon (including the descending colon,
sigmoid colon, and rectum) in epidemiologic incidence (Gonzalez
et al, 2001), morphology (Okamoto et al, 2005), and molecular
alterations (Iacopetta, 2002; Azzoni et al, 2007). Meanwhile, other
reports revealed these differences between the colon and rectum
(Frattini et al, 2004; Kim et al, 2006). Also regarding K-ras/BRAF
mutations, several reports have shown a higher prevalence of K-ras
mutation in the rectum than in the colon (Luchtenborg et al, 2005;
Barry et al, 2006; Einspahr et al, 2006), while other reports
compared K-ras mutation between the proximal colon and the
distal colon, and found dominance in the former (Samowitz et al,
2000; Miranda et al, 2006). BRAF mutation is also known to be
associated with the proximal localisation (Li et al, 2006). Our
results seem consistent with these previous reports. Moreover, our
results indicated that K-ras/BRAF mutations in adenomas were

Table 1 Clinicopathological features of adenomas with K-ras/BRAF mutations and/or RASSF2 methylation

K-ras/BRAF
mutations

RASSF2
methylation

K-ras/BRAF mutations or
RASSF2 methylation

K-ras/BRAF mutations and
RASSF2 methylation

All adenomas n (%) P value n (%) P value n (%) P value n (%) P value

Total 120 49 (41) 30 (25) 57 (48) 22 (18)
Gender
Female 34 20 (59) 0.01 11 (32) 0.25 23 (68) o0.01 8 (24) 0.43
Male 86 29 (34) 19 (22) 34 (40) 14 (16)

Age
Median (range)a 66 (31–86) 70 (31–86) 70 (31–86) 70 (31–86) 71 (31–86)
o65 59 20 (34) 0.14 11 (19) 0.14 23 (39) 0.07 8 (14) 0.24
X65 61 29 (48) 19 (31) 34 (56) 14 (23)

Location
Proximal colonb 48 23 (48) 0.06d

0.80f
14 (29) 0.09d

0.43f
24 (50) 0.22d

0.31f
13 (27) o0.01d

40.99f
Distal colonc 49 14 (29) 0.07e 7 (14) 0.03e 18 (37) 0.04e 3 (6) 0.03e

Rectum 23 12 (52) 9 (39) 15 (65) 6 (26)

Macroscopic appearance
Protruded 79 25 (32) o0.01 17 (22) 0.27 29 (37) o0.01 13 (16) 0.47
Flat type 41 24 (59) 13 (32) 28 (68) 9 (22)

Size
o2 cm 79 24 (30) o0.01 15 (19) 0.046 27 (34) o0.01 12 (15) 0.22
X2 cm 41 25 (61) 15 (37) 30 (73) 10 (24)

Histopathology
Tubular 72 18 (25) o0.01 12 (17) o0.01 23 (32) o0.01 7 (10) o0.01
Tubulovillous 40 24 (60) 12 (30) 26 (65) 10 (25)
Serrated 8 7 (88) 6 (75) 8 (100) 5 (63)

aMedian age is calculated based on the number of patients. bProximal colon, including the cecum, the ascending colon, and the transverse colon. cDistal colon, including the
descending colon and the sigmoid colon. dProximal colon vs distal colon. eDistal colon vs rectum. fProximal colon vs rectum.

] ] ] ]

A1

RASSF1

RASSF2

A2 C1 C2 HCT116 RKO H2O

M

M

Figure 1 Analysis of methylation status of RASSF1 and RASSF2
promoter CpG island. COBRA was carried out using bisulphite-treated
DNA from colorectal adenomas and cancers. A representative result for
tumour tissue samples with/without RASSF1 or RASSF2 promoter
methylation is shown. A1 is a sample without RASSF1 and RASSF2
methylation. A2 and C2 are samples with RASSF2 methylation, and without
RASSF1 methylation. C1 is a sample with RASSF1 methylation, and without
RASSF2 methylation. A, adenoma samples; C, cancer samples; M,
methylated alleles; HCT116, colon cancer cell line used as a negative
control for RASSF1 and RASSF2 methylation; RKO, colon cancer cell line
used as a positive control for RASSF1 and RASSF2 methylation; H2O,
sample without DNA.
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significantly less frequent in the distal colon than in either the
proximal colon or the rectum. This suggests that K-ras/BRAF
mutations are less important to neoplasia in the distal colon,
although neoplasm occurs in greater numbers in the distal colon
than in the other locations.
Meanwhile, only a few reports have referred to the correlation

