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Abstract

Risk stratification in stage II and III colorectal cancer (CRC) patients is critical, as it allows patient 

selection for adjuvant chemotherapy. In view of the inadequacy of current clinicopathological 

features for risk-stratification, we undertook a systematic and comprehensive biomarker discovery 
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effort to develop a risk-assessment signature in CRC patients. The biomarker discovery phase 

examined 853 CRC patients, and identified a gene signature for predicting recurrence-free 

survival (RFS). This signature was validated in a meta-analysis of 1212 patients from nine 

independent datasets, and its performance was compared against established prognostic signatures 

and consensus molecular subtypes (CMS). In addition, a risk-prediction model was trained 

(N=142), and subsequently validated in an independent clinical cohort (N=286). As a result, this 

mesenchymal-associated transcriptomic signature (MATS) identified high-risk CRC patients with 

poor RFS in the discovery (hazard ratio (HR) :1.79), and nine validation cohorts (HR:1.86). In 

multivariate analysis, MATS was the most significant predictor of RFS compared to established 

prognostic signatures and CMS subtypes. Intriguingly, MATS robustly identified CMS4-subtype 

in multiple CRC cohorts (AUC=0.92–0.99). In the two clinical cohorts, MATS stratified low and 

high-risk groups with a 5-year RFS in the training (HR:4.11) and validation cohorts (HR:2.55), 

as well as predicted response to adjuvant therapy in stage II and III CRC patients. We report a 

novel prognostic and predictive biomarker signature in CRC, which is superior to currently used 

approaches and have the potential for clinical translation in near future.
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Introduction

Clinical decision making for adjuvant chemotherapy, which includes selection of most 

appropriate patient subgroups, as well as optimal treatment regimens, remains the most 

pressing challenge in the management of stage II and III colorectal cancer (CRC) patients1. 

This is an even greater concern in stage II CRC patients, where even though various risk 

factors are routinely considered for guiding adjuvant chemotherapy decisions2–4, there is 

a no consensus biomarkers available that allow selection of patients who might benefit 

the most from adjuvant treatments and spare the rest from their toxicity and expense5. To 

address this important unmet clinical need for the identification of high-risk stage II CRC 

patients, several multigene expression signatures have been reported6–9. However, in spite 

of best intentions (e.g. Oncotype DX), thus far, none of these gene signatures have been 

successfully translated into routine clinical practice.

In stage III CRC patients, six months of oxaliplatin-containing adjuvant chemotherapy 

is the standard treatment regimen following radical surgery5; however, oxaliplatin often 

causes sustained, severe neuropathy in many patients10. Recently, the International Duration 

Evaluation of Adjuvant Chemotherapy (IDEA) trial examined the efficacy of a shorter 

duration of oxaliplatin-containing adjuvant chemotherapy to minimize or prevent such 

severe neuropathy. Interestingly, patients at low risk for tumor recurrence (T1–3, N1) 

treated with a shorter duration of an oxaliplatin-containing regimen, exhibited no significant 

differences in disease-free survival (DFS) but reported markedly reduced neurotoxicity 

compared to the standard six-month treatment regimen in stage III CRC patients. These 

findings highlight the importance of selecting low-risk stage III CRC patients who can 

potentially be managed by regimes with as less toxic as possible. Collectively, there is the 
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imperative need of robust prognostic and predictive biomarkers that can facilitate optimal 

risk stratification for low and high-risk stage II and III CRC patients. Availability of 

such markers will lead to more appropriate treatment modalities and potentially result in 

improved survival outcomes in CRC patients.

Recently, the colorectal cancer subtyping consortium (CRCSC) encompassing of six large 

international groups proposed consensus molecular subtypes (CMS), which segregate all 

