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Abstract. Distal colon and rectal cancer are associated with
each other but display distinct clinical behavior; however, the
genetic basis for these differences is poorly understood. In the
present study, a systematic comparison of mutational profiles
between 137 distal colon and 125 rectal cancer samples was
performed based on the data from the Memorial Sloan Kettering
Cancer Center. Tumor mutational burden analysis showed that
distal colon and rectal cancer harbored a similar burden of
~5.9 mutations/megabase, irrespective of the mismatch repair
status. Comparison of significantly mutated genes between the
groups determined that B‑Raf proto‑oncogene serine/threonine kinase mutations were enriched in distal colon cancer,
whilst RAS and SMAD family member 4 (SMAD4) mutations
were significantly more frequent in rectal cancer. Furthermore,
two novel and potentially targetable hotspot mutations (APC
regulator of WNT signaling pathway R876* and SMAD4
R361) were identified, which were enriched in rectal cancer
compared with distal colon cancer. Overall, the results of the
present study showed that the mutation profiles of distal colon
and rectal cancer were largely similar, but distinct in specific
key genetic events, which may provide valuable information
for improving the management of patients with the disease.
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Introduction
Colorectal cancer (CRC) is the third most prevalent malignancy, with an estimated 1.4 million new cases and 693,900
deaths worldwide in 2012 (1). Tumor sidedness has emerged as
an important prognostic and predictive factor in the treatment
of patients with CRC (2). Multiple studies have demonstrated
that proximal colon cancer exhibits significantly different
clinical and biological features compared with distal colon or
rectal cancer (3). From a molecular point of view, the former
is generally diploid and exhibits higher rates of microsatellite
instability (MSI), whereas chromosomal instability (CIN)
is more frequent in the latter (4). Anatomically, they have a
different embryological origin, the proximal colon is derived
from the midgut and the distal colon and rectum are derived
from the hindgut (3). Therefore, traditionally, patients with
distal colon and rectal cancer have frequently been grouped
together in clinical or scientific research. However, there is
increasing evidence that distal colon and rectal cancer are
related to each other but are distinct in regard to their clinical
behavior, including the patterns of metastasis, response to
treatment and clinical outcome (5‑7). However, to the best of
our knowledge, the underlying biological carcinogenic backgrounds of the two types of cancer have not been investigated.
CRC is a highly complex and heterogeneous disease
involving somatic mutation events associated with the interplay and crosstalk between critical oncogenic pathways (8,9).
Tie et al (10) reported that distal colon cancer exhibited a
higher B‑Raf proto‑oncogene serine/threonine kinase (BRAF)
mutation frequency compared with rectal cancer, and this may
explain the different responses to BRAF‑targeting agents.
Salem et al (11) demonstrated that catenin β1 (CTNNB1)
mutations were significantly increased in distal colon cancer
compared with rectal cancer, and a further study revealed
that tumors containing CTNNB1‑mutations were frequently
non‑polyploid and showed signs of immediate invasive
growth (12). Improved understanding of these mutational
events and their role in the evolutionary process of cancer may
provide insight into the different clinical behaviors of distal
colon and rectal cancer.
The Memorial Sloan Kettering‑Integrated Mutation
Profiling of Actionable Cancer Targets (MSK‑IMPACT) is a
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hybridization capture‑based next‑generation sequencing (NGS)
clinical assay for solid tumor molecular oncology (13). In the
present study, using the MSK‑IMPACT data from cBioPortal,
a systematic comparison of molecular alterations between
distal colon and rectal cancer was performed. The results of
the present study suggested that the mutation profiles of distal
colon and rectal cancer were largely similar, but distinct in
specific key genetic events, including APC regulator of WNT
signaling pathway (APC) R876*, SMAD4 R361 and BRAF
mutations.
The findings of the present study may contribute to an
improved understanding of the biology of CRC and provide
valuable information for improving management of patients
with the disease.
Materials and methods
Data and tumor samples. Data were downloaded from cBioPortal for Cancer Genomics (cbioportal.org/msk‑impact).
A total of 12,670 tumors from 11,369 unique patients were
submitted for MSK‑IMPACT sequencing at the Memorial Sloan
Kettering Cancer Center (MSKCC) between January 2014 and
May 2016 (14). Blood from the same patients was also obtained
to serve as a source of matched normal (germline) DNA expression profile. Among the 1,007 CRC samples, 518 were primary
tumor samples, although four of these had no clearly annotated
tumor origins. Proximal, transverse and rectosigmoid colon
cancer were excluded, and 137 distal colon and 125 rectal
tumor samples were retained for further analysis.
MSK‑IMPACT sequencing workflow. MSK‑IMPACT is a
comprehensive molecular profiling assay that involves hybridization capture and deep sequencing of all genes that are
druggable by approved therapies or are targets of experimental
therapies being investigated in clinical trials at MSKCC, as
well as frequently mutated genes in human cancer (somatic
and germline mutations) (13). Two different panels containing
341 (version 1) and 410 genes (version 2) were used, and
all genes from the former panel were included in the latter
expanded panel (14). DNA was extracted from tumor and
matched normal blood samples using the Chemagic STAR
DNA Tissue‑10 and Chemagic STAR DNA Blood‑400 kits
(PerkinElmer, Inc.), respectively. Patient‑matched blood DNA
was used to identify germline variants. Following sequencing,
paired reads were analyzed through a custom bioinformatics
pipeline, and the germline variants were filtered out. Each
somatic variant identified by the pipeline was manually
reviewed to prevent false‑positive results (13,14). The alterations were described as suggested in the Human Genome
Variation Society (www.hgvs.org/mutnomen). All sequencing
work was performed at the MSKCC and reported in the
original study (14).
Somatic mutation analysis. Mutation density across the
tumors was expressed as number of genetic alterations
found in cancer genes present in the MSK‑IMPACT panel.
Tumor mutational burden (TMB) was calculated as the total
number of non‑synonymous mutations per megabase (Mb) of
the coding region target territory of the assay (0.98 Mb for
version 1 and 1.12 Mb for version 2), and further categorized

