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Abstract
Two genetic instability pathways viz. chromosomal instability, driven primarily by APC mutation
induced deregulated Wnt signaling, and microsatellite instability (MSI) caused by mismatch repair
(MMR) inactivation, together account for greater than 90% of late-onset colorectal cancer. Our
understanding of early-onset sporadic CRC is however comparatively limited. In addition, most
seminal studies have been performed in the western population and analyses of tumorigenesis
pathway(s) causing CRC in developing nations have been rare. We performed a comparative
analysis of early and late-onset CRC from India with respect to common genetic aberrations
including Wnt, KRAS and p53 (constituting the classical CRC progression sequence) in addition to
MSI. Our results revealed the absence of Wnt and MSI in a significant proportion of early-onset as
against late-onset CRC in India. In addition, KRAS mutation frequency was significantly lower in
early-onset CRC indicating that a significant proportion of CRC in India may follow
tumorigenesis pathways distinct from the classical CRC progression sequence. Our study has
therefore revealed the possible existence of non-canonical tumorigenesis pathways in early-onset
CRC in India.
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Introduction
Colorectal cancer (CRC) is the third most common cancer with a worldwide incidence of 1.2
million [1]. Two canonical genetic instability pathways appear to drive tumors in a majority
of CRC patients namely chromosomal instability (CIN) and microsatellite instability (MSI),
through a well established ‘adenoma-carcinoma’ transition sequence [2]. CIN is estimated to
account for about 70–80 % of sporadic CRC and is primarily a result of protein truncating
mutations in the Adenomatous polyposis coli (APC) tumor suppressor gene [3], which leads
to aberrant Wnt activation, the major proliferation pathway regulating renewal of colorectal
lumen epithelium. APC is the component of a multi protein complex that targets
cytoplasmic β-Catenin for degradation. The complex is inhibited by Wnt activation allowing
free β-Catenin to translocate to the nucleus, form a transcriptional activating complex with
TCF/LEF transcription factors and activate transcription of pro-proliferative genes [4]. In
addition, a truncated APC protein (devoid of the C-terminal domain that ensures proper
kinetochore-microtubule interaction) has been suggested to be a possible cause for CIN [5],
though this simple explanation has been challenged of late [6]. Additional common genetic
aberrations, including activating KRAS and inactivating TP53 mutations, may occur
sequentially after APC mutation during adenoma to carcinoma transition [7]. The
microsatellite instability (MSI) pathway on the other hand drives tumors in about 15 % of
sporadic CRC patients. MSI in sporadic CRC is primarily caused by inactivation of the
mismatch repair (MMR) gene MLH1, induced by bi-allelic promoter CpG methylation [8].
Colorectal tumors originating due to either of the two canonical pathways differ
significantly with respect to location, aggressiveness, prognosis and response to therapy [9,
10]. Taken together, either deregulated Wnt signaling or MMR inactivation appears to drive
a majority of colorectal tumors. These findings are however based primarily on studies
performed on age-related CRC occurring in the West.

Ethnicity-specific variations in CRC incidence and etiology are well validated. The
proportion of MSI positive (MSI+) CRC in African Americans has been reported to be
significantly higher than in Caucasians [11]. More importantly, analysis of the ‘Cancer
Incidence in Five Continents’ (CI5) database has revealed an increase in CRC incidence in
developing countries including India [12] where a high incidence of early-onset CRC is also
reported [13]. Implementation of the fecal occult blood test and sigmoidoscopy/
colonoscopy-based screening program [14], have led to a significant improvement in
survival rates of late-onset CRC in the West. In contrast, our understanding of sporadic
early-onset CRC is meager and their survival rate remains poor [15].

We have undertaken the first systematic multi pronged molecular genetic analysis of CRC
from India. Our results reveal that a significant proportion of early-onset CRC patients in
India, unlike their Western counterparts, harbor tumors not apparently driven by deregulated
Wnt activation or MSI suggesting thereby the existence of non-canonical pathways driving
oncogenesis.

