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ABSTRACT

Gene expression based consensus molecular subtypes (CMS) and non-negative matrix factorization (NMF) sub-
clusters are robust colon cancer classification systems. Although, the molecular features are clear, colon cancer
subgroups based interventions are limited. To address this problem, we analyze the CMS and NMF subgroup
guided drug sensitivity in colon cancer cell lines. CMS3 subtype cells are sensitive to 5-Fluorouracil, while, CMS4
subtype cells are sensitive to cisplatin treatment. In NMF classification, a sub-cluster is specifically sensitive to
chemotherapy, BRAF inhibitors, PI3K-mTOR inhibitors and NOTCH inhibitor treatment. This sub-cluster has low
frequency of TP53, POLE, PIK3CA and BRAF mutation. Transcriptional analysis demonstrates low NOTCH
signaling activity, low CDX2 and VDR expression in this sub-cluster. CDX2 and VDR are significantly associated
with the sensitivity of chemotherapy, BRAF inhibitors and PI3K-mTOR inhibitors. Moreover, a positive
correlation between VDR and CDX2 is identified. VDR and CDX2 mediated regulatory networks are constructed.
At last, three or four sub-clusters classification is validated in colon cancer patients. Overall, our results suggest a
molecular sub-cluster of colon cancer cells with low CDX2 and VDR expression is sensitive to chemotherapy,
BRAF inhibitors and PI3K-mTOR inhibitors treatment and provide an example of translation of cancer
classification to subgroup guided therapies.

INTRODUCTION To date, several colon cancer classification systems based

on genomic alterations, gene expression profiles, DNA
Colon cancer is a heterogeneous disease with methylation aberrations or proteomic characteristics have
distinctive genetic and epigenetic alterations [1, 2]. The been reported [6-11]. Particularly, in 2015, Justin
heterogeneity of colon cancer is reflected by the Guinney and colleagues integrated the expression data of
differences in tumor aggressiveness, pathologic features 4,151 patients from 18 published colon cancer datasets
and responses to therapies [3]. There is an urgent need and proposed the CMS classification of colon cancer,
for robust classification of cancer subtypes to provide including CMSI  microsatellite instability —(MSI)
insight of oncogenic mechanisms and predict the immune, CMS2 canonical, CMS3 metabolic and CMS4
therapeutic responses [4, 5]. mesenchymal four classes [12]. There was prognostic
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significance of the CMS classification [13]. However,
treatment options for each CMS sub-group patients were
limited [14]. In 2013, Anjuraj Sadanandam and
colleagues analyzed the expression data of 1,290 colon
cancer patients from published datasets and divided
those colon cancer patients into goblet-like, enterocyte,
stem-like, inflammatory and transit-amplifying five
subtypes based NMF classification [15]. The stem-like
colon cancer was associated with the clinical benefit of
FOLEIRI treatment. The transit-amplifying colon cancer
was associated with the clinical benefit of EGFR
inhibitor cetuximab or c¢-MET inhibitor treatment.
However, other subgroup based targeted interventions
were not further analyzed.

Moreover, the previously described colon cancer
classification systems were principally focusing on the
characterization of primary tumors, which contained
many distinct cell types, including tumor cells,
fibroblastic stroma, blood vessels and immune cells.
This high level of tissue complexity could cause
difficulties in interpreting the ultimate classified results
across different studies [16, 17]. Alternatively, cancer
cell lines are devoid of other cell types and may
represent the intrinsic property of tumor. And with the
available datasets in Cancer Cell Line Encyclopedia [18,
19] and Genomics of Drug Sensitivity in Cancer [20],
we now could determine the biological features and
potential therapeutic response of colon cancer subtypes
derived from colon cancer cell lines.

So, in this study, we analyze the CMS and NMF
classification systems in colon cancer cell lines and
determine the subgroup specific genomic mutation
and subgroup based drug response. We find that a
molecular sub-cluster of colon cancer cells with low
CDX2 and VDR expression is specifically sensitive to
chemotherapy, BRAF inhibitors and PI3K-mTOR
inhibitors treatment.