as low (0‑10) or high (≥10). Following the bioinformatics
filtering, somatic point mutations were classified as missense,
truncating or in‑frame mutations according to the predicted
protein sequence. Somatic gene mutation rates in distal colon
and rectal cancers were calculated, and a frequency >5% was
considered as significant. The frequencies and hotspot density
of specific driver mutations between distal colon and rectal
cancer were compared. Mutation plots were generated through
adaptation of cBioPortal visualization plots.
Statistical analysis. Statistical analyses were performed using
SPSS software (version 22.0; IBM Corp.). Continuous data
were described as either the mean ± standard deviation or
median ± interquartile range (IQR), and categorical variables
as counts and frequencies. To compare the differences in
patient characteristics and the distribution of gene mutations,
Fisher's exact test, χ2 test, paired t‑test, or Mann‑Whitney U test
were used, as appropriate. P<0.05 was considered to indicate a
statistically significant difference.
Results
Tumor characteristics. The mutational profiles of distal colon
and rectal cancer were compared using 262 CRC samples, and
the clinicopathological features of the patients are summarized in Table I. In the distal colon and rectal cancer groups,
76 (53.9%) and 74 (53.0%) patients were male, respectively
(P>0.05). In addition, no significant difference in smoking
history was observed between the two groups (P>0.05).
MSK‑IMPACT, an NGS platform for targeted sequencing of
cancer‑related genes, was performed on all the samples. The
average depth of sample coverage for the distal colon and
rectal tumors were 740x and 743x, respectively (P>0.05).
Two types of MSK‑IMPACT panels were employed for NGS
throughout the study, but there was no apparent distribution
difference between the groups.
TMB analysis. TMB was calculated for each sample sequenced
for 341/410 genes by MSK‑IMPACT. Distal colon tumors
had a median of 5.9 mutations/Mb (IQR, 3.0), which was
similar to that in the rectal tumors (median ± IQR, 5.9±4.5;
P>0.05). It is worth noting that seven cases (5.1%) in the distal
colon group and eight cases (6.4%) in the rectal group were
tumors with defects in mismatch repair (dMMR) genes (mutL
homolog 1, mutS homolog 2, mutS homolog 6 and PMS1
homolog 2 mismatch repair system component), which showed
a disproportionately higher number of mutations (55.1 and
52.9 mutations/Mb, respectively). When TMB was calculated
for proficient MMR (pMMR) tumors only, the median TMB
was 5.9 mutations/Mb in both distal colon and rectal tumors,
with no significant difference (Mann‑Whitney U test, both
P>0.05; Fig. 1). The association between TMB and the clinicopathological features of CRC were examined. TMB showed
no significant association with sex, smoking history, panel
type or sample coverage (all P>0.05; Table II). Additionally,
the associations remained insignificant after removing dMMR
tumors (all P>0.05; Table II).
Driver mutation analysis. Mutational analysis showed that
29 and 21 genes were significantly mutated in distal colon
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Table I. Clinicopathological features of the 262 patients the colorectal tumor samples were obtained from.
Clinicopathological feature
Sex			
Male
Female