CRCs into four distinct molecular categories11. Among these, the CMS4 subtype is 

characterized by increased expression of epithelial-to-mesenchymal transition (EMT) genes 

and correlates with poor overall survival (OS) and relapse-free survival (RFS). Although 

such a CMS-based classification has been a significant step forward in recognizing 

unique subgroups of CRCs, the translation of this approach into the clinic for patient 

prognostication has been hampered as it requires analysis of hundreds and thousands of 

genes. Furthermore, the current CMS classification method is challenging for interrogating 

individual patient response prediction; hence, simpler approaches in delineating the CRC 

subtypes is urgently needed to aid in clinical decision making12. In view of the increased 

recognition for the participation of EMT pathway and its association with the CMS4 subtype 

with poor outcomes in CRC patients, herein, we utilized a unique, first of its kind approach, 

by focusing our biomarker discovery efforts on developing a mesenchymal-associated 

transcriptomic signature (MATS) for patient prognosis and predicting response to adjuvant 

chemotherapy. To this end, we performed whole genome transcriptomic profiling using 

laser capture microdissected (LCM) colorectal cancer specimens and specifically identified 

genes associated with EMT. We subsequently evaluated and validated the performance of 

MATS in multiple, large cohorts of CRC patients, as well as demonstrated its superiority 

against various commercial platforms (e.g. OncotypeDX, CRCassigner, ColoGuidePro) for 

determining patient survival, as well as its ability to identify patients who could benefit from 

5FU-based adjuvant chemotherapy.

Materials and Methods

Biomarker discovery

To identify a transcriptomic signature associated with the mesenchymal subtype in CRC, 

we analyzed multiple datasets which included analysis of our own gene expression profiling 

data, as well as large datasets available in the public domain. First, we performed gene 

expression profiling in RNA derived from 152 CRC tissue specimens that were carefully 

microdissected using laser capture microscopy (LCM), for tumor cell enrichment, and the 

dataset is available at GSE7122213. In order to identify genes associated with an EMT 

phenotype, we first selected the genes that were positively correlated with vimentin (VIM). 

We prioritized candidate genes whose correlation coefficient with VIM were greater than 

0.6. Thereafter, the candidate genes were prioritized in the GSE41258 dataset comprising 

of 186 CRC and 54 normal colon mucosa specimens14 by selecting genes that were 

upregulated in CRC (adjusted P value < 0.05). This led to the identification of 34 

candidate genes, which were subsequently evaluated in another large dataset of 461 stage 

II and III CRC patients (GSE39582), for evaluating their prognostic potential by using 

the least absolute shrinkage and selection operator (LASSO) Cox regression analysis15. 
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This finally, resulted in an eight-gene panel, which was finally defined as a Mesenchymal 

Associated Transcriptomic Signature (MATS). The flow chart of the study design is shown 

in Supplementary Figure S1.

Determination of association between MATS and CMS4 in CRC

To determine the association between the MATS genes and CMS4 subtype, we analyzed 

six publicly available datasets, which included GSE39582 (N=566), GSE17536 (N=177), 

GSE33113 (N=90), TCGA microarray (N=209), TCGA RNA seq (N=323) and GSE104645 

(N=193). CMS status of GSE39582, GSE17536, GSE33113 and TCGA datasets were 

obtained from the CRCSC11, while the CMS status of GSE104645 dataset was obtained 

from the corresponding publication16. We plotted receiver operator characteristic (ROC) 

curves to evaluate the accuracy of MATS in the identification of CMS4 CRC patients.

Meta-analysis of MATS for predicting recurrence-free survival in CRC patients

To validate the prognostic potential of MATS, we performed a meta-analysis of this 

signature in nine publicly-available gene expression datasets that we have complied and 

published previously17. In brief, patients were identified, and corresponding gene expression 

data was downloaded from the GEO repository (https://www.ncbi.nlm.nih.gov/geo/). 

Following quality control evaluation, each case was MAS5 normalized, and the mean 

expression of each case was centered to 1000. The MATS signature was established by using 

the mean expression of the eight selected genes. For each gene, JetSet was used to select 

the most reliable probe set representing that given gene18. The only exception was BCAT1, 

because this gene was not present in the HGU133A arrays, and JetSet selection is based on 

the ranking in HGU133A. Survival analysis was performed by computing Cox proportional 

hazards regression. Survival differences were visualized using a Kaplan-Meier plot. Survival 

analysis was performed using the MATS signature and relapse-free survival (RFS) using the 

survival R package and GraphPad Prism Ver. 6.0 (GraphPad Software, San Diego, CA). In 

the multivariate analysis, the continuous MATS signature was converted to 0/1 (high/low) 

using the median as a cut-off. Subsequently, the MATS signature was compared with various 

features including the MSI status, gender, stage, tumor location, and mutational status of the 

TP53, KRAS, and BRAF genes. In addition, we also compared the performance of MATS 

with previously established genes signatures including the OncotypeDX, CRCassigner, 

ColoGuidePro, Budinska, DeSousa, and Marisa, as described previously17, in a multivariate 

analysis. When comparing the expression levels in different cohorts, Kruskal-Wallis H-test 

was used. Statistical significance was set at P<0.05, and the false discovery rate was (FDR) 

computed to account for multiple testing correction.