RESULTS

CMS3 subtype colon cancer cells are more sensitive to
5-Fluorouracil treatment and CMS4 subtype colon
cancer cells are more sensitive to cisplatin treatment

We used the datasets derived from Genomics of Drug
Sensitivity in Cancer project to determine the drug
response in different CMS subtypes. Colon cancer cell
lines were divided into CMS subtypes based on the gene
expression profiling using CMScaller [21]. The number
of colon cancer cell lines in each CMS subtype was
demonstrated in Figure 1A. There were 13 colon cancer
cell lines failed in classification into any of those four
subtypes. The four CMS subtypes displayed distinctive
template features (Figure 1B).

First, we determined the genomic characteristics of each
CMS subtype. Cells in CMS1 subtype were all MSI
(Figure 1C), consistent with the results identified in
colon cancer patients [12]. However, contrast to the high
frequency of BRAF mutation in CMS1 subtype and
K-Ras mutation in CMS3 subtype colon cancer patients,
there was no significant difference in the frequencies of
BRAF and K-Ras mutation in CMS subtypes derived
from colon cancer cell lines (Figure 1C). CMS2 subtype
colon cancer patients were characterized by the
activation of WNT signaling pathway, however, we did
not observe high frequency of APC mutation in CMS2
subtype derived from colon cancer cell lines neither
(Figure 1C). Those results showed some inconsistent
results between colon cancer patients and colon cancer
cell lines and highlighted the importance of the tumor
microenvironment in determining the colon cancer
subtypes.

Next, we determined the drug response of the different
CMS subtypes. 5-Fluorouracil is the first-line chemo-
therapy regimen in colon cancer treatment [22, 23]. We
found that CMS3 subtype colon cancer cells were more
sensitive to 5-Fluorouracil treatment compared with
CMS4 subtype (Figure 1D). CMS4 subtype colon cancer
cells were more sensitive to cisplatin treatment
compared with CMS2 subtype (Figure 1D). There was
no significant difference in the docetaxel sensitivity in
CMS subtypes (Figure 1D). The epidermal growth
factor receptor (EGFR) represents an important drug
target in colon cancer treatment. EGFR antibody
cetuximab is wildly used for the treatment of K-Ras
wild type metastatic colon cancer patients [24, 25].
However, we found that cetuximab and other EGFR
inhibitors showed no drug preference in CMS subtypes
(Figure 1E).

Chemo-sensitivity is different in the three sub-
clusters of colon cancer cell lines classified by NMF

Another important colon cancer patient classification
system was using NMF [15]. Based on the NMF
classification, we divided the colon cancer cell lines
into two sub-clusters, three sub-clusters or four sub-
clusters. The number of cell lines in each cluster was
demonstrated in Figure 2A. And the consensus heatmaps
were demonstrated in Figure 2B.

We tested the drug response in different colon cancer
sub-clusters. When the colon cancer cell lines were
divided into two sub-clusters, we found that cells in
clusterl were more sensitive to cisplatin treatment
(Figure 2C). However, there was no significant
difference in the docetaxel and 5-Fluorouracil
sensitivity between cluster]l and cluster2 colon cancer
cells (Figure 2C).
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Figure 1. CMS3 subtype colon cancer cells are more sensitive to 5-Fluorouracil treatment and CMS4 subtype colon cancer
cells are more sensitive to cisplatin treatment. (A) Colon cancer cell lines were divided into CMS subtypes based on the gene
expression profiling using CMScaller. Number of colon cancer cell lines in each CMS subtype was demonstrated. (B) A template feature of the
CMS subtypes. (C) Contingency graphs showed the number of MSI or MSS subtype, BRAF, K-Ras and APC mutant or wild type colon cancer
cell lines in each CMS subtype. P values were determined by Chi-square test. (D) Box plots showed the LN-IC50 of chemotherapy drugs
cisplatin, docetaxel and 5-Fluorouracil in CMS2, CMS3 and CMS4 subtypes of colon cancer cells. P values were performed using Student’s t
test. (E) Box plots showed the LN-IC50 of EGFR inhibitors in CMS2, CMS3 and CMS4 subtypes of colon cancer cells.
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We then divided the colon cancer cell lines into three
sub-clusters. Interestingly, we found that colon cancer
cells in cluster2 were more sensitive to cisplatin,
docetaxel and 5-Fluorouracil treatment compared with
the other two clusters (Figure 2C). Particularly compared
with cluster3, colon cancer cells in cluster2 were more
sensitive to cisplatin and docetaxel treatment. Also
compared with clusterl, colon cancer cells in cluster2
were more sensitive to cisplatin and 5-Fluorouracil
treatment (Figure 2C).