Materials and Methods
Patient samples

The study was approved by independent ethics committees of each collaborating hospital as
per the guidelines of the Helsinki declaration and included 298 clinically and pathologically
validated sporadic colorectal adenocarcinoma samples (164 prospective samples flash frozen
in liquid nitrogen immediately following surgical resection and 134 formalin fixed paraffin
embedded archived samples along with corresponding matched normal for each sample)
collected from four hospitals during 2003–2011 following informed consent. FFPE blocks
were also generated for each fresh tumor-normal sample pair. Only colorectal
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adenocarcinoma (excluding mucinous/signet ring cell carcinoma, GIST, lymphoma) samples
were included in the study. Samples from inadequate/poor quality tumors, from patients
harboring multiple polyps or exhibiting a family history of cancer or subjected to pre-
operative chemo/radiation therapy, were excluded. Majority of the tumors were well or
moderately differentiated with stage I, II, III or IV (22.9%, 27.3%, 48.8% and 1%,
respectively). To facilitate age-specific analysis of tumorigenesis pathways, patient samples
were segregated into early-onset (age ≤50 years, median age = 44; 137 samples (84 fresh
and 53 archived)) and late-onset (age ≥60 years, median age = 66; 105 samples (53 fresh and
52 archived)). Samples from patients belonging to the intermediate age group (age 51 to 59
yrs) were not included when age-specific analysis was performed. 4µm H&E sections from
tumor and matched normal FFPE blocks (of both fresh and archived samples) were
evaluated by the collaborating pathologist for grading and to confirm absence of discernible
tumor infiltration, respectively. There was no significant variation in grade and stage
distribution between samples from the two age groups.

Immuno Histochemistry (IHC)
IHC was performed as per established protocols (methods S1). A sample was scored as Wnt
positive (Wnt+) if β-Catenin nuclear stain was observed in more than 35% tumor epithelial
cells and Wnt negative (Wnt−) if stain was detected in less than 25% cells. Samples with
intermediate stain or exhibiting a diffuse/variable staining in different sections of the same
sample could not be classified and therefore were excluded from all analyses where Wnt
status was compared. This ensured a clear distinction between Wnt+ and Wnt− tumors.
Cytoplasmic/membrane staining was evaluated as internal control. For p53, samples with
greater than 30% tumor cells exhibiting nuclear stain were classified as exhibiting p53
nuclear stabilization (NS+) and as NS− if less than 20% of tumor cells exhibited nuclear
stain. Normal epithelium was confirmed for cytoplasmic membrane positivity (for β-
Catenin) and negative (for p53).

MSI and mutation screening
DNA isolation was performed as per standard protocol as described in methods S1. The MSI
status was determined for a subset of samples for which Wnt status was already determined
(74 Wnt+, 60 Wnt− and 8 Wnt unclassified) by using the NCI panel of 5 microsatellites
(BAT25, BAT26, D5S346, D17S250, D2S123), since several samples did not yield DNA of
sufficient quality/quantity to accurately analyze instability status for all five microsatellites
(especially for D2S123 and D17S250 since these amplicons were comparatively of higher
molecular size than the other three). Samples were classified as MSI+ (MSI-high) if two or
more microsatellites exhibited instability and as MSI negative (MSI−) if one (equivalent of
MSI-low) or none (equivalent of Microsatellite stable (MSS)) exhibited instability.
Screening for mutations in the APC mutation cluster region (MCR; codons 1286–1513) and
in KRAS exon 2 were performed by PCR-DNA sequencing on the 3100 genetic analyzer
(ABI Inc., USA) as described in methods S1, using DNA isolated from tumor samples. Only
MSI− samples were screened for APC mutations.

