
Yang et al. BMC Cancer          (2022) 22:256  
https://doi.org/10.1186/s12885-022-09344-3

RESEARCH

An integrative gene expression signature 
analysis identifies CMS4 KRAS-mutated 
colorectal cancers sensitive to combined MEK 
and SRC targeted therapy
Mingli Yang1, Thomas B. Davis1, Lance Pflieger2, Michael V. Nebozhyn3, Andrey Loboda3, Heiman Wang1, 
Michael J. Schell4, Ramya Thota5, W. Jack Pledger1,6 and Timothy J. Yeatman1,6* 

Abstract 

Background: Over half of colorectal cancers (CRCs) are hard-wired to RAS/RAF/MEK/ERK pathway oncogenic 
signaling. However, the promise of targeted therapeutic inhibitors, has been tempered by disappointing clinical 
activity, likely due to complex resistance mechanisms that are not well understood. This study aims to investigate 
MEK inhibitor-associated resistance signaling and identify subpopulation(s) of CRC patients who may be sensitive to 
biomarker-driven drug combination(s).

Methods: We classified 2250 primary and metastatic human CRC tumors by consensus molecular subtypes (CMS). 
For each tumor, we generated multiple gene expression signature scores measuring MEK pathway activation, MEKi 
“bypass” resistance, SRC activation, dasatinib sensitivity, EMT, PC1, Hu-Lgr5-ISC, Hu-EphB2-ISC, Hu-Late TA, Hu-Prolif-
eration, and WNT activity. We carried out correlation, survival and other bioinformatic analyses. Validation analyses 
were performed in two independent publicly available CRC tumor datasets (n = 585 and n = 677) and a CRC cell line 
dataset (n = 154).

Results: Here we report a central role of SRC in mediating “bypass”-resistance to MEK inhibition (MEKi), primarily in 
cancer stem cells (CSCs). Our integrated and comprehensive gene expression signature analyses in 2250 CRC tumors 
reveal that MEKi-resistance is strikingly-correlated with SRC activation (Spearman P <  10–320), which is similarly associ-
ated with EMT (epithelial to mesenchymal transition), regional metastasis and disease recurrence with poor prognosis. 
Deeper analysis shows that both MEKi-resistance and SRC activation are preferentially associated with a mesenchymal 
CSC phenotype. This association is validated in additional independent CRC tumor and cell lines datasets. The CMS 
classification analysis demonstrates the strikingly-distinct associations of CMS1-4 subtypes with the MEKi-resistance 
and SRC activation. Importantly, MEKi + SRCi sensitivities are predicted to occur predominantly in the KRAS mutant, 
mesenchymal CSC-like CMS4 CRCs.

Conclusions: Large human tumor gene expression datasets representing CRC heterogeneity can provide deep 
biological insights heretofore not possible with cell line models, suggesting novel repurposed drug combinations. 
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Background
Approximately 55% of colorectal cancers (CRCs) are 
driven by mutational activation of KRAS, BRAF, NRAS, 
and thus are hard-wired to oncogenic RAS/RAF/MEK/
ERK pathway signaling [1–3]. CRC tumors with acti-
vated RAS/RAF pathway appear to be associated with 
poor outcomes [4]. Although RAS/RAF-mutated CRC 
has been targeted for the development of therapeutic 
inhibitors, they have been largely ineffective, likely due 
to complex resistance mechanisms such as intrinsic and 
adaptive resistance [5–12]. Rational combination thera-
pies, based on a deep understanding of these resistance 
mechanisms, are the likely path forward.

Effective targeted therapy generally meets two nec-
essary criteria: pathway activation and pathway addic-
tion (dependency). Accordingly, intrinsic resistance is 
thought to be due to either absence of pathway activa-
tion or alternatively activation of signaling pathways that 
“bypass” targeted therapeutics. Recently, adaptive resist-
ance (AR or “adaptive rewiring”) has emerged as a new 
drug resistance mechanism whereby normal homeostatic 
negative regulatory feedback of P-ERK on receptor tyros-
ine kinases (RTKs) is subverted, resulting in reactivation 
of the RAS/MEK pathway and/or activation of “bypass” 
signaling pathways [8–12]. Thus, AR can rapidly induce 
drug resistance to targeted therapy in tumors that are 
natively “sensitive”. For example, BRAFi (PLX4032 or 
vermurafenib) induces a rapid, marked feedback activa-
tion of EGFR in the BRAF (V600E)-mutated CRC cell 
lines, supporting continued proliferation in the presence 
of BRAF inhibition [9, 11]. Recent clinical trials report 
that combined BRAF and EGFR inhibition significantly 
improves response rates in BRAF (V600E) metastatic 
CRC patients (10% or 19%) [10, 13], and has now become 
the FDA-approved, standard of care. Despite progress in 
combination therapies in BRAF (V600E) mutated CRC, 
effective utilization of targeted therapies in the ~ 45% 
CRC patients who harbor KRAS/NRAS mutations 
remains a great challenge. Two well-characterized EGFRi 
therapies (cetuximab, panitumumab) have been FDA-
approved in the first and second line, but only for wild-
type KRAS/NRAS metastatic CRC patients [14]. Recently, 
a breakthrough has been made to target “undruggable” 
KRAS by taking advantage of a previously hidden groove 

on the protein surface in KRAS (G12C) [15]. However, 
response in metastatic CRC patients harboring KRAS 
(G12C) was not as robust. Since only ~ 3% of CRCs have 
mutant KRAS (G12C), therapeutic inhibitors of MEK 
(or ERK) downstream of KRAS/BRAF are essentially the 
only available RAS pathway targeted agents for a great 
majority of KRAS-mutated CRC patients.

Understanding the signaling biology of human cancer 
may be best served by directly examining a large num-
ber of genetically-diverse human tumors to develop 
relevant hypotheses. Here, we report a genome-wide 
analysis of multiple gene expression signatures of > 2000 
molecularly-characterized primary and metastatic 
CRCs, that provides a new and deeper understanding 
of CRC oncogenic signaling and drug resistance mecha-
nisms for which we have proposed SRC as a common 
targetable node. The SRC oncogene is a well-studied 
non-receptor tyrosine kinase [16–19]. Previously, our 
laboratory was the first to document that human CRC 
truncating mutations in the negative regulatory domain 
of SRC result in SRC activation [20]. Here, for the first 
time, we report a central role of SRC in mediating 
intrinsic and adaptive “bypass”-resistance to MEK inhi-
bition (MEKi), primarily in cancer stem cells (CSCs), 
which may help development of a biomarker-driven 
drug combination (MEKi + SRCi) to treat problematic 
subpopulations of CRC.