Distal colon cancer (n=137)

Rectal cancer (n=125)

P‑value

76 (53.9%)
61 (46.1%)

74 (53.0%)
51 (47.0%)

0.617

Smoking history			
Previous/Current
48 (37.3%)
54 (41.3%)
Never
72 (51.3%)
53 (50.9%)
Unknown
17 (11.4%)
18 (7.8%)

MSK‑IMPACT panel			
IM3_341 genes
40 (30.5%)
24 (18.6%)
IM5_410 genes
97 (76.6%)
101 (81.4%)
Sample coverage (x)			
Mean ± SD
740±236
743±228

0.259

0.063
0.529

MSK‑IMPACT, Memorial Sloan Kettering‑Integrated Mutation Profiling of Actionable Cancer Targets.

and rectal tumors, respectively (>5% of tumor samples).
Among these genes, 13 significantly mutated genes (SMGs)
were shared between the two groups (Fig. 2), including APC,
tumor protein p53 (TP53), KRAS proto‑oncogene GTPase
(KRAS), phosphatidylinositol‑4,5‑bisphosphate 3‑kinase
catalytic subunit α (PIK3CA) and SMAD4. Comparison of
SMGs between the groups revealed that BRAF mutations were
significantly enriched in distal colon cancer (13.9 vs. 4.0%;
P=0.009; Fig. 3), whilst SMAD4 mutations were significantly
more common in rectal cancer (19.2 vs. 8.8%; P=0.019; Fig. 3).
Despite there being no significant difference in the frequencies
of KRAS or NRAS proto‑oncogene GTPase mutations between
the two groups (both P>0.05; Fig. 3), RAS was significantly
more frequently mutated in rectal cancer compared with distal
colon cancer (52.0 vs. 38.0%; P=0.025; Table III). In addition,
the data showed that KRAS and BRAF mutations were predominantly, but not completely, exclusive, with only three cases of
distal colon and one case of rectal tumor samples carrying
both mutations concomitantly. The mutational landscape in the
subgroup of pMMR tumors was further examined, and it was
demonstrated that these differences in mutational frequencies
of BRAF, SMAD4 and RAS between distal colon and rectal
tumors remained significant (all P<0.05; Table III).
Mutation hotspot analysis. Mutation hotspot analysis of several
key driver genes was performed and it was demonstrated that
in both distal colon and rectal cancer, missense mutations
were the most common type of point mutations in TP53,
KRAS, BRAF, PIK3CA and SMAD4 genes, while truncations
were the predominant type of mutations in the APC gene.
APC mutations were the most frequent genetic alterations in
CRC, and codons 1,286‑1,513 (mutation cluster region) were
the most commonly mutated loci, covering ~40% of APC
mutations in both groups. Additionally, APC R876* was a
significant mutation hotspot in rectal cancer compared with
distal colon cancer (seen in eight rectal and no distal colon
tumor samples; P=0.002; Fig. 4). TP53 mutations were found
scattered throughout the coding sequence, but ~25% of the

mutations were clustered at codons R175, R248 and R273 in
both groups. For KRAS, G12 and G13 were the predominant
hotspots, accounting for 84 and 78% of KRAS mutations in
distal colon and rectal tumors, respectively. For BRAF, >50%
of the mutations were found clustered at codon V600 in both
groups. In PIK3CA, 52 and 35% of its mutations in distal colon
and rectal tumors, respectively, were located at codons R542,
R545 and H1047. In addition, similar to APC R876*, SMAD4
R361 missense mutations appeared to be present exclusively
in rectal cancer (seen in five rectal and no distal colon tumor
samples, respectively; P=0.024; Fig. 5).
Discussion
Various studies have indicated that CRC is a complex
disease with multiple genetic alterations and variable clinical
outcomes (9,15). Molecular genotyping of patients with CRC
is of vital importance in clinical decision‑making regarding
diagnostic and therapeutic interventions. In the present
study, by comparing the mutational profiles of distal colon
and rectal cancer in 262 tumor samples, it was demonstrated
that the genetic differences between the two types of cancer
were clinically relevant, which emphasized the importance
of the location of the primary tumor in the management of
CRC and the implications for future clinical and scientific
research.
In the present study, analysis was performed using
MSK‑IMPACT data with high depth of coverage for
improving the understanding of the mutational landscape
of distal colon and rectal cancer. TMB analysis showed that
the two anatomical locations exhibited similar mutational
burdens, and a high‑TMB status was present in 14.6% of
distal colon cancer cases and 19.2% of rectal cancer cases,
with no significant difference. MMR‑mutated tumors
showed a hypermutator phenotype and were most likely
to benefit from immune checkpoint blockade therapy (16).
After removal of dMMR tumors from analyses, the TMB
level in the distal colon and rectal groups remained similar.
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Figure 1. Box plots of TMB in distal colon and rectal cancer according to
MMR status in (A) all tumors, (B) dMMR tumors and (C) in pMMR tumors.
TMB, tumor mutational burden; MMR, mismatch repair; d, defects; p, proficient; mB, mega base.