Colon cancer cell lines were also divided into four sub-
clusters. The results were quite similar to the findings
obtained from three sub-clusters. Colon cancer cells in
cluster2 and cluster3 showed higher sensitivity of
cisplatin, docetaxel and 5-Fluorouracil treatment than
clusterl or cluster4 (Figure 2C). Those results provided
strong supports for the presence of at least three sub-
clusters of colon cancer cell lines.

We also analyzed the sensitivity of EGFR inhibitors in
different sub-clusters of colon cancer cells. We found
that there was no significant difference in the afatinib,
cetuximab, pelitinib and lapatinib sensitivity in the colon
cancer sub-clusters. Only colon cancer cells in cluster2
were more sensitive to gefitinib treatment compared
with clusterl (Figure 2D).

Genomic differences of the three sub-clusters of
colon cancer cell lines suggest the different response
to BRAF inhibitors and PI3K-mTOR inhibitors
treatment

Next, we determined the genomic characteristics of the
three sub-clusters of colon cancer cells. Compared with
other two clusters, colon cancer cells in cluster2 had low
frequency of TP53 mutation (Figure 3A). Since TP53
was a key factor in determining the chemo-sensitivity
[26], those results were consistent with the high
sensitivity of cisplatin, docetaxel and 5-Fluorouracil
in cluster2 colon cancer cells. Colon cancer cells in
cluster2 were also strongly associated with PIK3CA,
BRAF and POLE wild type status (Figure 3A).
However, we did not observe different frequency of
APC, K-Ras and CTNNBI1 mutation in the three sub-
clusters (Figure 3A). Moreover, the three sub-clusters
demonstrated no difference in the MSI distribution
neither (Figure 3A).

Since the three sub-clusters had different frequency of
BRAF mutation (Figure 3A), we speculated that BRAF
inhibitors may have different sensitivity in the three sub-
clusters of colon cancer cells. Five BRAF inhibitors
AZ628, HG6-64-1, PLX-4720, SB590885 and
dabrafenib were analyzed. Compared with cluster3,
colon cancer cells in cluster2 was more sensitive to

dabrafenib treatment (Figure 3B). And less significantly,
cluster2 was more sensitive to HG6-64-1 treatment
compared with clusterl (Figure 3B). However, other
BRAF inhibitors showed no drug preference in the three
sub-clusters.

PIK3CA is an important regulator of PI3K-mTOR
signaling pathway [27]. We found that PIK3CA mutation
frequency was also significantly different in the three
sub-clusters of colon cancer cells (Figure 3A), so we
tested the sensitivity of PI3K-mTOR signaling pathway
inhibitors in different sub-clusters of colon cancer cells.
Totally, eight PI3K-mTOR signaling pathway inhibitors
were analyzed. We found that colon cancer cells in
cluster2 were more sensitive to dactolisib, temsirolimus
PIK-93 or PI-103 treatment compared with colon cancer
cells in clusterl or cluster3 (Figure 3C). And less
significantly, cluster2 colon cancer cells were more
sensitive to AZD6482 treatment compared with clusterl
(Figure 3C). There was no significant difference in the
idelalisib, OSI-027 and pictilisib sensitivity in colon
cancer sub-clusters.

With all the above results, we identified a molecular sub-
cluster of colon cancer cells which was particularly
sensitive to chemotherapy, BRAF inhibitors and PI3K-
mTOR inhibitors treatment. However, we should
emphasize that although most BRAF and PI3K-mTOR
inhibitors showed preferential sensitivity to cluster2
colon cancer cells, some other BRAF and PI3K-mTOR
inhibitors showed not.

Characteristics of gene expression and functional
annotation of colon cancer sub-clusters suggest the
different response to NOTCH inhibitor treatment

To further gain characteristics of the three sub-clusters
of colon cancer cells, we identified the different gene
expression of each sub-cluster. We focused on the
transcriptional characteristics of cluster2. Compared
with clusterl, 898 genes were differently expressed in
cluster2. And 1895 genes were differently expressed in
cluster2, compared with cluster3. Among them, 228
genes were overlapped and distinguished cluster2 from
other two clusters (Figure 4A).