Methods
Study design
The objective of our laboratory is to utilize large human 
tumor global molecular datasets as “best in class” direct 
models of human disease, containing complete tumor 
microenvironments, from which insightful observations 
may pave the way for the “fast-track” development of a 
biomarker-driven drug combination to treat problematic 
subpopulations of CRC. To investigate the MEKi-asso-
ciated intrinsic and adaptive resistance, we have har-
nessed the power of multidimensional, quantitative gene 
expression signature scores in 2250 human CRC tumors 
hypothesis generation followed by validation analyses by 
two independent datasets of CRC tumors (n = 585 and 
n = 677, respectively) as well as the 154 CRC cell line 
dataset.

We identified SRC as a common targetable node–-an Achilles’ heel–-in MEKi-targeted therapy-associated resistance in 
mesenchymal stem-like CRCs, which may help development of a biomarker-driven drug combination (MEKi + SRCi) 
to treat problematic subpopulations of CRC.

Keywords: Colorectal cancer, MEK inhibitor, Targeted therapy, SRC, EMT, Cancer stem cell, CMS, Gene expression 
signature
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CRC human tumor and cell line datasets
(A) Moffitt CRC dataset (n= 2250). The cohort of 
2250 colorectal adenocarcinoma tumors from distinct 
patients, including 1485 primary lesions and 764 meta-
static lesions, with global gene expression analysis data 
from the surgical specimen (see Table  1), with samples 
obtained between October 2006 and September 2010, 
was used in various gene expression signature score cor-
relation and survival analyses. All tumors were collected 
from curative resections followed by macrodisssection 
and snap freezing in liquid nitrogen within 15–20  min 
of extirpation. All the experiment protocol for involv-
ing human data was in accordance with the guidelines 
of national/international/institutional or Declaration of 
Helsinki. In all cases, tissue and clinical data were col-
lected under the approval of the Institutional Review 
Board of Moffitt Cancer Center as part of the Total 
Cancer Care® (TCC) project (MCC14690) [21]. The 
informed written consent was obtained from participat-
ing patients [21]. The 2250 CRC tumors included a subset 
of 468 tumors we previously analyzed with global gene 
expression data, MSI status, and targeted gene sequenc-
ing of 1321 cancer-related genes [3, 4, 22]. Here we used 
this large, heterogeneous CRC tumor dataset in various 
gene expression signature score correlation and survival 
analyses.

(B) Marisa et al. CRC dataset (n= 585). To validate the 
findings from 2250 Moffitt CRCs, we performed analyses 
on the CRC patient sample dataset (n = 585) reported by 
Marisa et  al. [23]. Note that we previously used Marisa 
CRC dataset to demonstrate that the cetuximab sensitiv-
ity signature score we developed was not prognostic [22]. 
Affymetrix gene expression data of these samples were 
downloaded via GEO with accession number GSE39582, 
whereas the KRAS/BRAF mutation status was adopted 
from Table S1 of Marisa et al.[23].

(C) TCGA CRC dataset (n = 677). We also used the 
TCGA CRC RNAseq dataset to validate the findings 
from 2250 Moffitt CRCs. As we did previously [22], 
TCGA COADREAD Level 3 RNAseq data (quantile nor-
malized RSEM values) were downloaded from the Broad 
GDAC Firehose (https:// gdac. broad insti tute. org/ runs/ 
stdda ta__ 2016_ 01_ 28/ data/ COAD/ 20160 128/). The two 
downloaded tar file names are given as follows: gdac.
broadinstitute.org_COADREAD.Merge_rnaseqv2__illu-
minahiseq_rnaseqv2__unc_edu__Level_3__RSEM_
genes_normalized__data.Level_3.2016012800.0.0.tar; 
gdac.broadinstitute.org_COADREAD.Merge_rnaseqv2__
illuminaga_rnaseqv2__unc_edu__Level_3__RSEM_
genes_normalized__data.Level_3.2016012800.0.0.tar

(D) Medico et  al. 154 CRC cell line dataset. Recently, 
a large number of human CRC cell lines were reported 
to be analyzed for genetic and transcriptional profiling 

of CRC cells and in vitro cetuximab sensitivity [24]. We 
previously used these cell line data to validate a cetuxi-
mab sensitivity signature score we developed [22]. Here 
we used their global gene expression data for correla-
tion analysis. Affymetrix gene expression data of 155 cell 
lines were downloaded via GEO with accession number 
GSE59857. Note that CO115 (that was established from 
a tumor implanted into a nude mice) was excluded from 
analysis.

Gene expression signature scores
The gene lists of gene expression signatures including 
the 18-gene MEK pathway activation, 13-gene MEKi 
“bypass” resistance, SRC activation, 5-gene dasatinib 
sensitivity (Dasa-S), Hu-Lgr5-ISC, Hu-EphB2-ISC, Hu-
Late TA, Hu-Proliferation, EMT, PC1 and 64-gene Wnt 
signatures are given in Additional File 1 (Table S1). A 
machine-readable GMT file of Table S1 is also provided 
as Additional File 2. Note that we have translated these 
signatures into mathematical scores (see below) that can 
be comparatively applied to thousands of tumors. We 
previously developed EMT and PC1 signature scores 
[25]. We also generated the 64-gene Wnt signature score 
[3] from a set of 64 “consensus” β-catenin (upregulated) 
genes adopted from a previously reported study [26]. 
Other signatures used including the 18-gene MEK path-
way activation, 13-gene MEKi “bypass” resistance, SRC 
activation, 5-gene Dasa-S, Hu-Lgr5-ISC, Hu-EphB2-ISC, 
Hu-Late TA, Hu-Proliferation signatures were adopted 
from previous analyses reported from other groups [6, 
27–29]. Of note, Broecker et  al. reported a transcrip-
tional signature induced by the metastasis promoting 
SRC-mutant that activated SRC signaling in breast can-
cer [27]. This 435-gene signature included (i) 61 up-regu-
lated genes (UP), (ii) 50 down-regulated genes (DOWN), 
(iii) 163 “ + inf” genes that represented genes detect-
able in cells expressing SRC mutant but not detectable 
in the control cells), and (iv) 161 “-inf” genes that were 
detectable in the control cells but not detectable in cells 
expressing SRC mutant as described [27]. Our prelimi-
nary signature score correlation analysis in 2250 CRCs 
showed that the UP signature score was highly corre-
lated with the (+ inf ) score, the [UP – DOWN] score, the 
[(+ inf ) – (-inf )] score or the more complex composite 
score [(UP + (+ inf )) – ((DOWN) + (-inf ))] (All Spear-
man P <  10–320). For simplicity, here we elected to use the 
61 UP genes for calculation of the SRC activation signa-
ture scores.