Analysis of Wnt target gene expression
1µg of total RNA was reverse transcribed using the Superscript-II reverse transcription
system (Invitrogen, USA) in the presence of anchored oligo dT primers (Amersham, USA)
as per manufacturer’s protocol. The cDNA (diluted 10 fold) was then used for quantitative
PCR (Takara Bio Inc, Japan) as described in methods S1. Only MSI− samples were chosen
for Wnt target gene expression analysis.
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Results
A significant proportion of early-onset CRC in India is driven neither by aberrant Wnt
activation nor by MSI

We first sought to verify whether aberrant Wnt activation was the predominant CRC
initiating event among Indian patients, as is well established in patients from Western
nations. Interestingly, among 282 samples (16 samples were unclassified), only 154 (54.6%)
exhibited significant β-Catenin nuclear localization (fig S1a and 1a); substantially lower
than the proportion reported from the West (44/52, 84.6% [16]; 100/100, 100% [17]; 38/47,
80.6% [18]). More importantly, only 46% (59/129) of early-onset as against 64% (63/99) of
late-onset CRC samples exhibited β-Catenin nuclear positivity, a significant difference
(p=0.0077; Fig. 1a). In order to confirm the IHC result, we performed transcript profiling of
AXIN2, a previously validated Wnt target [19]. AXIN2 transcript levels were significantly
higher in Wnt+ (n=19) as compared to Wnt− (n=16) and normal (n=23) samples (fig 1b).
Similarly, DKK-1, a Wnt inhibitor often down-regulated in Wnt+ tumors, exhibited
significantly reduced expression in Wnt+ as compared to Wnt− tumors (data not shown). In
addition, 8 of 15 Wnt+ samples but only 1 of 19 Wnt− samples harbored mutation in the
APC MCR region, further confirming the Wnt status. The APC mutations detected in the
study are listed in Table S1 and representative sequencing results are depicted in figure S2.
Our results therefore indicate a significantly reduced occurrence of Wnt+ tumors among
early-onset CRC patients in India.

We investigated the MSI status in a subset of early and late-onset CRC samples for which
Wnt status was already determined (representative MSI results are depicted in figure S12.
The proportion of MSI+ samples was higher in early-onset (40%; 25/62) when compared to
late-onset (30%; 14/47) samples (Table S2); the difference however was not significant. In
order to determine the relative contribution of the two canonical pathways in early and late-
onset CRC we divided samples from the two age groups into four categories with respect to
Wnt and MSI status namely Wnt+ MSI−, Wnt+ MSI+, Wnt− MSI+ and Wnt− MSI−. This
enabled us to compare the frequency of Wnt activation in the two age groups exclusively in
MSI− samples (a more appropriate comparison, since Wnt activation in MSI+ samples is
expected to have occurred as a secondary event and therefore cannot be considered as a
primary CRC initiating event). The proportion of MSI− CRC samples exhibiting Wnt
activation was significantly lower in early (15/35; 42.8%) as against late-onset (25/32; 78%)
samples (P=0.0057; fig. 1c). More importantly, the proportion of Wnt− MSI− samples was
significantly higher in early (34%; 20/59) when compared to late-onset (16%; 7/44) CRC
samples (p=0.0447). Our results thereby reveal the existence of tumors not driven by either
of the two (Wnt or MSI) canonical tumorigenesis pathways in a significant proportion of
early-onset CRC patients.

