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Abstract The incidence of colorectal cancer (CRC) is in-
creasing rapidly in Asian countries during the past few de-
cades, but no comprehensive analysis has been done to find
out the exact cause of this disease. In this study, we inves-
tigated the frequencies of mutations and expression pattern
of K-ras, APC (adenomatosis polyposis coli) and p53 in
tumor, adjoining and distant normal mucosa and to correlate
these alterations with patients clinicopathological parame-
ters as well as with the survival. Polymerase chain reaction
(PCR)-restriction digestion was used to detect mutations in
K-ras and PCR-SSCP (Single Strand Conformation Poly-
morphism) followed by DNA sequencing was used to detect
mutations in APC and p53 genes. Immunohistochemistry
was used to detect the expression pattern of K-ras, APC and
p53 proteins. The frequencies of mutations of K-ras, APC
and p53 in 30 tumor tissues samples were 26.7 %, 46.7 %
and 20 %, respectively. Only 3.3 % of tumors contained
mutations in all the three genes. The most common combi-
nation of mutation was APC and p53 whereas mutation in
both p53 and K-ras were extremely rare. There was no
association between the mutations and expression pattern
of K-ras, APC and p53 (p>0.05). In Indians, the frequency

of alterations of K-ras and APC is similar as in Westerns,
whereas the frequency of p53mutation is slightly lower. The
lack of multiple mutations in tumor specimens suggests that
these genetic alterations might have independent influences
on CRC development and there could be multiple alterna-
tive genetic pathways to CRC in our present study cohort.
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Introduction

Colorectal cancer (CRC) is one of the leading causes of
cancer-related deaths worldwide and the second most com-
mon cause of cancer deaths in the United States. It is second
only to lung cancer [1]. The traditional pathogenic pathway,
the adenoma–carcinoma sequence, plays an important role
in the majority of colorectal carcinogenesis. Majority of
CRC arises sporadically and only a small proportion 5–
10 % arises due to familial inheritance. The incidence rates
of CRC vary widely in different geographical areas, with
relatively low incidence in Asian and African countries and
a relatively high incidence in Western countries [2]. Many
Asian countries have experienced an increase of two to four
times in the incidence of CRC during the past few decades.
Although adopting a globalized Western-style diet high in
fat and animal protein and low in fiber, vegetables and fruit
and a more sedentary lifestyle are believed to be the under-
lying reasons for the increase, but the interaction between
these factors and genetic characteristics of the Asian
populations might also have a pivotal role [3].

CRC has been associated with the progressive accumula-
tion of a variety of genomic alterations in neoplastic cells. It is
one of the best studied systems of human carcinogenesis,
which can arise from a combination of mutations in onco-
genes or tumor suppressor genes or from epigenetic changes
in DNA such as methylation. Development of CRC is a
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process with multiple steps in which a healthy colonic epithe-
lia go through small adenoma, large adenoma and finally
become adenocarcinoma [4]. This process involves the acti-
vation of oncogenes and inactivation of tumor suppressor
genes. Certain of the genes identified in the adenoma to
carcinoma pathway are APC, K-ras, DCC, p53 and DNA
mismatch repair (MMR) genes whereas APC andMMR genes
are found to be mutated in familial CRC [5, 6]. It has been
suggested that adenoma to carcinoma progression requires
several genetic changes and it is the accumulation rather than
the order of the mutations which is most critical [7]. Inactiva-
tion of the tumor suppressor genes APC and p53 and activa-
tion of the oncogene K-ras are the most important
determinants that are required for tumor initiation and pro-
gression in CRC [5].

Mutation of APC gene is the initiating alteration in most
CRCs [8]. This gene was first localized to chromosome
5q21 by disease linkage in patients with familial adenoma-
tous polyposis (FAP) [9]. APC is a relatively large gene,
encoding a protein of 312 kDa. A mutation cluster region
(MCR) located between codons 1286 and 1513 of exon 15
has been identified in patients with FAP and sporadic CRC
[10]. Although this MCR comprises only 10 % of the total
APC coding sequence, but it contains more than 90 % of
APC mutations reported in both familial and sporadic CRC
[7]. APC has been proposed to function as a “gatekeeper”
gene, regulating the entry of epithelial cells into the adeno-
ma–carcinoma progression [7].

