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Unsupervised machine learning-based
clustering identifies unique molecular
signatures of colorectal cancer with
distinct clinical outcomes
Colorectal cancer (CRC) is known to harbor considerable
heterogeneity.1 Consequently, it could be hypothesized
that similar-appearing tumors might exhibit substantial
genetic differences while diverse-appearing tumors may
have a similar genetic landscape.2 Due to these differences
at the molecular level, they behave or respond differently
to therapies as well. CRC progression is a multistep process
and involves the accumulation of substantial genetic and
epigenetic events in a stage-dependent manner. Alterations
in Wnt, DNA repair, RAS-RAF-MAPK, and PIK3CA-AKT path-
ways have been well-established to play a role in the eti-
ology of CRC. In the era of personalized medicine, it
becomes essential to identify the molecular subtype of CRC
so that the predictive and prognostic potential of CRC could
be established.3 Molecular subtyping has its importance and
limitations in the clinical management of CRC and is very
complex to comprehend. Thus, there is still a need to
create robust and reliable clustering methods that could
precisely identify unique molecular signatures and help in
the prediction of the clinical response of the patients who
share certain clinical as well as molecular characteristics.4

Frequent mutations have been reported in RAS, BRAF,
NRAS, and PIK3CA genes that are major regulators of the
above pathways and significantly promote tumor initiation
and progression in CRC. Similarly, the clinical significance
of epigenetically deregulated MLH1, RASSF1, DAPK1, IFG2,
SLITRK5, and IGFBP3 genes is also well-established and
documented in CRC. In the present investigation, we have
comprehensively analyzed the mutation status of KRAS,
BRAF, NRAS, and PIK3CA, and methylation status of MLH1,
RASSF1, SLITRK5, DAPK1, IGFBP3, and IGF2 genes in 70 CRC
tumor samples and 40 matched normal, which have a
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significant role in CRC initiation and progression. Further,
the patients were stratified according to their shared mo-
lecular heterogeneity and the prognostic value of each
heterogeneous cluster was evaluated.

The mutation and methylation status of selected genes
were analyzed by AS-PCR and COBRA analysis. The detailed
methodology can be found in supplementary data files. The
clinicopathological features of collected CRC samples
(n Z 70) are listed in Table S1. Briefly, the median age of
the samples was 60.5 years, predominantly from the male
population (66%). Stage III tumors were the highest (54%) in
number and were mostly derived from the colon (86%). The
majority of the samples were of adenocarcinoma histology
(75.7%), MMR proficient (48%), negative lymph node status
(61%), and moderate tumor grade (76%). The clinical and
molecular data were reformatted for the hierarchical
clustering analysis. The categorical variables such as stage,
age, histology, etc. were represented by their specific type
while methylation and mutation status of the molecular
signature was represented by mutation/methylation Z 1
and wild type/unmethylated Z 0.

The mutational landscape of KRAS, BRAF, NRAS, and
PIK3CA was analyzed for different codons and found to be
36%, 13%, 5.7%, and 17% of the total cohort respectively
(Table S1). MLH1, RASSF1, SLITRK5, IGFBP3, DAPK1, and
IGF2 genes were profiled for the methylation at promoter
region on 70 CRC tumor samples (Fig. 1A). We found that
SLITRK5 (57%) and IGFBP3 (40%) were highly methylated
followed by IGF2 (34%), RASSF1 (26%), DAPK1 (21%), and
MLH1 (4.2%) (Table S2).

Hierarchical clustering was performed for stratifying the
patients sharing similar clinicopathological and molecular
features. Tightest cluster first tree ordering was applied on
each cluster. Hierarchical clustering analysis (considering
all important parameters) of the tumor samples generated
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Figure 1 Molecular clustering of colorectal cancer. (A) Integrated genomic and clinical variable distribution among 70 colorectal
cancer patients. The distribution map contains all the information including pathological features, mutation status, and methyl-
ation status of each CRC patient. The map is divided into two basic parts; the first one is for clinical variables and the second one is
for genetic signatures. The clinical variables have different color codes for each pathological feature. The genetic signatures were
accessed for the mutation and promoter hypermethylation, and mutated/hypermethylated samples in the map were defined by the
black circle while wild-type/non-methylated samples were defined by the blank circle. (B) Unsupervised hierarchical clustering of
70 tumor samples. Clustering generates three major clusters based on the mutated/wild type or promoter hypermethylated/non-
hypermethylated. Unit variance scaling was used for creating the clusters. Both rows and columns were clustered using correlation
distance and average linkage. (C) Hazard ratio forest plot for the prediction of individual survival prognosis. The forest plot is
considered with 95% CI to identify the prognostic role of individual clinical as well as genetic signatures (P < 0.05). The middle-
dotted line represents the hazard ratio 1, and the hazard ratio above 1 is considered a poor patient outcome. (D) Kaplan-Maier
survival analysis of the CRC patients. Cluster I patients have good survival compared to cluster II and Cluster III respectively
(P < 0.018).
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three major clusters of the patients with shared divergent
features (Fig. 1B). Cluster I was the biggest cluster (n Z 29,
41.4%) followed by cluster III (n Z 22, 31.4%), and cluster II
(n Z 19, 27.1%). Demographic association studies within
these clusters demonstrated that cluster I (72.4%, n Z 21)
and II (68.4%, n Z 19) were male-dominated, while the
percentage of females was 45.5% (n Z 10) in cluster III. Age
demography showed that cluster II has the highest number
of older age patients (94.7%, n Z 18) and the least below
50-year patients (5.2%, n Z 1). Clinicopathological
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association studies within these clusters showed that there
were no remarkable differences among different stages
(IeIV) and location of the tumors (colon/rectum) of the CRC
in all three clusters as they were almost equally distrib-
uted. Most of the samples were adenocarcinoma (n Z 53)
and no clear distinction was seen however cluster I had
fewer tumors of mucinous histology (10.3%, n Z 10). MMR
deficient (37.9%, n Z 11) and poor tumor grade were more
specifically present in cluster I and III, respectively
(Table S3).