This finding was in agreement with the result of a previous
study (11). In addition, the association of TMB with CRC
clinicopathological characteristics was examined, including
smoking history, which was reported to be significantly
associated with a higher TMB level in lung cancer (17), but
no similar association was identified in all the CRC cases in
the present study. Previous studies have also suggested that
smoking was an independent risk factor for the development
of MSI‑high CRC (18,19). Therefore, further studies are
required to validate the results obtained.

CRC arises through a series of well‑characterized histopathological changes as the result of specific genetic ‘hits’ at
certain oncogenes and tumor suppressor genes (8,20). The
present study suggested that despite sharing the same critical
genomic events, including APC, TP53, KRAS, PIK3CA and
SMAD4, there were differences in the frequencies, hotspots
and significance of these SMGs in the development of distal
colon and rectal cancer. APC and TP53 mutations are the
most common genetic alterations in both distal colon and
rectal cancer and contribute functionally to various stages of
tumor progression (21,22). The present study identified a novel,
potentially targetable hotspot mutation in APC R876* that was
enriched in rectal cancer compared with distal colon cancer.
Ficari et al (23) indicated that the truncation mutation at APC
codon 876, which affected the β‑catenin binding domain, was
associated with the density of adenomas of a certain mild
colorectal pathophenotype. SMAD4 is an essential mediator
in the transforming growth factor‑β signaling pathway (24),
and is associated with CRC metastasis, resistance to 5‑fluorouracil chemotherapy and poor outcome (25,26). A study by
Mehrvarz et al (27) found that SMAD4 mutations were more
frequently detected in colon rather than rectal cancer, and may
be associated with the response of CRC to anti‑epidermal
growth factor receptor (EGFR) therapy. However, the present
study observed that SMAD4‑mutated tumors were more
likely to be located in the rectum than in the distal colon.
Furthermore, the SMAD4 R361 mutation was found almost
exclusively in rectal cancer and not in distal colon cancer,
suggesting that it may be involved in the different clinical and
biological behaviors associated with the two different types
of CRC, and thus may provide a potential diagnostic or therapeutic target for rectal cancer.
Currently, RAS and BRAF mutation testing has been
incorporated into routine clinical practice for patients with
CRC receiving anti‑EGFR therapy. There is also emerging
evidence that PIK3CA mutations are associated with resistance to anti‑EGFR therapy (28,29). Sartore‑Bianchi et al (30)
suggested that a combined mutational analysis of the KRAS
and PIK3CA/phosphatase and tensin homolog pathways
could identify up to 70% of patients with advanced CRC who
were unlikely to respond to anti‑EGFR agents. The results of
the present study showed that distal colon and rectal cancer
had similar KRAS and PIK3CA mutational status, whereas
BRAF and RAS mutations were significantly enriched in
distal colon and rectal cancer, respectively. Furthermore, these
differences remained significant in the subgroup analysis of
pMMR tumors. Similar to the findings of the present study,
Salem et al (11) observed that there was a significant decrease
in the frequency of BRAF mutations when moving from
proximal colon to distal colon to the rectum, suggesting that
different underlying mechanisms may be involved in rectal
cancer and distal colon cancer. In addition, in the present study
it was observed that mutations in KRAS and BRAF were
primarily, but not completely, mutually exclusive in both distal
colon and rectal cancer, thus differing from the majority of
previous reports (31,32). However, the exclusivity of the mutational status of KRAS and BRAF may be largely due to the
high‑depth sequencing coverage of the MSK‑IMPACT assay,
which can detect mutations that appear only in a minority of
cells in a sample (14).
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Table II. Association between TMB and the clinicopathological features of the patients the colorectal tumor samples were
obtained from.
All colorectal tumors
pMMR colorectal tumors
Clinicopathological	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
feature
Low TMB (n=218) High TMB (n=44) P‑value Low TMB (n=218) High TMB (n=29) P‑value
Sex						
Male
127 (58.3%)
23 (52.3%)		
127 (58.3%)
12 (41.4%)
Female
91 (41.7%)
21 (47.7%)
0.506
91 (41.7%)
17 (58.6%)
0.111
Smoking history						
Previous/Current
87 (39.9%)
15 (34.1%)		
87 (39.9%)
8 (27.6%)
Never
102 (46.8%)
23 (52.3%)		
102 (46.8%)
16 (55.2%)
Unknown
29 (13.3%)
6 (13.5%)
0.742
29 (13.3%)
5 (17.2%)