Mutations of the K-ras gene are known to be early genetic
event in CRC. K-ras is a proto-oncogene, located on the short
arm of chromosome 12, encodes a small (21-kDa) protein
(p21ras) which is involved in G protein mediated signal
transduction. This protein has intrinsic GTPase activity, which
is lost when the gene is mutated, most commonly at codons
12, 13, and 61 leading to increased and unregulated cellular
proliferation and malignant transformation [11].

Mutations in p53 which is a tumor suppressor gene are
proposed to be relatively late events in the development of
CRC. p53 gene, localized on the short arm of chromosome 17
and is found to be mutated in up to 70 % of CRCs [12]. p53
functions as a transcription factor, causing cell cycle arrest in
response to DNA damage or other cellular stress [13]. Based
on the hypothesis that mutation of specific target genes may
be important molecular mechanisms that influence the patho-
genesis of CRC, we examined the mutation spectra in three
key genes, APC, K-ras, and p53 in 30 patients with sporadic
CRC and compared the findings with western population to
determinewhether our populations has same pattern of genetic
alterations as in west. We have also completed a follow up of
these patients and analyzed the association of mutations of
these genes with patients' survival.

The exact mechanism of CRC genesis is still controver-
sial. Some authors support the adenoma–carcinoma

sequence while others suggested the presence of de novo
development of CRC. In a recent study from Europe, Smith
et al. [14] suggested the presence of multiple alternative
genetic pathways to CRC. It is known that the incidence of
CRC in Asians is low and that the presence of synchronous
adenomas is rare. In a study conducted in India by one of the
investigators in the present study indicates that only 7.7 % of
CRC patients have synchronous adenomas [15]. These find-
ings raise a question that in Asians, CRC may have a different
genesis to that of the Westernized population. The aim of the
study was to assess if the low incidence of colorectal synchro-
nous adenomatous polyps and cancer in Asians is reflected in
a different pattern of genetic alterations.

Materials and methods

Patients and specimens

A total of 30 patients undergoing surgery for colorectal
adenocarcinoma at a post-graduate institute of medical edu-
cation and research, India, between July 2004 and July 2006
were enrolled in this study, which was designed to examine
the clinicopathological features, mutation and expression
pattern of K-ras, APC and p53 in tumor, adjoining and
normal colonic mucosa. Inclusion criteria included the
freshly resected primary adenocarcinoma. Patients who
had history of prior chemotherapy or radiotherapy, with
inoperable tumors, family history of colorectal adenocarci-
noma, mucinous/signet cell carcinoma were excluded from
the present study. Follow-up end point was September 2007.
A written informed consent was obtained from each patient
for inclusion in this study. This study was approved by the
Institute Ethics Committee. Apart from the description of
the gross features of the tumor at the time of surgery, the rest
of the colon was examined for any synchronous polyp or
tumor. Fresh samples from tumor, adjoining (2–5 cm from
the tumor tissue) and distant normal mucosa (5–10 cm from
the main tumor mass) were taken from the freshly resected
colorectal specimen.

DNA extraction and mutation detection

Genomic DNA from each tumor tissue, adjoining and nor-
mal mucosa was isolated using proteinase-K digestion and a
phenol/chloroform extraction procedure according to the
method proposed by Sambrook and Russell [16]. Specifi-
cally, the MCR (codons 1286–1513) of APC, codon 12 of
K-ras and the exons 5–8 of p53 were examined.

Mutation detection in case of codon 12 of K-ras was
carried out by using polymerase chain reaction (PCR)-
Msp1 restriction digestion according to the method of Ando
et al. [17]. A band of 99 bp was obtained after PCR
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amplification. In the case ofAPC gene,MCRwas amplified as
four overlapping fragments using a nested PCR strategy [18].
Outside PCR was carried out to generate two fragments, A
(356 bp) and B (511 bp). Fragment Awas then used as starting
material for the amplification of nested fragments S1 (219 bp)
and S2 (204 bp) and fragment B was used for nested frag-
ments S3 (205 bp) and S4 (267 bp). In the case of p53, exons
5–8 were studied. The primer sequences of K-ras, APC and
p53were taken from previously published sequences [17–19].