Furthermore, we generated a 5-gene dasatinib sensi-
tivity (Dasa-S) signature score from the 5 up-regulated 
genes of a reported 6-gene dasatinib sensitivity signature 
(5 UP genes EPHA2, CAV1, CAV2, ANXA1, PTRF and 1 
DOWN gene IGFBP2) that was developed in breast cell 

https://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/COAD/20160128/
https://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/COAD/20160128/
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Fig. 1 Analysis of an 18-gene MEK pathway activation signature score versus a 13-gene MEKi “bypass” resistance signature score in 
468 human CRCs. (a,b) mutant vs WT RAS/BRAF; (c,d) MSI vs MSS tumors; (e,f) primary vs metastatic tumors. Spearman correlation of 18-gene vs 
13-gene scores is shown (left panels). (Right panels) bars represent Median with interquartile range and P values are for two-tailed Mann Whitney 
test. The 18 gene MEK activation and the 13 gene MEKi bypass signature scores show a poor correlation indicating that these two scores measure 
independent properties
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lines and validated in lung cell lines to predict sensitiv-
ity to dasatinib in solid tumors including breast, lung 
and ovary [28]. Notably, the DOWN gene IGFBP2 was 
excluded here because it appeared to be not predictive 
of SRCi sensitivity in CRC cell lines and explant tumors 
[30]. All of the five up-regulated genes are targets of 
dasatinib, substrates for SRC family kinases, or part of 
signaling pathways downstream of SRC family kinases 
[28]. A validation analysis was conducted in multiple 
CRC cell lines (n = 50, see Additional File 3_Fig S1).

For the 2250 CRC and Marisa datasets, the signa-
ture scores were calculated for each tumor as previ-
ously described [4, 25]. Briefly, a score was computed 
for each of the signatures as the arithmetic mean of all 
probesets corresponding to gene symbols present in the 
corresponding gene signature. Notably, if both UP and 
DOWN signature genes were involved, we first calcu-
lated the UP scores and DOWN scores, respectively, and 
then calculated the (UP – DOWN) scores as the signa-
ture scores. Scores were standardized by subtracting the 
score median and dividing by the score IQR (interquartile 
range). The detailed data of standardized signature scores 
for 2250 CRC tumors are given in Additional File 4. The 
TCGA CRC dataset signature scores were calculated 
using the arithmetic mean of the RSEM values at the 
gene level. The signature scores generated from Marisa 
(n = 585) and TCGA (n = 677) CRC datasets are listed in 
Additional Files 5 and 6, respectively.

For the 154 CRC cell lines, we note that probe values of 
some signature genes appeared to differ one another in a 
few orders of magnitude. To avoid over-representation of 
only a few dominant probes or genes in calculating sig-
nature scores, individual probe values of a signature gene 
were normalized by the mean of all 154 cell lines prior 
to calculating signature scores. Scores were standardized 
by subtracting the score median and dividing by the score 
IQR (interquartile range) and are listed in Additional File 
7. See Additional File 1 (Supplementary Methods) for 
additional supportive cell line analysis.

Statistical methods
Correlation Analysis, The Kaplan Meier (KM) Survival 
Analysis, Welch’s T Test, Mann Whitney Test and Chi 
Square Trend Test as well as CMS classification: These 

statistical analyses were performed using GraphPad 
Prism version 8.00 (La Jolla, CA) and R version 3.6.2.

For CMS classification: Moffitt (n = 2250), Marisa et al. 
(n = 585) and TCGA (n = 677) CRC tumor samples as 
well as Medico CRC cell lines (n = 154) were classified 
by CMScaller (an R package for consensus molecular 
subtyping of colorectal cancer pre-clinical models) as 
described by Eide et al.[31] (see detailed CMS classifica-
tion data in Additional Files 4–7).

CMS1*, CMS2*, CMS3* and CMS4* scores were gener-
ated for each of human CRC tumors and cell lines (see 
Additional Files 4–7). These CMS1-4* scores are des-
ignated to measure a propensity of a tumor to fall into 
CMS1, CMS2, CMS2 and CMS4 classes, respectively. 
We define: CMS1* = 1 – dCMS1; CMS2* = 1 – dCMS2; 
CMS3* = 1 – dCMS3; CMS4* = 1 – dCMS4, where 
dCMS1, dCMS2, dCMS3 and dCMS4 are the classifi-
cation scores (0.00–1.00) generated by the CMScaller, 
which measure the distance of a tumor from the CMS1, 
CMS2, CMS3 and CMS4 templates, respectively [31]. For 
example, the higher the dCMS1 scores, the lower a pro-
pensity of a tumor to fall into the CMS1 class.

Results
Analysis of MEK activation vs. MEKi resistance signature 
scores in 468 human CRCs
Due to numerous genetic changes in tumors and the 
complexity of mechanisms underlying RAS signal-
ing pathway, a gene expression signature-based path-
way readout is thought to be more robust than a single 
molecular indicator in predicting RAS/MEK pathway 
activation, which is a pre-requisite for drug response 
to a MEK inhibitor [32]. Two gene expression signa-
tures predictive of response/resistance to MEKi have 
been developed using large cell line panels of diverse 
tumor types including melanoma, lung and colon as 
reported by Dry et  al.[6]. The first (an 18-gene signa-
ture) measures MEK pathway activation independent of 
the mutational status of BRAF/RAS, whereas the second 
(a 13-gene signature) predicts drug resistance caused by 
“bypass” proliferation/survival signaling pathways in the 
presence of active MEK [6]. We recently adapted the 
18-gene MEK activation signature from use in fresh fro-
zen CRC samples to more clinically available, archived 

Fig. 2 The 13-gene MEKi “bypass” resistance score–-but not the 18-gene MEK pathway activation signature score–-was strongly 
correlated with SRC activation and 5-gene dasatinib sensitivity (Dasa-S) signature scores in 2250 human CRCs. (a-f) Spearman correlation 
analyses of the 18-gene MEK activation, 13-gene MEKi bypass, SRC activation and 5-gene Dasa-S signature scores in 2250 CRCs. Higher (> 0 median) 
vs lower (< 0, median) scores are indicated by red vs blue colors. Comparison of SRC activation scores in 2249 primary vs metastatic tumors (g) and 
in 1427 Stage I vs II vs III vs IV primary tumors (h). Bars represent Median with interquartile range. P values are for two-tailed Mann Whitney test (right 
panels). (i) The Kaplan–Meier (KM) survival analysis of SRC activation quartile scores in 2135 CRCs which had corresponding overall survival (OS) 
data. SRC activation/dependency is a prominent feature of tumors expressing the 13-gene bypass-resistance pathway activities. The SRC activation 
signature score was significantly associated with metastasis and primary tumor stage I-IV progression and poor overall survival

(See figure on next page.)



Page 7 of 21Yang et al. BMC Cancer          (2022) 22:256  

formalin-fixed, paraffin-embedded (FFPE) tissues [33], 
as a means to predict RAS/MEK pathway dependence 
regardless of RAS/RAF mutation status. Moreover, in 

order to identify mutated genes beyond KRAS, BRAF and 
NRAS that might account for expanded RAS pathway 
activity, we also applied the 18-gene signature score to 

Fig. 2 (See legend on previous page.)
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stratify 468 CRCs we previously characterized [3, 4, 34]. 
We identified PTPRS, a receptor-type protein tyrosine 
phosphatase, as one of the top-ranked 18-gene signature-
associated mutated genes when the masking effects of 
mutant KRAS, BRAF and NRAS were iteratively removed 
[34].