To reveal the transcriptional property of colon cancer
cells in cluser2, we identified the enriched signaling
pathways using GSEA assay [28]. Compared with
cluster] and cluster3, NOTCH signaling pathway, Fatty
acid metabolism signaling pathway and JAK-STAT
signaling pathway were negatively associated with
cluster2 colon cancer cells (Figure 4B). NOTCHI1 and
DTX2 were important factors in NOTCH signaling
pathway and therapeutic targets in colon cancer treatment
[29]. We found that compared with cluster3, the
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Figure 2. Chemo-sensitivity is different in the three sub-clusters of colon cancer cell lines classified by NMF. (A) Colon cancer
cell lines were divided into two, three or four sub-clusters based on the gene expression profiling using NMF. Number of colon cancer cell
lines in each sub-cluster was demonstrated. (B) Consensus maps showed the correlation profilings of colon cancer cell lines from two
consensuses, three consensuses or four consensuses. (C) Box plots showed the LN-IC50 of chemotherapy drugs cisplatin, docetaxel and 5-
Fluorouracil in each sub-cluster derived from two consensuses, three consensuses or four consensuses. (D) Box plots showed the LN-IC50 of
EGFR inhibitors in each colon cancer sub-cluster derived from three consensuses.
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Figure 3. Genomic differences of the three sub-clusters of colon cancer cell lines suggest the different response to BRAF
inhibitors and PI3K-mTOR inhibitors treatment. (A) Contingency graphs showed the number of TP53, POLE, PIK3CA, BRAF, APC, K-Ras
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(C) Box plots showed the LN-IC50 of PI3K-mTOR inhibitors in each sub-cluster.
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expressions of NOTCH1 and DTX2 were particularly
lower in cluster2 colon cancer cells (Figure 4D).

Except signaling pathways, the transcription factors
enriched in cluster2 colon cancer cells were also
identified. We noticed that transcription factor TP53
was highly enriched in cluster] and transcription factor
HNF4 was highly enriched in cluster3 colon cancer
cells (Figure 4C). Interestingly, transcription factor HSF
was positively associated with cluster2 colon cancer
cells (Figure 4C). And the expression of HSF2
was particularly higher in cluster2 colon cancer cells
(Figure 4D).

Since, NOTCH signaling pathway was negatively
associated with cluster2 and the expressions of NOTCH1
and DTX2 were particularly lower in cluster2 colon
cancer cells, we speculated that the NOTCH inhibitors
may have different sensitivity in the three sub-clusters of
colon cancer cells. Two NOTCH signaling pathway
inhibitors Z-LLNIle-CHO and avagacestat were analyzed.
Compared with clusterl, colon cancer cells in cluster2
were more sensitive to avagacestat but not Z-LLNle-
CHO treatment (Figure 4E).

To further state the importance of DTX2 and HSF2 in
determining the sensitivity of the chemotherapy and
PI3K-mTOR inhibitors, the colon cancer cells were
divided into drug sensitive or resistant subtypes based on
the scale of drug LN-IC50. Gene expression profiles
associated with the sensitivity of chemotherapy and
PI3K-mTOR inhibitors treatment were identified.
Consistent with the low expression of DTX2 and high
expression of HSF2 in cluster2 (Figure 4D), DTX2 was
highly expressed in docetaxel, cisplatin and PIK-93
resistant colon cancer cells (Figure 4F), while, HSF2
was highly expressed in docetaxel, cisplatin and PIK-93
sensitive colon cancer cells (Figure 4G).

Lack of CDX2 expression is associated with the
sensitivity of chemotherapy, BRAF inhibitors and
PI3K-mTOR inhibitors

So far, we identified a molecular sub-cluster of colon
cancer cells which was sensitive to chemotherapy,
BRAF inhibitors, PI3K-mTOR inhibitors and NOTCH
inhibitors treatment. Above results suggested that those
drugs shared some similar inner mechanisms in
determining their sensitivity. And common molecular
markers could be used to predict the efficiency of those
drugs.