Restriction digestion

Restriction enzyme digestion was performed by incubatingK-
ras PCR products with 1 U of Msp1 restriction enzyme
(Bangalore Genei, Bangalore, India), at 37 °C for 4 h to ensure
complete digestion. For all the samples, a negative control of a
similar reaction mixture but lacking the restriction enzyme
was also included. Digested PCR products were analyzed on
3–4 % agarose gel. Appropriate molecular weight marker and
undigested PCR product were also run along with the sam-
ples. To avoid partial digestion, PCR products from normal
colonic mucosa were also digested in the same manner as a
normal control. A sample was considered as possibly harbor-
ing a mutation if 99 bp band could be demonstrated after
digestion and considered normal if 78- and 21-bp bands were
demonstrated after digestion.

SSCP analysis

Because of the number and complexity of mutations in p53
and APC, the PCR-SSCP (Single Strand Conformation
Polymorphism) analysis [20] was used as a “prescreen” to
identify samples containing mutations in these genes. For
SSCP analysis, the PCR amplified products (7 μl) were
diluted with the same amount in a denaturing buffer heated
at 95 °C for 5 min, followed by immediate cooling on ice.
This mixture was loaded on a 10 % polyacrylamide non-
denaturing gel. Gels were run at 50–80 V at 4 °C for 24–
30 h, and were then stained by silver staining.

DNA sequencing

DNA samples with suspected APC and p53 mutations were
amplified using Phusion™ high-fidelity DNA polymerase
enzyme (New England Biolabs, Finland) and products
obtained were purified and sent for DNA sequencing. All
obtained sequences were aligned with previously published
sequences in NCBI for each of the target genes.

Immunohistochemistry

The streptavidin–biotin peroxidase complex method was
used for IHC staining. The antibody used were K-ras-

2B (C-19) sc-521 to detect K-ras protein, APC (c-20)
sc-896 to detect APC protein (Santa Cruz Biotechnolo-
gy Inc., Santa Cruz, CA, USA) and p53 Ab-5 (DO-7) to
detect p53 protein (Neomarkers, California, USA). A
score of 0-3 for staining intensity was assigned. An
intensity score of 0 = no staining, 1 = weak positivity,
2 = moderate positivity and 3 = strong positivity
was given. The total IHC score was calculated as: IHC
score ¼ % age of positivity� intensity score.

Statistical analysis

Pearson’s χ2 test was performed to analyze the relationship
between mutation pattern and their respective protein ex-
pression and with each of the clinicopathological parame-
ters. Mann–Whitney U-test was performed to determine the
relationship between the expression of K-ras, APC and p53
with each of the clinicopathological parameters. Compari-
sons of the different groups were performed using the
ANOVA followed by post-hoc test. The overall survival
(OS) and disease-free survival (DFS) were estimated by
the Kaplan–Meier method and the log-rank test was used
to evaluate the difference between survival of the patients
with and without mutation and expression of K-ras, APC
and p53.

Results

All the clinical information of 30 patients with sporadic
colorectal adenocarcinoma is presented in the Table 1.

Mutation analysis of K-ras, APC and p53

K-ras gene was found to be mutated in eight (26.7 %) tumor
tissues whereas no mutations were detected in normal and
adjoining mucosa (Fig. 1).

In the case of APC gene, PCR-SSCP revealed a shift in
the band mobility in 14 (46.7 %) of tumor tissues and three
(10 %) in adjoining mucosa. Two tumors had mutations in
fragment S1, four had mutations in fragment S2, five had
mutations in S3 fragment and five had mutations in S4
fragment. One sample revealed mutations in S2, S3 and S4
fragments. In case of adjoining mucosa, out of three cases;
one had mutations in S1 fragment and two had mutations in
S2 fragment. No mutation was observed in normal mucosa.
A significant difference was observed in the frequencies of
APCmutations between the adjoining mucosa and the tumor
tissues (p=0.002). The mutation of p53 was found to be in
six (20 %) tumor tissues, of which one had mobility shift in
exon 6, four in exon 7 and one in exon 8. In the case of
adjoining and normal mucosa, no band mobility shift was
found in any exon of the p53 (Fig. 2).
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DNA sequencing analysis

DNA sequence analysis revealed the presence of point mu-
tations in 14 tumor samples in case of APC. Out of these,
nine were frameshift, seven silent and two missense muta-
tions. All frameshift mutations showed the deletion of one
nucleotide. In case of adjoining mucosa, there were one
missense mutation and two frameshift mutations. The de-
tails of these mutations are given in Tables 2 and 3.