Since understanding complex resistance mechanisms 
to MEK inhibitors is currently an unmet need in RAS 
pathway targeted therapies, we carried out an analy-
sis of the 18-gene MEK pathway activation signature 
score vs. the 13-gene MEKi “bypass”-resistance signa-
ture score in 468 CRC tumors (see Fig.  1). The analysis 
showed that the 18-gene and 13-gene signature scores 
had poor correlation (Fig.  1a), supporting the notion 
that the scores measure independent biology. While the 
18-gene score measured MEK activation, the 13-gene 
signature measured “bypass” resistance, which could 
result from either intrinsic or adaptive mechanisms. It 
is noteworthy that the 13-gene signature was developed 
from cell lines treated with the MEKi for a 72  h period 
[6] during which AR could be induced [11]. As expected, 
tumors harboring mutant BRAF or KRAS/NRAS were 
shown to be preferentially associated with higher 18-gene 
MEK activation scores (i.e. > 0 (median) (Fig. 1a,b). Nota-
bly, a great majority of BRAF-mutated tumors had both 
higher 18-gene and higher 13-gene scores (Fig. 1a RUQ 
and Fig. 1b) suggesting resistance to MEKi. This is unex-
pected since a recent study using cell line panels pre-
dicted that BRAF-mutated tumor cells would be likely 
the most sensitive to MEKi [6]. However, this observation 
is actually in agreement with the recently reported adap-
tive resistance mechanism seen frequently occurring in 
BRAF-mutated tumors, initially sensitive to a RAS path-
way targeted agent [8–12]. In support of this, a great of 
majority of MSI tumors, which were commonly associ-
ated with BRAF (V600E), had both higher 18-gene and 
higher 13-gene scores (Fig.  1c,d). BRAF mutant tumors 
(Fig.  1a) and MSI tumors (Fig.  1b) may represent the 
most likely to develop AR. Metastatic tumors (Fig. 1e) are 
represented in all quadrants. 18-gene and 13-gene scores 
differed only slightly between metastatic and primary 
tumors (Fig. 1f ).

Of note, a significant percentage of mutant KRAS 
tumors had lower 18-gene scores (i.e. < 0 (median), 

Fig. 1a), supporting the notion that some KRAS-mutated 
CRC tumors are decoupled from RAS/MEK pathway 
activation [32], and these tumors should be excluded 
from MEKi therapies. On the other hand, some WT 
RAS/RAF tumors had higher 18-gene scores (i.e. > 0 
(median)), suggesting these tumors may have non-canon-
ical RAS pathway activation (e.g. through phosphatases 
such as PTPRS [34]) and may be candidates for MEKi 
treatment. This has been previously observed in lung 
cancer cell lines using a 147-gene RAS pathway activa-
tion score [32].

Striking correlation of MEKi resistance with SRC activation 
in 2250 CRCs
We previously reported that PTPRS negatively regulated 
ERK activity in CRC cells [34]. We recently showed that 
PTPRS CRISPR-knock out sensitized CRC cells to the 
inhibitors of ERK in association with decreased SRC 
activity as measured by P-SRC Y419 [35]. Moreover, 
siRNA-knock down of SRC, or inhibition by dasatinib 
(SRCi), significantly increased ERKi-mediated apoptosis, 
suggesting a role of SRC in mediating resistance to RAS 
pathway targeted therapies [35]. This led us to investigate 
if SRC activation might contribute to the MEKi “bypass”-
resistance mechanisms due to its known importance 
in advanced CRC previously reported by us and other 
groups [16–19]. For this purpose, we carried out gene 
expression signature score correlation and survival anal-
yses in a large human CRC molecularly profiled dataset 
(n = 2250, including 468 tumors previously described [3]) 
(see Table 1 and Additional File 4). The Spearman corre-
lation analysis reveals that the 13-gene MEKi “bypass”-
resistance score–-but not the 18-gene MEK pathway 
activation score–-was very strongly correlated with two 
independent gene expression signature scores measuring 
SRC activation/dependency (both P <  10–320) (Fig.  2a-e). 
Here, the first SRC activation score was generated from 
the transcriptional signature induced by a metastasis-
promoting (human) SRC mutant harboring an L −  > A 
mutation at the C-terminal GENL motif of SRC[27, 36] 
(see Methods). Expression of this SRC mutant increased 
SRC activity (as measured by P-SRC Y419) and promoted 
migration and invasion [36], similar to a native, human 
truncating mutation in the negative regulatory domain 

(See figure on next page.)
Fig. 3 SRC activation was highly correlated with EMT and its associated genes and was strongly associated with regional metastasis 
and disease recurrence. Spearman correlation analyses in 2250 CRC tumors: (a) PC1 vs EMT signature scores and (b-d) SRC activation vs EMT, 
PC1, and CDH1 (an epithelial marker), VIM (a mesenchymal marker), as well as EMT-genes SMAIL2, TWIST1, TWIST2, ZEB1, and ZEB2, respectively. 
Signature cores were standardized by subtracting the score median and dividing by the score IQR (interquartile range). The gene expression levels 
of individual EMT-related genes were also similarly standardized to give relative gene expression levels (median expression was set to 0). Spearman 
correlation heatmaps in (e) 1485 primary tumors and (f) 764 metastatic tumors. Comparison of (g) SRC activation, (h) EMT, and (i) PC1 signature 
scores as well as (j) TWIST1 gene among 2202 metastatic (regional, distant) vs primary tumors (recurrent, other). Note that among 2250 tumors, 48 
tumors without approximate data were excluded from analysis. Bars represent Mean with standard errors (SEM). P values are for two-tailed Mann 
Whitney test
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of SRC (SRC 531) we previously identified in CRC [20]. 
The second SRC signature score was derived from 5 up-
regulated genes of a 6-gene dasatinib sensitivity (Dasa-S) 

signature that was developed in breast cell lines and vali-
dated in lung cell lines to predict sensitivity to dasatinib 
in solid tumors including breast, lung and ovary [28] (see 

Fig. 3 (See legend on previous page.)