Patient cohorts

To validate the results from the biomarker discovery efforts, performance of MATS was 

evaluated in 428 stage II and III CRC patients, enrolled at two independent institutions. 

Initially, for biomarker training, we analyzed fresh frozen tissues specimens from 142 CRC 

patients enrolled at the National Cancer Center Hospital, Tokyo, Japan, between 2004 and 

2006 (the training cohort). For the validation of MATS, we analyzed another independent 

cohort of formalin-fixed paraffin-embedded (FFPE) tissues specimens from a cohort of 286 

CRC patients enrolled at the Tokyo Medical and Dental University Hospital, Tokyo, Japan, 

Matsuyama et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2022 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncbi.nlm.nih.gov/geo/


between 2007 and 2011 (the validation cohort). The clinicopathological characteristics of the 

training and validation cohorts are shown in Supplementary Table S1. Patients who received 

radiotherapy or chemotherapy prior to surgery were excluded. All patients in an adjuvant 

setting were treated with fluoropyrimidine-based drugs (5FU+leucovorin, capecitabine, S-1), 

and none of patients received oxaliplatin-containing adjuvant treatment in either of our 

in-house clinical cohorts. A written informed consent was obtained from all patients for 

their willingness to participate in this study, and the study was approved by the institutional 

review boards of all participating institutions. The RFS time periods were calculated from 

the date of surgery, as defined previously11. The Tumor Node Metastasis (TNM) staging 

was performed according to the American Joint Committee on Cancer (AJCC) established 

criteria.

MATS for predicting palliative chemotherapy response in CRC patients

We also explored the predictive significance of MATS in a palliative setting where 

metastatic CRC patients received either FOLFOX or an anti- epidermal growth factor 

receptor (EGFR) therapy, by analyzing GSE28702 and GSE5851 datasets, where RECIST 

outcomes were available for determining patient response. In GSE28702, metastatic CRC 

patients were treated by FOLFOX as a first line chemotherapy. In GSE5851, patients already 

received at least one prior chemotherapeutic regimen for their metastatic lesion. Then 

they were treated by cetuximab monotherapy. The detail of patients’ characteristics were 

described previously19 20.

RNA extraction and qRT-PCR

Total RNA extraction from fresh frozen and FFPE specimens was performed using 

the RNeasy Mini kit and Allprep FFPE kits (QIAGEN, Hilden, Germany) respectively, 

according to the manufacturer’s instructions. Thereafter, cDNA was synthesized from 2 

μg of total RNA by using the High Capacity cDNA Reverse Transcription Kit (Thermo 

Fisher Scientific, Waltham, MA). The qRT-PCR assays were performed using QuantStudio 

7 Real-Time PCR System (Applied Biosystems, Foster City, CA). We used 5 ng of cDNA 

in each well and the SensiFast Low-rox probe Master Mix (Bioline, London, UK). The 

following PCR cycling conditions were used: 2 min at 95°C for enzyme activation, 50 cycles 

of 95°C for 10 s and 60°C for 50 s for denaturation, annealing and extension. The primer 

sequences used in this study are shown in Supplementary Table S2.

Microsatellite instability (MSI) analysis

Microsatellite instability (MSI) analysis was conducted using five mononucleotide repeat 

microsatellite markers (BAT-25, BAT-26, NR-21, NR-24, and NR-27) in a pentaplex PCR 

system, as described earlier21.

Statistical analysis

The expression level of target genes was normalized against ACTB using the 2−Δct 

method. Association between the gene signature and various clinicopathological factors 

were assessed by the χ2 test. All P values were 2-sided, and those less than 0.05 were 

considered statistically significant. We calculated the Hazard Ratios (HRs) for RFS using 
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univariate cox-regression analysis for individual genes in MATS. To build the multi-gene 

MATS, we performed multivariate cox-regression analysis by including all individual genes. 