KRAS mutation frequency is significantly lower in early as against late-onset CRC
We next evaluated p53 and KRAS status, both implicated in the CRC progression sequence
[2]. p53 status was evaluated in 205 samples (of the total 298 samples) and nuclear
stabilization was detected in 143 (70%) with no significant difference between samples from
the two age groups (Table 1). We screened the KRAS second exon for mutations; KRAS
codons 12 and 13 located in the second exon account for 90 % of all mutations detected in
CRC and are known to render anti-EGFR therapy ineffective [20]. Of the 173 samples
tested, KRAS mutation was detected in 51 (29.5%) (Table 1; representative sequencing
results are depicted in figure S2), lower than the frequency identified from the West [21].
More importantly, the frequency in early-onset CRC samples (19/80; 24 %) was
significantly lower than in late-onset samples (24/51; 47%) (p=0.0073; Table 1). The
mutation spectrum was however similar to what is reported for the western population
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(Table S3). Interestingly, the frequency of KRAS mutation was lower (29.4%%; 19/65) than
p53 nuclear stabilization (66%; 43/65) when analyzed exclusively in Wnt+ samples (Table
2) indicating perhaps that KRAS may not sequentially follow Wnt deregulation during CRC
progression among Indian patients, as against the classical CRC progression sequence [2].

Discussion
It is well established that deregulated Wnt signaling and MMR inactivation together account
for more than 90 % of CRC. A few earlier studies revealed the existence of a minor subset
of CIN−/MSI− CRC; Wnt status was however not determined. Moreover, most studies
analyzed a small number of samples (<50) [22, 23], except one [24]. Our main objective in
the current study was to evaluate Wnt and MSI status among Indian CRC patients.
Surprisingly, our analysis has revealed a significant proportion of Wnt−/MSI− tumors in
early-onset CRC from India (fig 1c). The Wnt status determined by β-Catenin IHC was
confirmed by transcript profiling of AXIN2 and DKK-1 and by APC mutation screening.
Though Wnt signaling results in β-Catenin induced transcriptional activation of several
genes, many of these are also activated downstream of other pathways. However, AXIN2
appears to be exclusively activated by Wnt [19]. APC-MCR mutation screening identified
mutations in 53% of Wnt+ samples; mutations in other regions of APC or in other
components of the APC degradation complex such as AXIN1/2 or CTNNB1, may account for
Wnt activation in rest of the Wnt+ samples.

Though Wnt and MSI pathways contribute independently to CRC genesis, they are not
always mutually exclusive. It has been suggested that a majority of colorectal tumors
(including MSI+ tumors) may exhibit active Wnt signaling either as a primary or a late event
[25]. Greater than 90% of colorectal tumors have been shown to harbor genetic or epigenetic
aberrations in Wnt pathway gene(s) [26]. Up-regulation of Wnt target genes in MSI+
tumors, due to mutations in APC/CTNNB1 or perturbation of a microsatellite located in the
last exon of TCF4, has been documented [27]. In our analysis, 47% (17/36) of MSI+ tumors
exhibited Wnt activation (Fig. 1c). More importantly, 54% of early-onset CRC samples did
not exhibit Wnt activation; to the best of our knowledge, ours is perhaps the first study to
reveal the possible existence of a significant proportion of colorectal tumors not exhibiting
Wnt activation.

Molecular studies comparing early and late onset CRC have been rare. A recent study
evaluated 45 early-onset CRC samples and showed reduced β-catenin and Cyclin E
expression in MSS samples though comparison with late-onset samples was not performed
[28]. An earlier study included microarray based genome-wide transcript profiling of 12
early-onset CRC samples and identified up-regulation of genes belonging to diverse
tumorigenesis pathways [29]. Prognostic differences between early and late-onset CRC have
been evaluated in several studies with varied results [30].

Our study has revealed a relatively high frequency of MSI among CRC tumors from India,
when compared to reports from the West. Such high frequency of MSI has been reported
earlier from discreet populations [11, 31]. In the current study, MSI+ tumors occurred with a
comparable frequency in males and females but were associated significantly with colon as
compared to rectum (p=0.04; Table S2), as reported earlier [32].

A combined effect of APC inactivation and mutation-induced KRAS activation in
augmenting CRC initiation has been proposed [33]. In the current study however, majority
of Wnt+ tumors (70.8%) did not harbor KRAS mutation (Table 2), suggesting perhaps that
the latter may not be essential for Wnt-dependent development of CRC; similar results were
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obtained recently for FAP adenomas [34]. Therefore, our results appear to suggest
alternative mechanism of CRC progression following Wnt activation [35].