Page 10 of 21Yang et al. BMC Cancer          (2022) 22:256 

Methods). Note that the 5-gene Dasa-S signature score 
appeared to predict the trend of dasatinib sensitivity in 
multiple CRC cell lines (n = 50, Chi-square test for trend 

P = 0.0017) (see Additional File 3_Fig S1). Importantly, 
despite being independently developed, the SRC activa-
tion and the 5-gene Dasa-S scores were highly correlated 

Fig. 4 The SRC activation and 13-gene MEKi “bypass” resistance signature scores were associated with “mesenchymal-like” stemness. 
(a) Comparison of Hu-Lgr5-ISC, Hu-EphB2-ISC, Hu-Late TA, and Hu-Proliferation signature scores among 2191 metastatic vs primary Stage IV vs III 
vs II vs I tumors. Bars represent Mean with standard errors (SEM). P values are for two-tailed Mann Whitney test. (b,c) Scatter plots of Hu-Lgr5-ISC, 
Hu-EphB2-ISC, Hu-Late TA, and Hu-Proliferation vs EMT signature scores, respectively (n = 2250 CRCs). Higher (> 0 median) vs lower (< 0, median) 
scores are indicated by red vs blue colors for (b) SRC activation and (c) 13-gene MEKi bypass resistance signatures
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with each other (N = 2250, P <  10–320, Fig.  2f ), strongly 
supporting these scores as measures of SRC activation 
and dependency. Moreover, the SRC activation signa-
ture score was significantly associated with metastasis 
and primary tumor stage I-IV progression (Fig. 2g,h), in 
agreement with previous studies in CRC [37–40]. Fur-
thermore, the Kaplan–Meier (KM) survival analysis 
shows that the SRC activation signature score was associ-
ated with poor overall survival (Fig. 2i).

Strong correlation of SRC activation with EMT, regional 
metastasis and disease recurrence
Epithelial-to-mesenchymal transition (EMT) is a fun-
damental cellular program in embryonic develop-
ment and tissue repair [41]. EMT promotes migration 
and motility and is aberrantly activated in cancer as a 
major mechanism promoting invasion and metastasis 
that induces tumor cells to acquire stem cell character-
istics [41–43]. We previously developed an EMT signa-
ture that was found to be tightly-correlated (Pearson 
r = 0.92, P <  10–135) with the most dominant pattern of 
intrinsic gene expression in colon cancer (PC1, the first 
principal component)–both in gene identity and direc-
tionality in 326 colon tumors [25]. Now our new analy-
sis in 2250 CRC tumors confirmed this tight correlation 
between EMT and PC1 signature scores (Spearman 
r = 0.92, P <  10–320, Fig.  3a), supporting the notion that 
EMT is arguably the dominant program in human CRC 
[25]. Importantly, we found that the SRC activation sig-
nature score was strikingly-correlated with both EMT 
and PC1 signature scores (both P <  10–320, Fig.  3b). This 
suggests that SRC activation may also be a dominant 
feature in CRC, which is supported by the observation 
that SRC activation was documented in > 80% of CRC 
[17]. The SRC-EMT association was further confirmed 
by the observation that SRC activation score was nega-
tively- correlated with gene expression of CDH1 (an 
epithelial marker) and positively-correlated with VIM 
(a mesenchymal marker) and other well-known EMT-
genes including SNAIL2, TWIST1, TWIST2, ZEB1 and 
ZEB2 (Fig.  3c,d). It is noteworthy that the same strong 
correlations were seen between 1485 primary tumors 
and 764 metastatic tumors (Fig.  3e,f ). Furthermore, we 

found that the SRC activation was significantly associated 
with regional metastasis and disease recurrence (Fig. 3g). 
Similar associations were also seen for EMT and PC1 
signature scores as well as gene expression of the EMT 
genes (e.g. TWIST1) (Fig. 3h-j and Additional File 3_Fig 
S2). Collectively, these data suggest that SRC activation 
may play an important role in CRC progression, metas-
tasis and disease recurrence by inducing EMT. Note that 
expression of SNAIL2, ZEB1, ZEB2, TWIST2 was signifi-
cantly lower in the distant metastatic tumors (Met_dis-
tant, n = 628) than other subgroups (see Fig S2).

Preferential association of MEKi resistance and SRC 
activation with “mesenchymal-like” stemness
SRC is necessary and sufficient to drive intestinal stem 
cell (ISC) proliferation during tissue self-renewal, 
regeneration and tumorigenesis in  vivo [44]. Cancer 
stem cells (CSCs) are thought to be resistant to tar-
geted therapies and responsible for metastasis, disease 
recurrence and poor outcomes [42, 45]. Intestinal stem 
cell (ISC) signatures derived from normal crypts have 
been reported to identify CRC CSCs and predict dis-
ease relapse [29]. The ISC-specific genes identified a 
stem-like cell population positioned at the bottom of 
tumor structures reminiscent of crypts and ISC-like 
tumors cells displayed robust tumor-initiating capac-
ity in immunodeficient mice as well as long-term self-
renew potential [29]. Here we show that humanized 
ISC signature scores (Hu-EphB2-ISC; Hu-Lgr5-ISC), 
but not non-stemness signature scores such as Hu-
Late TA and Hu-Proliferation [29], were significantly 
associated with tumor progression in 2191 Stage I-IV 
(primary) and metastatic CRCs (Fig. 4a). Note that for 
each tumor, we generated and standardized four sig-
nature scores from the humanized signature gene lists 
[29] (see Methods), as we did previously for a compos-
ite prognostic signature [4]. We found that both the 
Hu-EphB2-ISC and the Hu-Lgr5-ISC signature score 
were positively (but modestly) correlated with the 
EMT signature score (see Fig.  4b,c). This is likely due 
to stem cell plasticity consisting of not only mesenchy-
mal stemness but also epithelial stemness. However, 
higher SRC activation or higher MEKi “bypass” scores 

(See figure on next page.)
Fig. 5 Correlation analysis of the signature scores with the CMS1-4 subtypes. (a) The CMS classification system was used to classify 2250 
CRC tumors: CMS1 (n = 305), CMS2 (n = 675), CMS3 (n = 347) and CMS4 (n = 685) as well as CMS-NA (n = 238) (that are not applicable to any single 
CMS1-4 subtype). The Kaplan–Meier (KM) survival analysis shows that the CMS1 and CMS4 tumors (vs CMS2 and CMS3 tumors) were significantly 
associated with poor overall survival (OS). (b) Spearman correlation heatmap of the signature scores with CMS1*, CMS2*, CMS3* and CMS4* scores 
(measuring a propensity of a tumor to fall into CMS1, CMS2, CMS2 and CMS4 classes, respectively) in 2250 CRC tumors. 13-gene BP –- 13-gene 
MEKi bypass resistance; 5-gene Dasa-S –- 5-gene dasatinib sensitivity; 18-gene MEK –- 18-gene MEK pathway activation. (c-g) Comparison of the 
signature scores among the CMS1-4 subtypes (n = 2012). Bars represent Mean with standard errors (SEM). P values are for two-tailed Mann Whitney 
test. (h) Scatter plots of Hu-Lgr5-ISC, Hu-EphB2-ISC, Hu-Late TA, and Hu-Proliferation vs EMT signature scores. The CMS1-4 subtypes are indicated by 
red (CMS4) vs orange (CMS3) vs green (CMS2) vs blue (CMS1) colors
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Fig. 5 (See legend on previous page.)
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were preferentially associated with tumors with both 
higher “stemness” (Hu-EphB2-ISC or Hu-Lgr5-ISC) 
and higher EMT signature scores (Fig.  4b,c left two 
panels, see “right and upper” quadrants (RUQs)), sug-
gesting that “mesenchymal-like” CSCs may primarily 
contribute to SRC-mediated MEKi “bypass” resistance. 
It is noteworthy that higher SRC activation or higher 
MEKi “bypass” scores were associated with “mesen-
chymal-like” tumors that had lower Hu-Late TA and 
Hu-Proliferation scores (Fig. 4b,c right two panels, see 
“right and lower” quadrants (RLQs)), suggesting that 
SRC-activated and MEKi-resistant CRCs were weakly-
proliferative, CSC-like tumors.