CDX2 could suppress intestinal cancer development [30]
and is a critical biomarker in colon cancer prognosis
[31]. A subgroup of colon cancer patients with lack of
CDX2 expression preferentially benefits from adjuvant

chemotherapy. We then determined the expression of
CDX2 in different colon cancer sub-clusters. Consistent
with the observations in colon cancer patients, we found
that CDX2 was particularly down regulated in cluster2
colon cancer cells (Figure 5A), which were sensitive to
chemotherapy treatment.

Since cluster2 colon cancer cells were also sensitive to
BRAF inhibitors and PI3K-mTOR inhibitors treatment,
we further identified the association between CDX2
expression and the sensitivity of BRAF inhibitors or
PI3K-mTOR inhibitors. We found that CDX2 was
highly expressed in docetaxel, cisplatin, temsirolimus,
dabrafenib and PIK-93 resistant colon cancer cells
(Figure 5B). Those results suggested that the sub-cluster
of colon cancer patients with lack of CDX2 expression
not only could benefit from adjuvant chemotherapy, but
also preferentially benefit from BRAF inhibitors or
PI3BK-mTOR inhibitors treatment.

We also showed that CDX2 high expression was
associated with better prognostic outcomes in
GSE17536 [32] and GSE39582 [8] expression datasets
(Figure 5C). Based on those results and previous
published data, we speculated that genes with similar
expression profiling of CDX2 were also important
prognostic biomarkers for colon cancer patients.

Lack of VDR expression is associated with the
sensitivity of chemotherapy, BRAF inhibitors and
PI3K-mTOR inhibitors

To identify additional prognostic biomarkers associated
with the drug sensitivity in colon cancer cells, different
gene expression profiles between sensitive and resistant
colon cancer cells responding to the chemotherapy,
BRAF inhibitors and PI3K-mTOR inhibitors treatment
were identified. 440 genes were differently expressed in
cisplatin and docetaxel resistant colon cancer cells
(Figure 6A). 178 genes were differently expressed in
dactolisib and HG6-64-1 BRAF inhibitors resistant
colon cancer cells (Figure 6A). And 45 genes
were differently expressed in PI3K-mTOR inhibitors
resistant colon cancer cells (Figure 6A). Interestingly,
we found four genes CYP2J2, MUC13, PRRS5SL and
VDR were all associated with the sensitivity of
chemotherapy, BRAF inhibitors and PI3K-mTOR
inhibitors (Figure 6A).

VDR played important roles in intestinal tumorigenesis
[33, 34]. However, the association between VDR
expression and drug sensitivity in colon cancer cells was
not clear. We found that VDR was highly expressed in
chemotherapy, BRAF inhibitors and PI3K-mTOR
inhibitors resistant colon cancer cells (Figure 6B). VDR
was also particularly down regulated in cluster2 colon
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Figure 4. Characteristics of gene expression and functional annotation of colon cancer sub-clusters suggest the different
response to NOTCH inhibitor treatment. (A) Un-supervised clustering heatmap showed the genes specifically expressed in cluster2
colon cancer cells. (B) Enrichment plots showed the enriched signaling pathways in cluster2 colon cancer cells. Enrichment of NES and P
values were shown. (C) Enrichment plots showed the enriched transcription factors in cluster2 colon cancer cells. (D) Box plots showed the
NOTCH1, DTX2 and HSF2 expression in each sub-cluster of colon cancer cells. (E) Box plots showed the LN-IC50 of NOTCH signaling pathway
inhibitor avagacestat in each sub-cluster of colon cancer cells. (F-G) Box plots showed the DTX2 (F) and HSF2 (G) expression in docetaxel,
cisplatin, PIK-93 sensitive and resistant colon cancer cells.
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cancer cells (Figure 6C). And VDR high expression was
associated with better prognostic outcomes in colon
cancer patients derived from GSE24551 [35] and
GSE39582 [8] expression datasets (Figure 6D). All
those VDR expression features were quite similar with
CDX2, so we speculated that VDR was also an
important prognostic biomarker for colon cancer
patients. And a sub-cluster of colon cancer patients with
lack of VDR expression could benefit from adjuvant

w

A

chemotherapy, BRAF inhibitors and PI3K-mTOR
inhibitors treatment.