As with other solid tumors, advanced age is an important risk factor for CRC [36].
Nevertheless, a significant increase in CRC incidence among the young in the USA
(Surveillance Epidemiology and End Result (SEER) data) [37] as well as in developing
nations [38] has been recently reported. Analysis of the SEER and the Office of National
Statistics (UK) data has revealed an increased CRC incidence in the young and argues in
favor of an age-specific approach to CRC screening [39]. The report of the Indian National
Cancer registry program has revealed a steady increase in incidence of CRC in India [40].
More importantly, the ratio of early to late-onset CRC patients as per the Indian cancer
registry (0.2) and as per data from several Indian oncology centres (0.52–0.64) [13], is
significantly higher than international estimates [41]. Our results appear to indicate the
occurrence of tumors in a significant proportion of early-onset Indian CRC patients that
appear to be driven neither by canonical Wnt signaling nor by MSI, in addition to not
harboring a mutant KRAS. It is imperative therefore to identify cellular pathways that drive
tumorigenesis in this poorly studied CRC subtype in order to improve patient management
and treatment strategies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CRC colorectal cancer

APC Adenomatous polyposis coli

CIN chromosomal instability

MSI microsatellite instability

MSS microsatellite stable

TCF T cell factor

LEF lymphoid enhancer factor

MMR mismatch repair

GIST Gastrointestinal stromal tumor

KRAS Kirsten rat sarcoma viral oncogene homolog

FFPE formalin fixed paraffin embedded

NCI national cancer institute
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Figure 1. Analysis of Wnt status among Indian CRC samples
Panel a; Result of Wnt analysis in early and late-onset CRC samples. The value inside each
bar indicates the percentage as well as the actual number (in brackets) of samples. Panel b;
AXIN2 transcript profiling by Q-RT-PCR validates Wnt status in CRC samples. The ‘P’
values correspond to Mann-Whitney U-Test. Panel c; Comparative analysis of early and
late-onset CRC samples with respect to Wnt and MSI status. The values inside each bar
indicate percentage and actual number (in brackets) of samples. The ‘P’ value (Fisher’s
exact test) corresponds to comparison of Wnt+ and Wnt− samples in MSI− early and late-
onset CRC samples (indicated by *). W, Wnt; M, MSI.
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Table 1

Analysis of TP53 and KRAS status among Indian CRC samples.

MSI status P53 KRAS

NS+ NS− Mutant Wild type

Total 143 62 51 122

Early-onset 63 31 19* 61*

Late-onset 51 16 24* 27*

*
p=0.0073 (fisher’s exact test)

NS, nuclear stabilization.

Mol Carcinog. Author manuscript; available in PMC 2015 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Raman et al. Page 12

Ta
bl

e 
2

Fr
eq

ue
nc

y 
of

 o
cc

ur
re

nc
e 

of
 K

R
A

S 
m

ut
at

io
n 

an
d 

P5
3 

nu
cl

ea
r 

st
ab

ili
za

tio
n 

in
 W

nt
+

 a
nd

 W
nt

−
 C

R
C

 s
am

pl
es

.

W
nt

 s
ta

tu
s1

T
ot

al
K

R
A

S
T

P
53

K
R

A
S 

m
ut

 &
 P

53
 N

S+

M
ut

an
t

W
ild

 t
yp

e
N

S+
N

S−

+
65

19
46

43
22

14

−
53

13
40

38
15

09

1 O
nl

y 
M

SI
−

 s
am

pl
es

 w
er

e 
an

al
yz

ed

N
S,

 n
uc

le
ar

 s
ta

bi
liz

at
io

n;
 m

ut
, m

ut
an

t

Mol Carcinog. Author manuscript; available in PMC 2015 February 01.