Strong association of SRC-mediated MEKi resistance 
with the mesenchymal CSC-like CMS4 subtype
Heterogenous CRC has been recently classified into four 
consensus molecular subtypes (CMS1-4) with distin-
guishing features: CMS1 (MSI, immune), hypermutated, 
microsatellite unstable and strong immune activation; 
CMS2 (canonical), epithelial, marked WNT and MYC 
signaling activation; CMS3 (metabolic), epithelial and 
with evident metabolic dysregulation; and CMS4 (mes-
enchymal), characterized by transforming growth fac-
tor– β activation, stromal invasion and angiogenesis [46]. 
While CMS1 tumors were associated with worse survival 
after relapse, CMS4 tumors were also enriched for cancer 
stemness and associated with worse overall survival and 
worse relapse-free survival [46]. Here, using global gene 
expression analysis, we have applied this CMS classifica-
tion system to our 2250 CRC tumors. The KM survival 
analysis found that the CMS1 and CMS4 tumors were 
associated with poor OS (Fig.  5a). In addition, we have 
generated CMS1*, CMS2*, CMS3* and CMS4* scores for 
each tumor (see Methods and Additional File 4). These 
scores are measure a propensity of a tumor to fall into 
CMS1, CMS2, CMS2 and CMS4 classes, respectively. 
Strikingly, we found that the 13-gene MEKi-resistance, 
SRC activation, 5-gene Dasa-S, EMT, PC1 and “stemness” 
(Hu-EphB2-ISC, Hu-Lgr5-ISC) signature scores were 
all strongly correlated with the CMS4* scores but had 
weak or negative correlations with the CMS2* or CMS3* 
scores (Fig.  5b). Similar correlation patterns were also 
seen when separate into 1485 primary tumors and 764 
metastatic tumors (see Additional File 3_Fig S3 and S4). 

This is supported by a comparison analysis among 2012 
CMS1-4 classified tumors showing that these signature 
scores were all significantly higher (P < 0.0001) in CMS4 
than other CMS subtypes (Fig. 5c-f ). These data strongly 
suggest CMS4 tumors are associated with SRC-medi-
ated MEKi-resistance. Intriguingly, the 13-gene MEKi-
resistance, SRC activation and 5-gene Dasa-S scores in 
CMS1 were the second highest among CMS1-4 subtypes 
and significantly higher (P < 0.0001) than either CMS2 or 
CMS3 (Fig. 5c,d). This suggests that CMS1 tumors, to a 
lesser extent than CMS4 tumors, were also associated 
with SRC-mediated MEKi-resistance. Notably, CMS3 
tumors had highest Hu-Late TA scores, whereas CMS2 
tumors were highest in the 64-gene Wnt scores (Fig. 5f,g).

Importantly, Spearman correlation analyses of Hu-
Lgr5-ISC, Hu-EphB2-ISC, Hu-Late TA, and Hu-Prolif-
eration vs EMT signature scores confirmed that CMS4 
tumors were preferentially associated with a weak-prolif-
erative, mesenchymal CSC phenotype (Fig. 5h).

Validation analysis of the association of MEKi resistance 
with SRC activation/mesenchymal-like stemness/CMS4 
by two independent CRC tumor datasets
We validated the findings from > 2000 Moffitt CRC 
tumors using two independent, publicly-available CRC 
human datasets (Marisa 585 CRCs [23] and TCGA 677 
CRCs [47], see METHODS). Again, the MEKi bypass 
resistance was strongly correlated with the SRC activa-
tion/dasatinib sensitivity, the EMT-like stemness and the 
CMS4 subtype (see Fig. 6 and Fig. 7 as well as Additional 
File 3_Fig S5 and Fig S6). The strong association of MEKi 
resistance with SRC-mediated EMT biology was also 
supported by its correlation with expression of the mes-
enchymal marker VIM and other known EMT-associated 
genes (Additional File 3_Fig S7 and Fig S8).

MEKi + SRCi sensitivities are predicted to occur 
predominantly in the KRAS-mutant, CMS4 and BRAF 
(V600E), CMS1 CRCs
The strong association of the 13-gene MEKi-resistance 
score with the SRC activation score was shown in Mof-
fitt 2012 CMS1-4 CRC tumors (Fig.  8a). When scat-
ter plots of 13-gene MEKi resistance vs SRC activation 
scores were made in each of individual CMS1-4 classes, 
it is clearly seen that CMS4 tumors were associated with 

Fig. 6 Validation analysis using the Marisa 585 CRC tumor dataset. (a) Scatter plots of the 18-gene MEK activation vs. the 13-gene MEKi 
bypass (BP) and the 13-gene MEKi BP vs. SRC activation signature scores in Marisa 585 CRCs. Higher (> 0 median) vs lower (< 0, median) scores are 
indicated by red vs blue colors. (b) Spearman correlation heatmap of the signature scores and CMS1*, CMS2*, CMS3* and CMS4* scores (measuring 
a propensity of a tumor to fall into CMS1, CMS2, CMS2 and CMS4 classes, respectively) in Marisa 585 CRC tumors. (c) Scatter plots of Hu-Lgr5-ISC, 
Hu-EphB2-ISC, Hu-Late TA, and Hu-Proliferation vs EMT signature scores, respectively (n = 585 CRCs). The quartile scores (Q1-Q4) of SRC activation 
signature are indicated by different colors (Q1, blue; Q2, green; Q3, yellow; Q4 red). (d) Comparison of the signature scores among the CMS1-4 
subtypes (n = 498). Bars represent Mean with standard errors (SEM). P values are for two-tailed Mann Whitney test