Subsequently, for Kaplan-Meier (KM) analysis, we stratified patients based on Youden’s 

index derived cut-off thresholds22. The qRT-PCR–based MATS risk scores were calculated 

using the formula derived from the multivariate Cox model. The coefficients of each of 

the genes are listed in Supplementary Table S3. In these analyses, we classified patients 

with a risk score of 0.57 or higher as high-risk of disease recurrence (high-risk group), and 

those with a risk-score lower than 0.57 as low-risk of disease recurrence (low-risk group). 

The same coefficients and cut-off thresholds derived from the training cohort were applied 

to the independent validation cohort. KM-analysis and log-rank test were conducted for 

estimating and comparing the survival rates in CRC patients with low and high-risk MATS 

scores. Univariate and multivariate Cox proportional hazards analysis were performed to 

compare the performance of MATS with other clinicopathological features, in both the 

clinical training and validation cohorts. The predictive accuracy of MATS for determining 

therapeutic benefit from fluoropyrimidine-based adjuvant chemotherapy was undertaken by 

comparing the RFS rates in patients with and without chemotherapy. Considering that a 

majority of stage II CRC patients in our in-house clinical cohorts (93% in the training cohort 

and 89% in the validation cohort) did not receive adjuvant chemotherapy, the predictive 

biomarker potential of MATS was limited to the stage III patients only. We performed 

statistical analyses using the GraphPad Prism Version 6.0 (San Diego, CA), Medcalc version 

16.1 (Ostend, Belgium) and the R-software version 3.3.1.

Results

Identification of a mesenchymal-associated transcriptomic signature (MATS) for predicting 
tumor recurrence in CRC patients

As illustrated in the Supplementary Figure S1, we first performed a careful laser capture 

microdissection of tissue specimens (to enrich for tumor cells) in a cohort of 152 CRC 

patients, which was followed by gene expression profiling analysis. Subsequently, we 

identified a panel of 87 candidate genes that significantly correlated with vimentin, which 

is a key EMT-associated gene (Supplementary Table S4). Thereafter, we further narrowed 

down this list of candidate genes by validating them in another cohort of CRC and matched 

normal tissues, which led us to identify a panel of 34 genes that were consistently and 

significantly associated with a mesenchymal phenotype and were upregulated in CRC 

patients (Supplementary Table S5). We next performed Lasso Cox regression analysis 

to establish a clinically-actionable, gene classifier for predicting recurrence-free survival 

(RFS), by analyzing another large cohort of 461 CRC patients with a stage II and 

III disease. This effort resulted in the identification of an eight-gene panel (COL1A2, 

COL3A1, FN1, POSTN, FSTL1, BCAT1, DKK3 and PRR16), which we referred to as a 

mesenchymal-associated transcriptomic signature (MATS). In this initial exploratory cohort, 

MATS demonstrated a promising prognostic potential, as evident from its ability to robustly 

stratify all CRC patients into low and high-risk groups, which exhibited five-year RFS rates 

of 69% and 52%, respectively (HR: 1.79 [1.32–2.44], P<0.001; Figure 1a).
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MATS is highly accurate in identifying CMS4-positive CRC patients

As our initial hypothesis stemmed from identifying a robust epithelial mesenchymal gene 

signature, we were enthused to understand the relationship between MATS and the CMS4 

subtype – considering that this specific CRC subtype associates with a mesenchymal 

phenotype and poor prognosis. It was encouraging to observe that our biomarker discovery 

process was indeed quite robust, because each of the eight MATS-associated genes 

were significantly upregulated in the CMS4 positive CRC patients; a finding that was 

validated in six, large, independent CRC datasets (Supplementary Figures S2–7). When we 

performed a binary logistic regression analysis in these six datasets to distinguish CMS4 

vs. CMS1–3 patients, the ROC curve analysis and corresponding area under the curve 

(AUC) values for MATS in each of these cohorts were remarkably high: 0.94 (GSE39582), 