In the case of p53, there were five frameshift and three
missense mutations in tumor tissues. Majority of mutations
were found at exon 7 (Table 3).

Combination of APC, K-ras and p53 gene mutations

Only one (3.3 %) tumor tissue contained alterations in
all the three genes, i.e., APC, K-ras and p53. Common
combination of mutations was between p53 and APC
(16.6 %), whereas mutations in both p53 and K-ras
were extremely rare (3.3 %). A significant correlation
was found in the occurrence of APC and p53 genes
mutations (p=0.044).

Protein expression of K-ras, APC and p53

Twenty-six (86.6 %) of the tumor tissues were immu-
noreactive for K-ras. A complete loss of expression was
observed in four (13.3 %) tumors. In the case of ad-
joining mucosa, eight (26.6 %) were immunoreactive for
K-ras, whereas no immunoreactivity was observed in
normal colorectal mucosa Fig. 3(I).

APC protein was expressed in 19(63.3 %) of the
tumors and complete loss of protein expression was
observed in 11 (36.6 %) of the tumors. In adjoining
mucosa, 25(83.3 %) samples were immunoreactive for
APC and loss of protein expression was observed in five
(16.6 %) cases. In normal mucosa, intact APC protein
expression was present in almost all cases Fig. 3(II). In
the case of p53, 23 (76.6 %) of the colorectal tumors
showed immunoreactivity with 7(23.3 %) tumors being
negative for p53 expression. In adjoining mucosa, p53
immunostaining was observed in seven (23.3 %) sam-
ples. Surface positivity was seen in majority of the
samples, whereas a few samples showed basal positivity
also. In normal mucosa, the expression of p53 protein
was almost absent in Fig. 3(III).

Correlation of mutations and protein expression
with clinicopathological factors

A significant correlation of K-ras gene mutations was ob-
served with the age and histological grade of the tumor
(p=0.04, p=0.036), whereas the nuclear positivity of p53
protein had a significant correlation with the distal site of the
tumor (p=0.029).

Effect of gene mutations on protein expression

In 26 adenocarcinoma cases positive for K-ras expres-
sion, eight had mutations in the K-ras gene. However
four tumors negative for K-ras expression did not reveal
any genetic alterations. Similarly, Out of the 19 colo-
rectal adenocarcinoma positive for APC protein expres-
sion, nine had mutations in the MCR of APC gene
while 11 tumors negative for APC expression, five had
mutations. In the case of p53, 23 colorectal adenocarcinoma

Table 1 Clinical profile of patients with colorectal adenocarcinoma

Characteristics No. of subjects (n=30)

Age (median (range)) 56 (24–90)

Sex

Male 20

Female 10

Histological type

Well differentiated 6

Moderately differentiated 21

Poorly differentiated 3

TNM stage

Stage I 4

Stage II 18

Stage III 6

Stage IV 2

Metastasis

Liver 2

Lymph node 6

Location

Proximal 12

Distal 18

Tumor size (median (range)) 5 (2–10)

Fig. 1 Analysis of K-ras mutations in CRC. a PCR amplified products
of codon 12; b restriction digested product of codon 12; 99-bp band
after digestion represents the point mutation at codon 12 of K-ras. MW
molecular weight marker, –ve negative control, N normal mucosa, A
adjoining mucosa, T tumor, U undigested, D digested
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cases positive for p53 protein expression, six had mu-
tations in the p53 gene. However, seven tumors nega-
tive for p53 expression did not reveal any genetic
alterations. Mutations of K-ras, APC and p53 genes
did not have a significant effect on their respective
protein expression.

Survival analysis

The association of mutations as well as expression of APC,
K-ras and p53 with DFS and OS was analyzed. The median
follow-up period was 27 months with a range of
8–39 months (mean=25.5±8.14). The nuclear positivity of

Fig. 2 Mutation analysis of
APC and p53 by PCR-SSCP.
PCR-SSCP pattern of APC
fragment: a S1, b S2, c S3,
d S4, and e exon 6, f exon 7,
g exon 8 of p53. N normal
mucosa, A adjoining mucosa,
T tumor tissue. Arrowheads
indicate bands showing
mobility shift

Table 2 DNA sequencing
analysis data showing mutations
in different fragments of APC
gene in tumor tissues and
adjoining mucosa of CRC
patients