The VDR and CDX2 mediated transcriptional
networks

Our results demonstrated the similar functions of VDR
and CDX2 in determining the chemotherapy, BRAF
inhibitors and PI3K-mTOR inhibitors sensitivity, so, we
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Figure 5. Lack of CDX2 expression is associated with the sensitivity of chemotherapy, BRAF inhibitors and PI3K-mTOR
inhibitors. (A) Box plots showed the CDX2 expression in each sub-cluster of colon cancer cells. (B) Box plots showed the CDX2 expression in
docetaxel, cisplatin, PIK-93 sensitive and resistant colon cancer cells. (C) Relationships of CDX2 expression and overall survival were analyzed
from GSE17536 and GSE39582 datasets. Kaplan Meier survival analysis was used to compare the overall survival between CDX2 highly
expressed colon cancer patients and CDX2 lowly expressed colon cancer patients. P values were determined by Log-rank test.
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Figure 6. Lack of VDR expression is associated with the sensitivity of chemotherapy, BRAF inhibitors and PI3K-mTOR
inhibitors. (A) Venny diagrams depicted the common genes associated with chemotherapy, BRAF inhibitors and PI3K-mTOR inhibitors
sensitivity. (B) Box plots showed the VDR expression in chemotherapy, BRAF inhibitors, PI3K-mTOR inhibitors sensitive and resistant colon
cancer cells. (C) Box plots showed the VDR expression in each sub-cluster of colon cancer cells. (D) Relationships of VDR expression and
disease free survival or overall survival were analyzed from GSE24551 and GSE39582 datasets.
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tried to determine the connection between VDR and
CDX2. Spearman correlation demonstrated a positive
correlation between VDR and CDX2 expression in three
published GEO expression datasets derived from
primary colon cancer patients (Figure 7A).

To further explore VDR, CDX2 and their connection to
downstream target genes, VDR and CDX2 mediated
regulatory networks were constructed using cluster2
specific genes. As expected, VDR was connected with
CDX2 from VDR first neighbor genes and CDX2 first

>

neighbor genes (Figure 7B). Functions of VDR and
CDX2 associated genes in regulating the sensitivity of
chemotherapy, BRAF inhibitors and PI3K-mTOR
inhibitors should be further studied.

Validation of NMF sub-cluster classification in colon
cancer clinical patients

Our data showed that when divided into three or four
sub-clusters by NMF classification, each cluster of
colon cancer cells demonstrated distinctive response to
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Figure 7. The VDR and CDX2 mediated transcriptional networks. (A) Spearman correlation between VDR and CDX2 expression in
GSE17536, GSE24551 and GSE39582 datasets derived from primary colon cancer patients. (B) VDR and CDX2 mediated regulatory gene
networks were created by cytoscape. First neighbor genes connected with VDR or CDX2 were demonstrated.
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BRAF inhibitors or PI3K-mTOR inhibitors treatment.
However, previous results showed five distinctive sub-
clusters identified by NMF classification in colon
cancer clinical patients [15].

To address this inconsistency, we used published
primary colon cancer expression datasets. Using NMF
classification, colon cancer patients from four GEO
datasets were divided into the three sub-clusters or four
sub-clusters based on the globe transcriptional profiling.
Then the disease free survival or overall survival of each
sub-cluster of colon cancer patients was determined.
When divided into three sub-clusters, there was
significant difference in disease free survival or overall
survival of each sub-cluster of colon cancer patients in
GSE24551 and GSE17536 datasets (Figure 8A). When
dividing into four sub-clusters, there was significant
difference in disease free survival or overall survival of
each sub-cluster of colon cancer patients in GSE24551,
GSE33113, GSE17536 and GSE39582 four datasets
(Figure 8A). Those results suggested that consistent with
the three sub-clusters of colon cancer cell lines, three or
four sub-clusters could distinguish colon cancer patients
from each other and each sub-cluster was with different
clinical outcomes. CDX2 and VDR expression level in
the three sub-clusters of colon cancer patients were also
significantly different (Figure 8B). Those results further
confirmed that CDX2 and VDR were important
biomarkers associated with different colon cancer sub-
clusters.