0.412

MSK‑IMPACT panel						
IM3_341 genes
50 (22.9%)
14 (31.8%)		
50 (22.9%)
11 (37.9%)
IM5_410 genes
168 (77.1%)
30 (68.2%)
0.248
168 (77.1%)
18 (62.1%)

0.106

Sample coverage (x)						
Mean ± SD
745±238
700±218
0.073
745±238
722±234

0.268

TMB, tumor mutational burden; pMMR, proficient mismatch repair; low TMB, <10.0 mutations/Mb; high TMB, ≥10.0 mutations/Mb;
MSK‑IMPACT, Memorial Sloan Kettering‑Integrated Mutation Profiling of Actionable Cancer Targets.

Figure 2. Venn diagram of SMGs in distal colon and rectal cancer. A total of 13 SMGs were shared between distal colon and rectal tumors and were marked
red; 16 SMGs were private to distal colon cancer and were marked green; 8 SMGs were private to rectal cancer and were marked blue. Ns, not significant;
SMGs, significantly mutated genes.

In conclusion, despite the limitation that the present study
was primarily computational and requires further experimental

validation, the results suggested that the mutation profiles of
distal colon and rectal cancer are similar in principle, but distinct
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Table III. Enrichment analysis of BRAF, SMAD4 and RAS mutations between distal colon and rectal cancer.
All colorectal tumors
pMMR colorectal tumors
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Distal colon
Rectal		
Distal colon
Rectal
Gene
(n=137) (%)
(n=125) (%)
P‑value
(n=130) (%)
(n=117) (%)
P‑value
BRAF						
Mutant
19 (13.9)
5 (4.0)		
16 (12.3)
4 (3.4)
Wild‑type
118 (86.1)
120 (96.0)
0.009
114 (87.7)
113 (96.6)

0.018

RAS (KRAS/NRAS)						
Mutant
52 (38.0)
65 (52.0)		
49 (37.7)
60 (51.3)
Wild‑type
85 (62.0)
60 (48.0)
0.025
81 (62.3)
57 (48.7)

0.040

SMAD4						
Mutant
12 (8.8)
24 (19.2)		
12 (9.2)
24 (20.5)
Wild‑type
125 (91.2)
101 (80.8)
0.019
118 (90.8)
93 (79.5)
0.018

BRAF, B‑Raf proto‑oncogene serine/threonine kinase; SMAD4, SMAD family member 4; KRAS, KRAS proto‑oncogene GTPase;
NRAS, NRAS proto‑oncogene GTPase; pMMR, proficient mismatch repair.

Figure 3. Comparison of significantly mutated genes between distal colon and rectal cancer. *P<0.05, among the 37 genes, only BRAF and SMAD4 showed
significantly different mutational frequencies between distal colon and rectal cancers. BRAF, B‑Raf proto‑oncogene serine/threonine kinase; SMAD4, SMAD
family member 4.

in specific key genetic events, including APC R876*, SMAD4
R361 and BRAF mutations. Therefore, the findings of the
present study may contribute to understanding the differences

in tumor biology and clinical behavior between distal colon and
rectal cancer. The present study highlighted the necessity to
consider distal colon and rectal cancer in the context of genetic
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Figure 4. APC gene mutation status in (A) distal colon and (B) rectal cancer. APC, APC regulator of WNT signaling pathway.

Figure 5. SMAD4 gene mutation status in distal colon (A) and rectal (B) cancer. SMAD4, SMAD family member 4.

background when selecting treatment regimens, designing
research trials and analyzing clinical outcomes.
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