Specimen Sample Fragment Codon Nucleotide altered Predicted product

Tumor tissues S-4 S1 1304 ATA→ Isoleucine→frameshift

S-20 S1 1304 ATA→ Isoleucine→frameshift

S-6 S2 1366 GCT→GGT Alanine→glycine

S-7 S2 1353 GAA→ Glutamic acid→Frameshift

S-10 S2 1353 GAA→ Glutamic acid→Frameshift

S-22 S2 1353 GAA→ Glutamic acid→Frameshift

S-22 S2 1365 GGT→GGG Glycine→glycine

S-2 S3 1408 GAA→ Glutamic acid→Frameshift

S-5 S3 1408 GAA→ Glutamic acid→Frameshift

S-10 S3 1408 GAA→ Glutamic acid→Frameshift

S-14 S3 1385 AGC→AGA Serine→arginine

S-18 S3 1408 GAA→ Glutamic acid→Frameshift

S-9 S4 1493 ACG→ACA Threonine→threonine

S-10 S4 1493 ACG→ACA Threonine→threonine

S-15 S4 1493 ACG→ACA Threonine→threonine

S-16 S4 1493 ACG→ACA Threonine→threonine

S-16 S4 1495 AGT→AGC Serine→serine

S-25 S4 1493 ACG→ACA Threonine→threonine

Adjoining mucosa S-20 S1 1304 ATA→ Isoleucine→frameshift

S-6 S2 1366 GCT→GGT Alanine→glycine

S-7 S2 1353 GAA→ Glutamic acid→Frameshift
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p53 had a significant correlation with the OS (p=0.026) of
the patients as shown in Fig. 4.

Discussion

A genetic model proposed by Fearon and Vogelstein for colo-
rectal tumorigenesis, the so-called adenoma→carcinoma se-
quence that represents the paradigm and the basis of our
understanding of the molecular and genetic basis of this dis-
ease [5, 7]. Recently, thismodel has been revised and presented
in greater detail to include the interdependence of the different

pathways and involvement of many more gene mutations than
described before [21].

In contrast to the predictions of sequential mutation
accumulation of genes, a recent study from Europe
presented quite a different view, in which the gene mu-
tation spectrum in a large cohort of CRC patients was
correlated to only 6.6 % [15]. Similar observations were
reported by another study from South Korea by Jeon et
al. [22]. The heterogenous pattern of tumor mutations
found in these studies suggests the presence of multiple
alternatives genetic pathways to CRC and it was also
speculated that the widely accepted genetic model of

Table 3 DNA sequencing
analysis data showing mutations
in the coding exons of p53 in
tumor tissues of CRC patients

Sample Exon Codon Nucleotide altered Predicted product

S-6 6 198 GAA→ Glutamic acid→frameshift

S-13 7 223 GAG→ Glutamic acid→frameshift

S-16 7 223 GAG→ Glutamic acid→frameshift

S-20 7 223 GAG→ Glutamic acid→frameshift

S-20 7 237 ATG→GTG Methionine→valine

S-20 7 245 GGC→AGC Glycine→serine

S-23 7 223 GAG→ Glutamic acid→frameshift

S-26 8 273 CGT→TGT Arginine→cysteine

Fig. 3 Immunohistochemical staining showing expression of K-ras,
APC and p53. (I) In the case of K-ras, a tumor showing strong nuclear
and cytoplasmic positivity; b tumor showing moderate nuclear positivity;
c adjoining mucosa showing moderate nuclear and cytoplasmic positiv-
ity; d normal mucosa showing no positivity. (II) In the case of APC, a
tumor showing moderate nuclear and cytoplasmic positivity; b tumor

showing loss of expression; c adjoining mucosa showing moderate cyto-
plasmic positivity; d Normal mucosa showing strong cytoplasmic posi-
tivity. (III) In the case of p53, a tumor showing strong nuclear positivity; b
tumor showing moderate nuclear positivity; c adjoining mucosa showing
moderate nuclear and cytoplasmic positivity; d normal mucosa showing
no positivity for p53 (SABP immunostaining; ×450)
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cancer development is not a representative of the major-
ity of CRCs.