between clinicopathological features of colorectal neoplasia and
methylation status of RASSF genes. Particularly scarce are reports
regarding this issue in adenomas. We found that RASSF2
methylation was, like K-ras/BRAF mutations, frequently observed
in large adenomas and in serrated adenomas. Moreover, the
locational distribution of adenomas with this epigenetic alteration
was also similar to that of adenomas with K-ras/BRAF mutations,
although the frequency of the epigenetic change as a whole was
lower than that of the genetic changes. As a result, genetic and
epigenetic alterations in the Ras signalling pathway are likely to
coexist and may work synergistically even in adenomas. These
cooperative alterations were frequently observed in adenomas in
the proximal colon and the rectum, while, as the multivariate
analysis showed, those alterations were relatively rare in adenomas
in the distal colon. These findings suggest that an alternative
carcinogenic pathway other than the Ras signalling pathway may
function in the distal colon.
In this study, we examined the methylation status of RASSF1

and RASSF2, because the methylation of these two genes among
the RASSF series was reported to be specifically correlated with

CRC development (van Engeland et al, 2002; Hesson et al, 2005).
However, methylation of RASSF1 in colorectal neoplasm was
relatively infrequent in our study (3% in adenomas and 12% (data
not shown) in CRCs). Previous reports showed a higher prevalence
of RASSF1 methylation in CRC (20–45%) (van Engeland et al,
2002; Wagner et al, 2002; Oliveira et al, 2005; Miranda et al, 2006).
Furthermore, Sakamoto et al (2004) reported that 81.3% of flat-
type tumours exhibited RASSF1 methylation. However, all of these
previous reports used methylation-specific PCR (MSP) or its
modified version as the methodology for detecting methylation.
Since MSP has been shown to be too sensitive, resulting in
overestimation of methylation status, the positive results of MSP
are not always consistent with the loss of function of the gene. In
contrast, we used COBRA, a stricter methodology than MSP,
following the method of Akino et al (2005) (Hiraoka et al, 2006).
COBRA for RASSF1 has been proven to be correlated with its gene
function (Akino et al, 2005), and our results were close to theirs
(13% in CRCs and 6% in adenomas). In this regard, RASSF1
methylation would be less important than has been considered
thus far.
In the case of RASSF2, there is a problem similar to that with

RASSF1 regarding the interpretation of experimental results. The
majority of reports adopted MSP as the experimental procedure,
and reported a higher prevalence of methylation (70–73% in CRCs
and 88–100% in adenomas) (Hesson et al, 2005; Park et al, 2006)
than in our study (46% in CRCs and 25% in adenomas) or Akino
et al.’s study (42% in CRCs and 43% in adenomas). However, the
methylation frequency of RASSF2 in colorectal neoplasia was
much higher than that of RASSF1 even in our results. Thus, the
methylation of RASSF2, but not that of RASSF1, should have a
distinct function during CRC development.
There were differences between adenomas and cancers in the

locational distribution of neoplasm with genetic and/or epigenetic
alterations of the Ras signalling pathway, although similar trends
were observed (Figure 2). The most striking difference was seen in
the proximal colon. Some adenomas in the proximal colon carried
neither K-ras/BRAF mutations nor RASSF2 methylation, while
there were few cancers without these alterations. This suggested
that disorders in the Ras signalling pathway can occur in the
proximal colon neoplasia not only during the early period but also
during the late period of cancer progression. Then we can propose
three types of cancer development with respect to the Ras
signalling pathway. The first type is, as frequently seen in the
distal colon neoplasms and in some rectal neoplasms, a tumour
with no Ras signalling pathway alterations. The next type is, as has
been widely believed thus far, a tumour in which disorder of the
Ras signalling pathway occurs during the early period of cancer
development. This type was seen in a large proportion of rectal
tumours as well as in some tumours in the proximal colon. The
third type, observed mainly in the proximal colon as shown above,
is a tumour in which disorder of the Ras signalling pathway occurs
during the late period of cancer development. Thus, our results
suggest that both the likelihood of involvement of Ras signalling