Unique sets of genetic and epigenetic alterations were
frequently distributed among all clusters and the prime aim
of these clusters was to evaluate the impact of genetic and
epigenetic alteration in a group of genes in disease moni-
toring as well as in clinical response. Cluster I, the largest
cluster, shared remarkable features; for example, tumors
were predominately methylated for SLITRK5 (75.8%,
n Z 22), RASSF1 (55.1%, n Z 16), exclusively methylated for
MLH1 (10.3%, n Z 3) gene and were rich in mutated NRAS
(13.7%, n Z 4). BRAF (24.1%, n Z 7) mutation was also
present at high frequency in cluster I while KRAS, IGF2, and
IGFBP3 genes were sparsely found to be methylated or
mutated in this cluster. Cluster II shares three important
features: exclusively mutated for PIK3CA (57.8%, n Z 11),
frequently methylated for IGFBP3 (68.4%, n Z 13), and
predominantly MMR proficient (57.8%, n Z 11) status.
Moreover, demographically older age patients >50 years
(94.7%, n Z 18) were more common in cluster II. Apart from
these features, cluster II primarily had KRAS (21%, n Z 4)
mutation and DAPK1 (26.3%, n Z 5), SLITRK5 (42.1%, n Z 8)
methylation to a significant extent. In comparison with other
clusters, cluster III had a higher number of females (45.5%,
n Z 10) with no high grade of differentiation. Mutation in
KRAS (63.3%, n Z 14) and methylation in DAPK1 (40.9%,
n Z 9) and IGF2 (77.2%, n Z 17) were frequently present in
cluster III while no MLH1 methylation and NRAS mutation
were seen in samples of cluster III. This cluster was, how-
ever, also mutated for PIK3CA and BRAF and methylated for
IGFBP3 and SLITRK5 to some extent (Table S4).

All the clinical and molecular features were analyzed
for univariate Cox regression analysis to establish the
prognostic significance of these markers in clinical man-
agement. In our study, some molecular markers were
found to be prognostically significant; however, no clini-
copathological characteristics were reported to have any
significant prognostic importance. As displayed in the for-
est plot, IGF2 methylation (P < 0.011) was associated with
a poor outcome while RASSF1 methylation (P < 0.06) was
associated with a good outcome. Similarly, some other
features like age, tumor grade, tumor stage, and DAPK1
methylation were indicative of poor survival of the pa-
tients; however, their association was found to be not
significant (Fig. 1C).

Survival data for 70 colorectal cancer patients were
collected and compiled for the survival analysis. The mean
disease free survival (DFS) for all patients was 33.26
months (95% CI Z 30.1e36.4). Cumulative two-year sur-
vival for all three clusters was 86.2%, 78.9%, and 54.5% in
cluster I, cluster II, and cluster III, respectively, while cu-
mulative overall survival for all clusters was 74.3% in our
cohort. Comparative analysis of all clusters shows that
patients in cluster III had poorer DFS (mean DFS Z 27.0
months, 95% CI Z 20.9e33.1) and were dominated by KRAS
mutation (63.3%, n Z 14), and DAPK1 (40.9%, n Z 9) and
IGF2 (77.2%, n Z 17) methylation. It was followed by
cluster II which had a marginally better DFS than cluster III
(mean DFS Z 30.4 months, 95% CI Z 26.3e34.5). Cluster II
displayed IGFBP3 methylation and PIK3CA mutation with
high MMR. Conspicuously patients of cluster I displayed a
better DFS than those of other clusters (mean DFS Z 36.3
months, 95% CI Z 32.0e40.6) and shared salient molecular
features such as hypermethylated genes for SLITRK5
(75.8%, n Z 22), RASSF1 (55.1%, n Z 16), and MLH1 (10.3%,
n Z 3) and mutated for NRAS (13.7%, n Z 4) and BRAF
(24.1%, n Z 7) (Fig. 1D and Table S4). Cluster-specific
multivariate analysis considering all variables shows the
test was significant (P < 0.001) and the significance of the
clinical and genetic variables present in the clusters is
represented in Table S3 and 4.

Molecular subtype-based therapies are still in the naı̈ve
phase while several efforts have been made in the last five
years to involve molecular subtyping in routine practices.5

Our study faces certain limitations including a small number
of tumor samples but provides a primary comprehensive
overview of the shared genetic, epigenetic, and clinical
features of sporadic CRC. Clustering-based clinical outcome
is managed by the prime players (clinical and genetic fac-
tors) of the subgroups. This study suggests that KRAS mu-
tation and DAPK1 methylation is still a major concern in the
clinical management of CRC with poorer outcome. Hierar-
chical clustering appears to be a helpful, promising, and
effective technique for further translational research,
leading to the characterization of a diagnostic and prog-
nostic signature for CRC.
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