The present study analyzed a number of key genes (APC,
K-ras and p53) involved in CRC genesis. In Indian popula-
tion, the frequency of K-ras mutations in this group of
patients was 27 % in tumor tissues whereas no mutations
were observed in adjoining and normal mucosa. The inci-
dence of K-ras mutations was 25–38 % in European
[23–26], 33–39 % in US [27, 28] and 29–62.9 % in Asian
populations [22, 29, 30]. Thus, the mutation frequency of K-
ras in the present study fell within the range reported in the
literature. Mutations of K-ras gene had a significant positive
correlation with the age of the patient. The frequency of K-
ras mutations was much less in patients at younger ages
(<50 years, p=0.040). In contrast older patients had in-
creased frequency of K-ras mutations and are more in males
than females. The observed low frequency of K-ras muta-
tions may suggest that a different ras-independent pathway
to neoplasia is dominating in the colon of younger patients.
K-ras mutations also had a significant association with the
well differentiated state of tumor (p=0.036). Frequent oc-
currence of K-ras mutations in low grade tumors suggesting
that mutation of K-ras gene is an early genetic event in
colorectal carcinogenesis.

K-ras protein was overexpressed in 86.6 % tumor tissues
and 40 % in adjoining mucosa, whereas in normal mucosa,
immunohistochemistry did not reveal the presence of K-ras
protein. There was a significant difference in the expression
of K-ras in the adjoining and tumor tissue (p<0.05). This

suggests that there is an increase in K-ras expression during
the gradual transition of adjoining mucosa to carcinoma. In
a previous study, Servomaa et al. [31] observed that majority
of the rectal tumors expressed K-ras (95 %) and mutations in
K-ras were associated with strong staining of the protein. In
the present study, the expression of K-ras protein was ob-
served in both mutation positive and negative cases and no
significant correlation was observed between mutation and
expression of K-ras. This may be due to the variability in the
analyzed gene region, i.e., only codon 12 was analyzed in
this study. If mutations in codons 13 and 61 of the K-ras
gene as well as in the N-ras gene are analyzed, a higher
frequency of mutations would be expected. Secondly, there
is a difference in the scoring methods used in different
studies. In some studies, the intensity of immunostaining
was taken into account whereas in the present study, the
immunohistochemical score (%age positivity x intensity)
was taken into account.

The incidence of APC gene mutations has been reported
to be 37–56 % in European population [15, 26, 32]; 26–
42 % in Asian population [22, 33, 34] and 60 % in US
population [35]. In the present study, 46.7 % tumors and
10 % of adjoining mucosa presented a mutated form of APC
and the mutation frequency fell within the reported range.
DNA sequence analysis revealed frameshift mutations in
nine cases, missense in two cases and silent mutations in
seven cases. All the frameshift mutations were present in
codons 1304, 1353 and 1408, silent mutations in codons
1365, 1493 and 1495 and missense mutations in codons
1366 and 1385. Mutations at these codons have been previ-
ously reported in colorectal carcinomas. Frameshift muta-
tions have been reported to cluster in the region at codons
1309, 1350–1356, 1411–1419, 1465 and 1485–1495. The
large number of missense mutations was distributed
throughout the MCR of APC, but did not show any hot
spots [32]. Fujimori et al. [36] reported the nonsense muta-
tion in codon 1408 in CRC. Insertion in codon 1385 has
been reported by Frattini et al. [37]. However, mutations in
codons 1304, 1365 and 1366 have not been reported in the
literature so far. The current data suggests that the majority
of APC mutations are as reported in the literature, but a few
new mutations were also observed. This may be due to the
difference in the population studied. Moreover, in the pres-
ent study, APC gene mutations were also observed in the
adjoining mucosa, which suggests that mutations in the APC
gene might be an early event in the development of CRC.

In the case of APC, 63 % tumor tissues expressed APC,
whereas loss of expression was observed in 36.6 % cases
and majority of tumors which expressed APC are low ex-
pressers. In adjoining mucosa, 80 % tumor tissues expressed
APC protein and loss of expression was observed in 20 %
cases and in case of normal mucosa intact APC protein was
observed in almost all cases. A significant difference in the