Table 2 Univariate and multivariate analyses of factors for adenomas carrying both K-ras/BRAF mutations and RASSF2 methylation

Both K-ras/BRAF mutation and RASSF2 methylation

All adenomas n (%) Univariate analysis OR (95% CI) Multivariate analysis OR (95% CI)

Total 120 21 (18)
Female 34 8 (24) 1.73 (0.64–4.64) 1.51 (0.50–4.53)
Age (X65) 61 14 (23) 2.21 (0.82–5.95) 1.56 (0.54–4.53)
Distal colon 49 3 (6) 0.19 (0.05–0.69)w 0.13 (0.03–0.58)z

Flat type 41 9 (22) 1.43 (0.55–3.69) 0.54 (0.16–1.84)
Size (X2 cm) 41 10 (24) 1.99 (0.77–5.19) 1.86 (0.59–5.94)
Serrated adenoma 8 5 (63) 10.00 (2.17–46.00)* 11.11 (1.96–63.00)**

Abbreviations: OR, odds ratio; CI, confidence interval. wP¼ 0.01, zP¼ 0.007, *P¼ 0.003, **P¼ 0.007.

Having neither K-ras/BRAF mutations nor RASSF2 methylation 

Having either K-ras/BRAF mutations or  RASSF2 methylation

Having both K-ras/BRAF mutations and RASSF2 methylation

Adenoma Cancer

Figure 2 Locational distributions of adenomas and cancers with K-ras/
BRAF mutation and/or RASSF2 methylation. Cancers with K-ras/BRAF
mutation and/or RASSF2 methylation exhibit locational distribution similar
to that of adenomas. However, the proportion of tumours in the proximal
colon with both K-ras/BRAF mutation and RASSF2 methylation was
significantly higher in cancers (58%) than in adenomas (27%) (P¼ 0.02).
Arrowheads indicate serrated adenomas.
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disorder in CRC development and the time point when the
disorder is likely to occur differ according to tumour location.
We found that RASSF2 was frequently methylated in serrated

adenomas. Recent reports have shown that serrated adenomas
have biological features distinct from other conventional adeno-
mas or hyperplastic polyps. In particular, these tumours are
characterised by a high frequency of carrying BRAF mutation and
a high frequency of CpG island methylation (CpG island
methylator phenotype-high) (Park et al, 2003; Kambara et al,
2004; O’Brien et al, 2004), and are considered precursor lesions of
CRC with microsatellite instability. Consistent with previous
reports, in our study, BRAF mutation was frequently observed in
serrated adenomas (5 out of 8, 63%). In addition, most of serrated
adenomas carried RASSF2 methylation (6 out of 8, 75%).
Consequently, serrated adenomas were likely to have both K-ras/
BRAF mutations and RASSF2 methylation (5 out of 8, 63%),
despite relatively dispersed locational distribution (Figure 2). As
previously reported, methylation of RASSF2 in those tumours may
be affected by CpG island methylator phenotype status (Minoo
et al, 2006). Alternatively, however, a specific synergistic correla-
tion between BRAF mutation and RASSF2 methylation may
function in Ras signalling disorders during the progression of
serrated adenomas.

There are limitations to our study. In particular, selection bias of
collected tumours may inevitably exist even though tumours were
collected consecutively. Because our institute is a tertiary care
gastroenterology facility, patients with tumours that could not be
easily treated in other hospitals were likely to be referred to our
hospital. As a result, our collected series may be composed of
uncommon fractions of colorectal neoplasm. In fact, the propor-
tions of flat-type adenomas and rectal carcinomas were relatively
high in our study. The relatively small number of adenoma
samples as well as that of cancer samples would also be a
limitation.
In conclusion, we demonstrated that RASSF2 methylation is

of importance as well as K-ras/BRAF mutations during the
progression of colorectal tumours. In addition, these genetic
and epigenetic alterations in the Ras signalling pathway are
likely to function synergistically. More importantly, however,
both the likelihood and time point of the occurrence of these
alteration differ according to tumour location. These results
suggest that disorders in the Ras signalling pathway are not
uniformly involved in the development of CRC. Frequency and the
time point of the occurrence of Ras signalling disorders differ
according to colorectal neoplasia’s characteristics, particularly the
location.