Overall, our results showed a molecular sub-cluster of
colon cancer cells with low CDX2 and VDR expression
was sensitive to chemotherapy, BRAF inhibitors and
PI3K-mTOR inhibitors treatment. Detection of CDX2
and VDR expression will provide additional information
to ensure the success of chemotherapy, BRAF inhibitor
or PI3K-mTOR inhibitor therapy in colon cancer
patients.

DISCUSSION

In this study, we use two colon cancer classification
systems CMS and NMF to identify the intrinsic
subtypes of colon cancer cell lines based on the gene
expression profiling. Because cancer cell lines are
devoid the influences of the tumor microenvironment,
the classifications of colon cancer cell lines would be
more likely to reflect the intrinsic heterogeneity of
colon cancer cells. In the CMS classification, CMSI1
colon cancer cells are all MSI status (Figure 1C),
consistent with the results identified from colon cancer
patients. However, there is no significant difference in
the frequencies of BRAF, K-Ras and APC mutation in
CMS subtypes derived from colon cancer cell lines
(Figure 1C). In the NMF classification, we report the

discovery of at least three genomic sub-clusters of
colon cancer cells with different TP53, BRAF,
PIK3CA and POLE mutation frequency (Figure 3A).
However, the three sub-clusters of colon cancer cells
show no difference in the MSI status distribution
(Figure 3A).

The subgroups of colon cancer cell lines derived from
CMS and NMF classification systems also demonstrate
quite different therapeutic characteristics in responding
to anti-cancer drug treatment. CMS3 subtype colon
cancer cells are more sensitive to 5-Fluorouracil
treatment. And CMS4 subtype colon cancer cells are
more sensitive to cisplatin treatment (Figure 1D). In the
NMF classification, we find that a molecular sub-cluster
of colon cancer cells is specifically sensitive to
chemotherapy, BRAF inhibitors, PI3K-mTOR inhibitors
and NOTCH inhibitor treatment (Figure 2C, 3B, 3C and
4E). However, EGFR inhibitors have no drug preference
in CMS or NMF subtypes (Figure 1E and 2D). We think
those two classification systems are quite useful in
selection of colon cancer treatment strategies. Since
CMS is a robust classification of MSI status in both
colon cancer patients and colon cancer cell lines, it may
provide significant prognostic information to evaluate
colon cancer patients who are selected to receive
immune checkpoint therapeutic treatment [36, 37].
However, for NMF classification, it may provide more
prognostic information to predict the clinical response to
chemotherapy, BRAF inhibitors, PI3K-mTOR inhibitors
and NOTCH inhibitor.

Targets of chemotherapy, BRAF inhibitors and PI3K-
mTOR inhibitors are quite different. However, a
molecular sub-cluster of colon cancer cells is specifically
sensitive to chemotherapy, BRAF inhibitors and PI3K-
mTOR inhibitors treatment suggesting those drugs share
some similar inner mechanisms to determine their
sensitivity. And common molecular markers could be
used to predict the efficiency of those drugs. CDX2 is
used to predict the benefit of adjuvant chemotherapy in
colon cancer patients. Additionally, our results suggest
that CDX2 expression is also associated with the
sensitivity of BRAF inhibitors and PI3K-mTOR
inhibitors treatment (Figure 5B).

VDR is a new identified molecular marker to predict the
efficiency of those drugs. The VDR expression features
are quite similar with CDX2. For example, both VDR
and CDX2 are highly expressed in chemotherapy, BRAF
inhibitors and PI3K-mTOR inhibitors resistant colon
cancer cells (Figure 5B and 6B). Both VDR and CDX2
are lowly expressed in cluster2 subtypes of colon cancer
cells (Figure 5A and 6C). Both VDR and CDX2 are
associated with better clinical outcomes (Figure 5C and
6D). Moreover, there is a positive correlation between
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VDR and CDX2 expression in primary colon cancer
patients (Figure 7A and 7B). All those results suggest
that similar with CDX2, VDR is also an important
prognostic biomarker for colon cancer patients. And the
sub-cluster of colon cancer patients with lack of VDR
expression could benefit from adjuvant chemotherapy,

A

BRAF inhibitors and PI3K-mTOR inhibitors treatment.
However, those results should further be tested in
clinical colon cancer patients.