Fig. 4 Survival curve of patients with colorectal adenocarcinoma
showing overall survival according to the presence and absence of
nuclear positivity of p53. (+) Patients with tumors positive for p53;
(−) patients with tumors negative for p53 expression. p53 is sig-
nificantly associated with poor prognosis in the cohort of patients
(p=0.026)
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expression of APC was observed between normal, adjoining
and tumor tissues (p<0.05) which suggest that the expres-
sion of APC significantly reduced during transition from
normal epithelium to carcinoma. Similar to the present data,
Ozaki et al. [38] have reported reduced expression of APC
in 34.7 % of the tumors. However, Iwamoto et al. [39] have
reported loss of APC expression in 83 % of colon cancers.
Correlation of APC mutation pattern with the protein ex-
pression was also analyzed but could not find any correla-
tion between two because the reduced expression or loss of
expression of APC was observed in both mutation positive
and mutation negative cases and a few mutation negative
cases retained APC integrity. This can be attributed to the
fact that the reduction or loss of expression of APC protein
is not only due to mutations but the methylation in the
promoter region of APC gene may also play an important
role as reported by Esteller et al. [40], who suggested that
methylation in the promoter region of the APC gene consti-
tutes an alternative mechanism for gene inactivation in
colon and other tumors of the gastrointestinal tract. In addi-
tion, it might be possible that all tumors did not contain
mutations within the exon 15 MCR, and mutations at other
regions led to reduced expression of APC. Smith et al. [14]
also found that a significant number of tumors had not lost
APC tumor suppressor gene function, or at least did not
contain mutations within the APC exon 15 MCR, suggesting
that APC-driven alterations in colonic crypt architecture are
not an absolute requirement for the initiation of dysplasia.
Tumors retaining APC integrity must have an alternative
mechanism of tumor initiation. It may also be possible that
the beta-catenin mutation in exon-3 could also play an
important role by enhancing the transcription of target genes
through wnt signaling in the nucleus leading to
hyperproliferation even without mutation in the APC gene
in the initiation of tumor in the adenoma to carcinoma
pathway suggesting an alternate pathway of tumorigenesis
in CRC.

Mutations in p53 have been reported to occur with a
frequency of 35–60 % in European subjects [15, 19, 24,
26, 41], 34–53 % in Asian subjects [22, 30] and 45.4 % in
US population [42]. But in the present study, the mutation
rate of p53 was quite low, i.e., 20 % in tumors, whereas no
mutations was observed in case of adjoining and normal
mucosa. The low frequency of p53 mutations may be due to
the different dietary pattern, environmental conditions, pop-
ulation difference or some of the p53 mutations may occur
outside exons 5–8. DNA sequencing analysis revealed the
presence of point mutations in codons 198, 223, 237, 245
and 273. Mutations in codons 198 and 223 involved the
deletion of one base resulting in the frameshift whereas
transition was observed in codons 237 (A→G), 245
(G→A) and 273 (C→T) resulting in missense mutations.
Mutations in five hotspot codons (175, 245, 248, 273, and

282) have been reported to account for approximately 43 %
of all p53 mutations in CRC [43–45]. In the present study,
mutations were observed in two hotspots, i.e., codons 245
and 273. Rodrigues et al. [46] reported the presence of
missense mutations in codon 273 in addition to codons
241 and 248. Tullo et al. [47], Pfeifer et al. [48] and Liu
and Bodmer [49] analyzed a large number of p53 codons in
CRC and observed the presence of frameshift, missense and
nonsense mutations in the codons 135, 148, 158, 176, 198,
204, 237, 242, 245, 249, 273, 275 and 337. Thus, pattern of
mutations in the present study are similar to the previous
reports.

In the present study, the expression of p53 was found in
76 % of colorectal tumors and 23 % of adjoining mucosa,
whereas no p53 expression was observed in case of normal
colorectal mucosa. A significant difference in the expression
of p53 was observed between normal, adjoining and tumor
tissues (p<0.05), which suggested that the expression of
p53 significantly increases during transition from normal
epithelium to carcinoma. p53 expression in CRCs has been
reported to be high. Approximately 50–75 % of tumors are
positive for the p53 protein [50]. In the present study, there
was no correlation between p53 mutations and p53 protein
accumulation. This is not a surprising finding, because
concordance between p53 nuclear overexpression and gene
mutation was 68 % for CRCs in a study by Soong et al. [51].
Another study performed by Dix et al. [52] showed a 69 %
concordance between the gene mutation and protein expres-
sion of p53. Further, studies comparing immunohistochem-
ical detection of p53 (stabilization of p53) and mutation
analysis, also showed that a substantial proportion of carci-
nomas with stabilized p53 protein do not contain mutations
in exons 5–8, whereas some mutations are not associated
with protein stabilization [53, 54]. In the present study,
frequency of p53 gene mutations was low but the expression
of p53 protein was high indicating that dysfunction of p53
gene might be caused by mechanisms other than mutations
or due to the mutations occurring outside exons 5–8. The
expression of p53 protein was found both in the proximal
and distal colorectal adenocarcinomas. But the nuclear im-
munoreactivity of p53 was significantly higher in distal
tumors as compared to proximal tumors (p=0.029). This
observation is consistent with the report of Campo et al.
[55], who suggest that the expression of p53 protein in
colorectal adenocarcinoma occurs more often in the rectum
or distal colonic tumors.