REFERENCES

Akino K, Toyota M, Suzuki H, Mita H, Sasaki Y, Ohe-Toyota M, Issa JP,
Hinoda Y, Imai K, Tokino T (2005) The Ras effector RASSF2 is a novel
tumor-suppressor gene in human colorectal cancer. Gastroenterology
129: 156–169

Aoyama Y, Avruch J, Zhang XF (2004) Nore1 inhibits tumor cell growth
independent of Ras or the MST1/2 kinases. Oncogene 23: 3426–3433

Azzoni C, Bottarelli L, Campanini N, Di Cola G, Bader G, Mazzeo A,
Salvemini C, Morari S, Di Mauro D, Donadei E, Roncoroni L, Bordi C,
Sarli L (2007) Distinct molecular patterns based on proximal and distal
sporadic colorectal cancer: arguments for different mechanisms in the
tumorigenesis. Int J Colorectal Dis 22: 115–126

Barry EL, Baron JA, Grau MV, Wallace K, Haile RW (2006) K-ras mutations
in incident sporadic colorectal adenomas. Cancer 106: 1036–1040

Dammann R, Schagdarsurengin U, Strunnikova M, Rastetter M, Seidel C,
Liu L, Tommasi S, Pfeifer GP (2003) Epigenetic inactivation of the Ras-
association domain family 1 (RASSF1A) gene and its function in human
carcinogenesis. Histol Histopathol 18: 665–677

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J (2002)
Mutations of the BRAF gene in human cancer. Nature 417: 949–954

Domingo E, Espin E, Armengol M, Oliveira C, Pinto M, Duval A,
Brennetot C, Seruca R, Hamelin R, Yamamoto H, Schwartz Jr S (2004)
Activated BRAF targets proximal colon tumors with mismatch repair
deficiency and MLH1 inactivation. Genes Chromosomes Cancer 39:
138–142

Eckfeld K, Hesson L, Vos MD, Bieche I, Latif F, Clark GJ (2004) RASSF4/
AD037 is a potential ras effector/tumor suppressor of the RASSF family.
Cancer Res 64: 8688–8693

Einspahr JG, Martinez ME, Jiang R, Hsu CH, Rashid A, Bhattacharrya AK,
Ahnen DJ, Jacobs ET, Houlihan PS, Webb CR, Alberts DS, Hamilton SR
(2006) Associations of Ki-ras proto-oncogene mutation and p53 gene
overexpression in sporadic colorectal adenomas with demographic and
clinicopathologic characteristics. Cancer Epidemiol Biomarkers Prev 15:
1443–1450

Falvella FS, Manenti G, Spinola M, Pignatiello C, Conti B, Pastorino U,
Dragani TA (2006) Identification of RASSF8 as a candidate lung tumor
suppressor gene. Oncogene 25: 3934–3938

Fearon ER, Vogelstein B (1990) A genetic model for colorectal tumori-
genesis. Cell 61: 759–767

Frattini M, Balestra D, Suardi S, Oggionni M, Alberici P, Radice P, Costa A,
Daidone MG, Leo E, Pilotti S, Bertario L, Pierotti MA (2004) Different
genetic features associated with colon and rectal carcinogenesis. Clin
Cancer Res 10: 4015–4021

Gonzalez EC, Roetzheim RG, Ferrante JM, Campbell R (2001) Predictors of
proximal vs. distal colorectal cancers. Dis Colon Rectum 44: 251–258

Hesson LB, Wilson R, Morton D, Adams C, Walker M, Maher ER, Latif F
(2005) CpG island promoter hypermethylation of a novel Ras-effector
gene RASSF2A is an early event in colon carcinogenesis and correlates
inversely with K-ras mutations. Oncogene 24: 3987–3994

Hidaka E, Yanagisawa A, Seki M, Takano K, Setoguchi T, Kato Y (2000)
High frequency of K-ras mutations in biliary duct carcinomas of
cases with a long common channel in the papilla of Vater. Cancer Res 60:
522–524

Hiraoka S, Kato J, Tatsukawa M, Harada K, Fujita H, Morikawa T, Shiraha
H, Shiratori Y (2006) Laterally spreading type of colorectal adenoma
exhibits a unique methylation phenotype and K-ras mutations. Gastro-
enterology 131: 379–389