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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the highest 13-gene resistance and SRC activation scores 
(see Fig. 8b “CMS4” panel, RUQ), suggesting strong asso-
ciation of CMS4 tumors with SRC activation and MEKi 
resistance. In addition, the 18-gene MEK activation ver-
sus the 5-gene Dasa-S signature scores were plotted in 
422 CMS1-4 tumors with the mutation status of KRAS/
NRAS/BRAF/APC/TP53 (from 468 CRCs with both 
targeted sequencing and global gene expression data 
[3]). The remarkably-distinct associations of MUT vs 
WT RAS/RAF tumors with the CMS1-4 subtypes were 
observed (Fig.  8c). Note that no distinct association 
of MUT vs WT APC/TP53 tumors with the CMS sub-
types was seen (see Additional File 3_Fig S9). These data 
reveal that CMS1 tumors with BRAF (V600E) and CMS4 
tumors with KRAS/NRAS mutations were preferentially 
associated with both higher 18-gene MEK activation 
(potential MEKi sensitivity) and higher 5-gene dasatinib 
sensitivity scores (see Fig. 8c “CMS1” and “CMS4” panels, 
“right and upper” quadrants (RUQs)), suggesting these 
tumors may be likely responders to a combination ther-
apy of MEKi + SRCi in CRC. Similar results were seen in 
Marisa 458 CMS1-4 CRC tumors (Fig. 8d). Notably, the 
finding is also supported by the analysis of Medico 113 
CMS1-4 CRC cell lines (Fig.  8e) among which HCT116 
(CMS4, KRAS G13D) and LIM2405 (CMS1, BRAF 
(V600E) (both within Fig.  8e RUQs) were shown to be 
sensitive to MEKi + SRCi in  vitro (Additional File 3_Fig 
S10 and S11). HCT116, LIM2405 or HT29 cells grown 
in CSC media (vs non-CSC media) showed morphologi-
cally more mesenchymal-like or large colony sizes and 
displayed greater levels of MEKi (trametinib)-resistance, 
which was attenuated by SRCi (dasatinib) (Fig S10 and 
S11). In agreeing with this, a gene expression signature 
correlation analysis in Medico CRC cell lines (n = 154) 
shows a strong correlation of MEKi-resistance with EMT, 
SRC activation and dasatinib sensitivity (see Fig S10a).

Discussion
MEK is a canonical member of the RAS pathway and has 
been targeted for the development of therapeutic inhibi-
tors. However, MEK inhibitors, used alone, have been 
largely ineffective, likely due to intrinsic and adaptive 
resistance mechanisms [5–7]. These complex resistance 
mechanisms are poorly understood. Here, our exten-
sive gene expression signature analyses in human CRCs 

have revealed a novel, dominant biological feature in the 
MEKi-resistance mechanisms where SRC plays a central 
role and serves as a potential “Achilles’ heel”. Importantly, 
our data have identified subpopulations of RAS-activated 
CRC tumors that may be sensitive to combination of 
MEKi + SRCi, which has yet to be clinically investigated 
in CRC.

Our gene expression signature analyses in 2250 Moffitt 
CRC tumors, and in two independent CRC tumor data-
sets (Marisa (n = 585) [23], TCGA (n = 677) [47]) as well 
as in Medico CRC cell lines (n = 154) [24], revealed that 
the 13-gene MEKi “bypass”-resistance signature score 
was strikingly-correlated with SRC activation, as meas-
ured by two independently reported signatures measur-
ing SRC activation/dependency [27, 28] (Figs. 2,6,7,S10a). 
SRC activation was associated clinically with stage I-IV 
progression and metastasis, especially regional metasta-
sis, primary disease recurrence and poor overall survival 
(Fig.  2). In support of this, SRC activation was strongly 
correlated with the PC1 and EMT signatures and the 
EMT genes (e.g. ZEB2, TWIST1) (Figs. 3,S7,S8) that are 
known to promote migration, invasion and metastasis 
and to induce tumor cells to acquire stem cell charac-
teristics [41–43]. Note that we previously reported the 
PC1 signature predicted disease progression and recur-
rence in CRC [25] whereas TWIST1 overexpression was 
reported to be associated with nodal invasion (regional 
metastasis) in primary colorectal cancer [48]. At the 
same time, it was intriguing to see that a subset of EMT 
genes (SNAIL2, ZEB1, ZEB2, TWIST2) were specifically 
repressed in distant metastases, and thus may be linked 
to MET (the reverse process of EMT) (Fig S2). While 
EMT promotes cancer cell motility and dissemination, 
MET is thought to enhance metastatic colonization at 
distant sites [41–43]. Moreover, both MEKi resistance 
and SRC activation signatures were only modestly cor-
related with the humanized ISC signatures that reported 
to identify CRC stem cells and predict disease relapse 
[29] (Fig. 4). However, further analyses indicate that both 
MEKi-resistance and SRC activation were preferentially 
associated with tumors characterized by mesenchymal 
CSC (the EMT-like stemness) (Fig. 4). These data support 
a central role of SRC in mediating intrinsic and adaptive 
“bypass”-resistance to MEK inhibition in mesenchymal 
CSC-like CRCs.

(See figure on next page.)
Fig. 7 Validation analysis using the TCGA 677 CRC tumor dataset. (a) Scatter plots of the 18-gene MEK activation vs. the 13-gene MEKi 
bypass (BP) and the 13-gene MEKi BP vs. SRC activation signature scores in TCGA 677 CRCs. Higher (> 0 median) vs lower (< 0, median) scores are 
indicated by red vs blue colors. (b) Spearman correlation heatmap of the signature scores and CMS1*, CMS2*, CMS3* and CMS4* scores (measuring 
a propensity of a tumor to fall into CMS1, CMS2, CMS2 and CMS4 classes, respectively) in TCGA 677 CRC tumors. (c) Comparison of the signature 
scores among the CMS1-4 subtypes (n = 611). Bars represent Mean with standard errors (SEM). P values are for two-tailed Mann Whitney test. (d) 
Scatter plots of Hu-Lgr5-ISC, Hu-EphB2-ISC, Hu-Late TA, and Hu-Proliferation vs EMT signature scores. The CMS1-4 subtypes are indicated by red 
(CMS4) vs orange (CMS3) vs green (CMS2) vs blue (CMS1) colors
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Fig. 7 (See legend on previous page.)
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RAS pathway AR has been a recent major focus in tar-
geted therapies [8–12]. While great progress has been 
made in understanding the AR in response to BRAFi 
[8–11], much less is known about MEKi-induced AR 
mechanisms which appear to act through more diverse 
“bypass” signaling pathways. For example, while MEKi 
(selumetinib, AZD6244) may mediate feedback activa-
tion of EGFR in BRAF (V600E) CRC cells [9], no clini-
cal responses were observed in CRC patients treated with 
combination of MEKi with EGFRi [10]. This suggested 
that, in contrast to that observed with BRAFi treatments 
[9, 11], MEKi may mediate AR by a mechanism inde-
pendent of EGFR. This notion is supported by the obser-
vation that MEKi (selumtinib) induced MYC-dependent 
transcriptional upregulation of the ERBB3 receptor 
tyrosine kinase in KRAS-mutated CRC cell lines [7]. It is 
anticipated that MEKi may also induce feedback activa-
tion of additional RTKs in CRCs due to their associated 
genetic heterogeneity. In addition, it is formally possible 
that these RTKs may also directly contribute to intrinsic 
resistance mechanisms to MEK inhibitors [5]. Since it is 
practically difficult to develop and deliver multiple, cus-
tomized therapeutic inhibitors for a large variety of RTKs 
that could be involved in AR, we have hypothesized that 
targeting a common signaling node channeling mul-
tiple paths to MEKi resistance could be effective. The 
SRC oncogene is a well-studied non-receptor tyrosine 
kinase [16–19]. In response signaling from a variety of 
RTKs (including EGFR, HER2, HER4, PDGFR, VEGFR, 
FGFR4, GPCR, C-MET, IL-4/IL13/IL-13Rα2, IL-6ST/
IL-6R/IL-11R), SRC has been reported to mediate diverse 
cell signaling pathways including RAS/MAPK (prolifera-
tion), PI3K/AKT (survival), FAK (adhesion/migration/
EMT), and STAT3 (angiogenesis) [17, 49, 50]. These 
RTKs and signaling pathways may all possibly contribute 
to the development of adaptive resistance to MEKi. We 
have hypothesized that inhibition of SRC may block the 
induction of AR in a significant subpopulation of CRC 
with activated SRC, that may represent the drug-resistant 
CSC. In addition, SRC was shown to be activated down-
stream of Wnt signaling and was required for tumorigen-
esis after APC loss [44]. Recently, MEK inhibitors were 