In the present study, a comprehensive analysis of muta-
tions in studied genes in colorectal tumors, adjoining and
normal mucosa was performed, where only 3.3 % of tumors
contained mutations in all three genes: APC, K-ras and p53.
As the combination of these three gene mutations was rarely
found together, this suggested that these mutations may lie
on alternative pathways of tumor development in CRC. The
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most common combination of mutations in this study was
that of APC and p53. More than one third of tumors
contained mutations in only one of the three genes, demon-
strating that the progressive accumulation of multiple muta-
tions in these genes is not a prerequisite for tumor
development. The mutational frequencies for the individual
genes were entirely consistent with previous literature re-
ports in CRC except p53 [12, 35, 56, 57].

Moreover, p53 and K-ras mutations were rarely
found together in the same tumor, suggesting different
genetic pathways leading to tumor formation. These
observations are supported by mutation analysis in pa-
tients with ulcerative colitis, an inflammatory bowel
disease that confers a significantly increased risk of
CRC. APC mutations are relatively rare (10 %) in
patients with ulcerative colitis, whereas p53 mutations
are common, suggesting that loss of cell cycle and
apoptotic control mechanisms through mutations in p53
may be one of the mechanisms to explain the observed
increase in CRC risk [58]. Thus, in this study, a signif-
icant correlation was observed between the nuclear pos-
itivity of p53 and the OS of the patient which suggest
that the patients with increased nuclear expression of
p53 protein or a stable p53 protein due to mutations
had a poor survival. So the nuclear expression of p53
can be used as a prognostic marker, but it should be
validated on large patient cohort. Similar findings were
observed by Belluco et al. [59] and Lim et al. [60].

All reported studies have conserved the adenoma→carcinoma
sequence and reported the presence of mutations in
adenomas, a precursor lesion that finally develops to
carcinoma. However, only a very small number of the
Asian patient population have adenomas; therefore, the
present study included adjoining mucosa so as to deter-
mine the initial changes in CRC. But in the case of
adjoining mucosa, mutations were observed in only
APC gene, which suggested that there are no changes
near the tumor region, and the process of tumorigenesis
is restricted to a limited area.

Conclusion

Taken together, these results suggest that CRC is not the
result of one event but many genetic alterations have a
cumulative effect. The current study provides a number of
insights into the mechanisms of colorectal tumor develop-
ment. In the present study, mutations in K-ras, APC and p53
genes occurred uncommonly in the same tumor and p53 and
K-ras mutations rarely co-existed in the same tumor
suggesting that mutations in these genes lie on separate
pathway in colorectal tumorigenesis. This data suggests that
it is not the order of alterations but the cumulative effect of

all the alterations that leads to CRC genesis. The frequency
of alterations of all these genes in this cohort is similar to
others except p53 which suggests that despite the rare oc-
currence of synchronous adenomas in the population stud-
ied, the pattern and frequency of alterations in these genes is
almost same as compared to West which suggest that the
process of tumorigenesis is similar but there is a difference
at the initiation stage.

As these alterations are rarely found together in the same
specimen, this suggests that these may independently initi-
ate the carcinogenesis process and there might be an exis-
tence of more than one alternative genetic pathways leading
to tumorigenesis in this population cohort. Further studies
are needed to refine the causes and clinical implications of
these genetic alterations and to explore the multiple alterna-
tive genetic pathways leading to the development of colo-
rectal carcinogenesis in different ethnic and geographical
cohorts with adequate number in each study population. In
addition, screening of more number of genetic markers is
required to elucidate their role in CRC genesis.
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