Iacopetta B (2002) Are there two sides to colorectal cancer? Int J Cancer
101: 403–408

Kambara T, Simms LA, Whitehall VL, Spring KJ, Wynter CV, Walsh MD,
Barker MA, Arnold S, McGivern A, Matsubara N, Tanaka N, Higuchi T,
Young J, Jass JR, Leggett BA (2004) BRAF mutation is associated with
DNA methylation in serrated polyps and cancers of the colorectum. Gut
53: 1137–1144

Kim TD, Song KS, Li G, Choi H, Park HD, Lim K, Hwang BD, Yoon WH
(2006) Activity and expression of urokinase-type plasminogen activator
and matrix metalloproteinases in human colorectal cancer. BMC Cancer
6: 211

Kinzler KW, Vogelstein B (1996) Lessons from hereditary colorectal cancer.
Cell 87: 159–170

Kudo S, Kashida H, Nakajima T, Tamura S, Nakajo K (1997) Endoscopic
diagnosis and treatment of early colorectal cancer. World J Surg 21:
694–701

Li WQ, Kawakami K, Ruszkiewicz A, Bennett G, Moore J, Iacopetta B (2006)
BRAF mutations are associated with distinctive clinical, pathological and
molecular features of colorectal cancer independently of microsatellite
instability status. Mol Cancer 5: 2

Luchtenborg M, Weijenberg MP, Wark PA, Saritas AM, Roemen GM, van
Muijen GN, de Bruine AP, van den Brandt PA, de Goeij AF (2005)
Mutations in APC, CTNNB1 and K-ras genes and expression of hMLH1
in sporadic colorectal carcinomas from the Netherlands Cohort Study.
BMC Cancer 5: 160

Maltzman T, Knoll K, Martinez ME, Byers T, Stevens BR, Marshall JR, Reid
ME, Einspahr J, Hart N, Bhattacharyya AK, Kramer CB, Sampliner R,
Alberts DS, Ahnen DJ (2001) Ki-ras proto-oncogene mutations in
sporadic colorectal adenomas: relationship to histologic and clinical
characteristics. Gastroenterology 121: 302–309

Malumbres M, Barbacid M (2003) RAS oncogenes: the first 30 years.
Nat Rev Cancer 3: 459–465

Ras signalling pathway in colorectal neoplasia

K Harada et al

1430

British Journal of Cancer (2007) 97(10), 1425 – 1431 & 2007 Cancer Research UK

G
e
n
e
tic

s
a
n
d
G
e
n
o
m
ic
s



Minoo P, Baker K, Goswami R, Chong G, Foulkes WD, Ruszkiewicz AR,
Barker M, Buchanan D, Young J, Jass JR (2006) Extensive DNA
methylation in normal colorectal mucosa in hyperplastic polyposis.
Gut 55: 1467–1474

Miranda E, Destro A, Malesci A, Balladore E, Bianchi P, Baryshnikova E,
Franchi G, Morenghi E, Laghi L, Gennari L, Roncalli M (2006) Genetic
and epigenetic changes in primary metastatic and nonmetastatic
colorectal cancer. Br J Cancer 95: 1101–1107

O’Brien MJ, Yang S, Clebanoff JL, Mulcahy E, Farraye FA, Amorosino M,
Swan N (2004) Hyperplastic (serrated) polyps of the colorectum:
relationship of CpG island methylator phenotype and K-ras
mutation to location and histologic subtype. Am J Surg Pathol 28:
423–434

Okamoto M, Kawabe T, Yamaji Y, Kato J, Ikenoue T, Togo G, Watabe H,
Yoshida H, Shiratori Y, Omata M (2005) Flat-type early colorectal cancer
preferentially develops in right-sided colon in older patients. Dis Colon
Rectum 48: 101–107

Oliveira C, Velho S, Domingo E, Preto A, Hofstra RM, Hamelin R,
Yamamoto H, Seruca R, Schwartz Jr S (2005) Concomitant RASSF1A
hypermethylation and KRAS/BRAF mutations occur preferentially in
MSI sporadic colorectal cancer. Oncogene 24: 7630–7634