Overall, our results demonstrate a molecular sub-cluster
of colon cancer cells with low CDX2 and VDR
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Figure 8. Validation of NMF sub-cluster classification in colon cancer clinical patients. (A) Primary colon cancer patients from
GSE24551, GSE33113, GSE17536 and GSE39582 datasets were divided into three or four sub-clusters based on the gene expression profiling
using NMF. Kaplan Meier survival analysis was used to determine the disease free survival or overall survival in three or four sub-clusters of
colon cancer patients. (B) Box plots showed the CDX2 and VDR expression in each sub-cluster of colon cancer patients.
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expression is sensitive to chemotherapy, BRAF inhibitors
and PI3K-mTOR inhibitors treatment and provide an
example of translation of colon cancer classification to
subgroups guided targeted therapies.

MATERIALS AND METHODS
Data collection

Gene expression, genomic mutation and drug sensitivity
of colon cancer cell lines were downloaded from
Genomics of Drug Sensitivity in Cancer project
(https://www.cancerrxgene.org/). Gene expression series
matrix of colon cancer patients with clinical disease free
survival or overall survival were downloaded from GEO
website (https://www.ncbi.nlm.nih.gov/geo/) with GEO
number GSE24551, GSE33113, GSE17536 and
GSE39582.

Gene expression data processing

The matrix file of each GEO dataset was annotated by
corresponding platform. The expression values were
averaged if multiple probes corresponded to the same
gene symbol using R software “plyr” package. The
“plyr” package and the basic usage were downloaded
from bioconductor (https://cran.r-project.org/web/
packages/plyr/index.html).

The consensus molecular subtypes (CMS)
classification of colon cancer cell lines

Colon cancer cell lines were divided into CMSI,
CMS2, CMS3 and CMS4 subtypes by “CMScaller”.
“CMScaller” is available as an R package and could be
downloaded from bioconductor. The basic usage of
“CMScaller” was described in [21].

The Nonnegative Matrix Factorization (NMF)
classification of colon cancer cell lines and colon
cancer patients

Colon cancer cell lines or colon cancer patients were
divided into two sub-clusters, three sub-clusters or four
sub-clusters by R software “NMF” package by rank=2,
rank=3 or rank=4. The “NMF” package and the basic
usage were downloaded from bioconductor (https://cran.
r-project.org/web/packages/NMF/index.html).

Heatmap presentation

Heatmaps were created by “pheatmap” package.
“pheatmap” is available as an R package and could be
downloaded from bioconductor (https:/cran.r-project.
org/web/packages/pheatmap/index.html). The clustering
scale was determined by “average” method.

Venny diagram

The venny diagrams were generated by VENNY 2.1
(http://bioinfogp.cnb.csic.es/tools/venny/index.html).

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis was performed using
GSEA 2.0. The GSEA software and gene sets were
downloaded from the GSEA Web site (http://www.broad.
mit.edu/gsea/index.html). Genes ranked by signal-to-
noise ratio, and statistical significance was determined
by 1,000 gene set permutations. Gene set enriched
signaling pathways and transcription factors were
identified.

Identification of genes associated with the drug
sensitivity

Colon cancer cell lines were classified into drug
sensitive or resistant sub-groups based on the scale
values of the LN-IC50 using the “scale” method of R
software. Different gene expression between drug
sensitive or resistant colon cancer cells was identified
by Student’s t test.

Survival analysis

Kaplan-Meier estimator was applied to identify the
influence of CDX2 or VDR expression on overall
survival or disease free survival using “survival” package
in the R statistics software. The overall survival or
disease free survival of each colon cancer sub-cluster was
also determined by “survival” package. The “survival”
package and the basic usage were downloaded from
bioconductor  (https://cran.r-project.org/web/packages/
survival/index.html). P values were determined by Log-
rank test.

Spearman correlation

Spearman correlation was used to study the correlation
between CDX2 expression and VDR expression in colon
cancer patients using the “Im” method of R software.

CDX2 or VDR associated transcriptional network
The networks of cluter2 specific genes were created by
Cytoscape GeneMANIA App. The first degrees of
CDX2 or VDR connected genes were demonstrated.
Statistical analysis

The box plots and contingency graphs were generated

from prims5.0. Statistical analysis was performed using
the Student’s t test or Chi-square test. P value less than
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0.05 was chosen to be statistically significant difference
unless specifically notified.
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