reported to activate Wnt signaling and induce stem cell 
plasticity in CRC in  vitro [51]. Therefore, for the first 
time, we propose a novel role for SRC as a common targ-
etable node in MEKi resistance mechanisms of CRC, per-
mitting effective cancer stem cell targeting (Fig. 8f ).

Since its first description in 2015, CMS classifica-
tion [46] has been extensively explored for its clinical 
significance in predicting CRC prognosis and treat-
ment outcomes [52]. We have applied CMS classifica-
tion system to over 2000 Moffitt CRC tumors, as well 
as two independent CRC tumors datasets and one CRC 
cell line dataset, for subsequent signature correlation 
analyses (Figs. 5–8,S7,S8). We found that both poorly-
differentiated CMS4 (mesenchymal, stem cell subtype) 
and CMS1 (MSI, immune subtype) tumors [52] were 
associated with SRC-mediated MEKi resistance. Nota-
bly, CMS4 tumors were strongly associated with SRC-
mediated mesenchymal CSCs. Intriguingly, CMS1 
tumors had the highest 18-gene MEK pathway activa-
tion scores and the second highest scores in 13-gene 
MEKi bypass-resistance, SRC activation, 5-gene Dasa-
S and PC1 signatures but had the lowest Hu-Lgr5-ISC, 
and Hu-EphB2-ISC scores (Figs.  5–7), suggesting the 
association of CMS1 tumors with MEKi-resistance via 
a distinct mechanism from CMS4 tumors.

Notably, exploration of drug combinations of MEK 
and SRC inhibitors have been carried out in vitro using 
various types of cancer cell lines and to a less degree 
in vivo using mouse models, where enhanced anti-can-
cer effects have been reported [53–57]. However, it is 
known that the promise of targeted therapeutic agents 
supported by various cell line and/or animal studies has 
been often tempered by disappointing clinical activ-
ity, as shown in many clinical trials with unselected 
patients. Thus, development of rational combination 
therapies based on a deep understanding of targetable 
subpopulations of heterogeneous human tumors is still 
an unmet need. Our data suggest that KRAS/NRAS-
mutated CMS4 tumors, more so than BRAF-mutated 
(typically CMS1) tumors, were preferentially associ-
ated with the highest 18-gene MEK activation and 
5-gene Dasa-S scores (Fig.  8c-e, RUQs). This suggests 

Fig. 8 MEKi + SRCi were predicted to occur predominantly in the KRAS-mutant, CMS4 CRCs. (a) Spearman correlation analysis of the 
13-gene MEKi bypass vs. SRC activation signature scores in Moffitt 2012 CMS1-4 CRCs. (b) Scatter plots of 13-gene MEKi bypass vs. SRC activation 
scores are shown in CMS1 (n = 305), CMS2 (n = 675), CMS3 (n = 347) and CMS4 (n = 685), respectively, which clearly illustrate that CMS4 CRCs 
were preferentially associated with both higher 13-gene MEKi bypass and higher SRC activation scores (see the “CMS4” panel, the “right and upper” 
quadrant). (c) The 18-gene MEK activation versus the 5-gene Dasa-S signature scores were plotted in each of the CMS1-4 subtypes (n = 422 Moffitt 
CRC tumors with the mutation status of KRAS/NRAS/BRAF). BRAF (V600E) (blue); MUT KRAS/NRAS (red); WT RAS/RAF (gray). The 18-gene MEK activation 
versus the 5-gene Dasa-S signature scores were plotted in each of the CMS1-4 subtypes in (d) Marisa 458 CMS1-4 CRC tumors with MUT and WT 
KRAS/BRAF data and (e) Medico 113 CMS1-4 CRC cell lines with MUT and WT KRAS/BRAF data. These data suggest problematic RAS-mutant CMS4 
stem-like tumors may be sensitive to the novel drug combination of a SRCi + MEKi. f. A proposed model illustrates a central role of SRC in mediating 
resistance to MEK inhibition in mesenchymal-like cancer stem cells. SRC may serve as a common targetable node, suggesting potential for a new 
biomarker-driven (MEKi + SRCi) drug combination targeting problematic SRC-mediated, mesenchymal CSCs, especially KRAS-mutant CMS4 CRCs

(See figure on next page.)
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that these tumor subpopulations may be most sensi-
tive to a combination therapy of trametinib (MEKi) and 
dasatinib (SRCi), two FDA-approved targeted agents 
for other cancer treatments. While neither drug has 
been very effective as a single agent, their combinato-
rial effect on biomarker-selected subpopulations has 
yet to be explored in CRC. Currently, no good thera-
peutic option is available for CRC patients harboring 
RAS mutations.

The limitations of our study are the retrospective 
nature of primarily in silico bioinformatic analysis with 
the use of gene expression signature scores as a surro-
gate for MEKi or SRCi sensitivity due to the paucity of 
available human tumor data from CRC patients treated 
with MEKi or SRCi therapy. Moreover, the combination 
of MEKi + SRCi has never been tested in CRC patients. 
While our cell line data (Fig S10 and S11) are limited, 
they are supportive. To justify a future prospective 
clinical trial, more extensive experimental studies using 
heterogenous CRC cell lines and PDX models may be 
needed to preclinically validate our analysis suggesting 
that problematic KRAS/NRAS-mutated CMS4 CRC 
tumors may be sensitive to combined MEKi + SRCi 
therapy.

Conclusions
Our compelling findings, derived directly from a com-
prehensive, multi-signature pathway signaling analysis 
of thousands of CRC tumors, have suggested a mecha-
nism and means to subvert AR (or intrinsic resistance) in 
the highly drug-resistant CSC, by inhibiting a common 
SRC signaling node. Here, for the first time, these robust 
human data support a scientific rationale for the “fast-
track” development of a novel biomarker-driven drug 
combination (MEKi + SRCi) to treat drug-resistant sub-
populations of CMS4 patients harboring KRAS/NRAS 
mutations (42–44%, Fig. 8c,d).
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