O’Neill E, Rushworth L, Baccarini M, Kolch W (2004) Role of the kinase
MST2 in suppression of apoptosis by the proto-oncogene product Raf-1.
Science 306: 2267–2270

Park HW, Kang HC, Kim IJ, Jang SG, Kim K, Yoon HJ, Jeong SY, Park JG
(2006) Correlation between hypermethylation of the RASSF2A promoter
and K-ras/BRAF mutations in microsatellite-stable colorectal cancers.
Int J Cancer 120: 7–12

Park SJ, Rashid A, Lee JH, Kim SG, Hamilton SR, Wu TT (2003) Frequent
CpG island methylation in serrated adenomas of the colorectum. Am J
Pathol 162: 815–822

Rajagopalan H, Bardelli A, Lengauer C, Kinzler KW, Vogelstein B,
Velculescu VE (2002) Tumorigenesis: RAF/RAS oncogenes and mis-
match-repair status. Nature 418: 934

Sakamoto N, Terai T, Ajioka Y, Abe S, Kobayasi O, Hirai S, Hino O,
Watanabe H, Sato N, Shimoda T, Fujii H (2004) Frequent hypermethyla-
tion of RASSF1A in early flat-type colorectal tumors. Oncogene 23:
8900–8907

Samowitz WS, Curtin K, Schaffer D, Robertson M, Leppert M, Slattery ML
(2000) Relationship of Ki-ras mutations in colon cancers to tumor
location, stage, and survival: a population-based study. Cancer Epidemiol
Biomarkers Prev 9: 1193–1197

Toyooka S, Tokumo M, Shigematsu H, Matsuo K, Asano H, Tomii K,
Ichihara S, Suzuki M, Aoe M, Date H, Gazdar AF, Shimizu N (2006)
Mutational and epigenetic evidence for independent pathways for lung
adenocarcinomas arising in smokers and never smokers. Cancer Res 66:
1371–1375

van Engeland M, Roemen GM, Brink M, Pachen MM, Weijenberg MP,
de Bruine AP, Arends JW, van den Brandt PA, de Goeij AF, Herman JG
(2002) K-ras mutations and RASSF1A promoter methylation in
colorectal cancer. Oncogene 21: 3792–3795

Vos MD, Ellis CA, Elam C, Ulku AS, Taylor BJ, Clark GJ (2003) RASSF2 is
a novel K-Ras-specific effector and potential tumor suppressor. J Biol
Chem 278: 28045–28051

Wagner KJ, Cooper WN, Grundy RG, Caldwell G, Jones C, Wadey RB,
Morton D, Schofield PN, Reik W, Latif F, Maher ER (2002) Frequent
RASSF1A tumour suppressor gene promoter methylation in Wilms’
tumour and colorectal cancer. Oncogene 21: 7277–7282

Yuen ST, Davies H, Chan TL, Ho JW, Bignell GR, Cox C, Stephens P, Edkins
S, Tsui WW, Chan AS, Futreal PA, Stratton MR, Wooster R, Leung SY
(2002) Similarity of the phenotypic patterns associated with BRAF and
KRAS mutations in colorectal neoplasia. Cancer Res 62: 6451–6455

Ras signalling pathway in colorectal neoplasia

K Harada et al

1431

British Journal of Cancer (2007) 97(10), 1425 – 1431& 2007 Cancer Research UK

G
e
n
e
ti
c
s
a
n
d
G
e
n
o
m
ic
s


	Genetic and epigenetic alterations of Ras signalling pathway in colorectal neoplasia: analysis based on tumour clinicopathological features
	Main
	Materials and methods
	Patients and tissue samples
	Histopathological analysis of colorectal adenomas
	Analysis of K-ras and BRAF mutations
	Methylation analysis of RASSF1 and RASSF2
	Statistical analysis

	Results
	Clinicopathological characteristics of patients and adenomas
	K-ras/BRAF mutations and RASSF1 and RASSF2 methylation
	Uneven locational distribution of adenomas carrying K-ras/BRAF mutations and RASSF2 methylation
	Univariate and multivariate analyses of factors influencing concomitance of K-ras/BRAF mutations and RASSF2 methylation
	K-ras/BRAF mutations and RASSF2 methylation in CRC

	Discussion
	References