0.92 (GSE17536), 0.99 (GSE33113), 0.95 (TCGA-microarray), 0.97 (TCGA RNA seq) 

and 0.92 (GSE104645). Not only the cumulative AUC value of MATS was high, it was 

very reassuring to observe that even each of the individual genes exhibited remarkably 

robust AUC values across all the datasets (Supplementary Table S6) for the identification 

of CMS4 subtypes, ranging from: 0.86–0.93 (COL1A2), 0.80–0.94 (COL3A1), 0.81–0.89 

(FN1), 0.77–0.91 (POSTN), 0.76–0.97 (FSTL1), 0.48–0.92 (BCAT1), 0.76–0.92 (DKK3), 

0.62–0.89 (PRR16). These data highlight the robustness of MATS in identifying CMS4 

associated CRC patients; as supported by its promising prognostic and predictive potential in 

this malignancy.

The recurrence prediction potential of MATS was successfully validated in multiple, large, 
CRC datasets

Next, to further validate the prognostic potential of MATS, we performed a meta-analysis by 

combining gene expression profiling data from nine publicly-available datasets (GSE41258, 

GSE14333, GSE37892, GSE39582, GSE33113, GSE17538, GSE12945 and GSE38832). 

Interestingly, in line with our initial discovery and exploratory phase analysis, MATS-

derived risk scores significantly discriminated low vs. high-risk patients in terms of 5-

year RFS rates (HR=1.86 [1.45–2.38]; Figure 1b). To rule out any potential confounding 

effects for the use of adjuvant chemotherapy, we analyzed treated and untreated patients 

separately; where once again, MATS was a significant predictor of poor RFS in high-risk 

patients, independent of adjuvant chemotherapy (Figure 2a). In addition, MATS significantly 

associated with CMS4 (Figure 2b) as well as other known clinicopathological risk factors 

such as a higher TNM stage (Figure 2c) and proximal tumor location (Figure 2d), while 

no significant associations were observed with regards to the MSI status (Figure 2e), TP53, 
KRAS and BRAF gene mutations (Supplementary Figure S8).

To further understand the clinical significance of MATS in the context of previously 

published gene signatures and CRC subtypes (DeSousa, Marisa, Budinska and CMS 

classifications), as well as several commercially marketed assays (OncotypeDX® colon, 

CRCassigner-786 and CologuidePro), we performed a multivariate analysis by including 

gene signatures from all these panels. Intriguingly, among all these signatures, only the 

MATS and Desousa classifications were found to be independent predictors of RFS in CRC 

patients, with MATS being significantly superior as reflected by significantly higher HRs 

(HR=1.47 [1.17–1.77)] for MATS vs. HR=1.20 [1.03–1.37] for Desousa; Figure 1c).

Matsuyama et al. Page 7

Int J Cancer. Author manuscript; available in PMC 2022 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The recurrence prediction potential of MATS was independently validated in the in-house 
training and validation cohorts of CRC patients

To further ascertain and validate the prognostic significance of MATS in a clinical setting, 

we performed a qRT-PCR-based training and validation in two independent in-house clinical 

cohorts. One of the eight genes (PRR16) did not consistently amplify in these assays; 

hence, we reduced the MATS signature to the remaining seven genes. The Figure 3a depicts 

univariate analysis for the prediction of RFS for each of the seven genes individually, 

and cumulatively as MATS. The HRs of individual genes ranged from 1.95 to 3.11. 

Subsequently, we combined all seven genes in a Cox regression model to build a prognostic 

training classifier for the prediction of RFS in CRC patients. When we used this training 

classifier for risk prediction, we observed that patients with low-risk scores derived from 

MATS generally demonstrated better RFS vs. those with high-risk scores (HR=4.11, 95% CI 

2.02–8.42; P<0.0001; Figure 3b).

Next, using the same model coefficients and cutoff scores derived from the training cohort, 

we applied these in an independent validation cohort (N=286). As illustrated in Figure 3c, 

the univariate analysis for each of the seven genes in the validation cohort yielded HRs 

ranging from 1.68 to 5.44. Consistent with the results from the training cohort, patients with 

lower risk-scores demonstrated better survival than those with higher risk-scores (5-year 

RFS rates were 56% for the high-risk group, and 82% for the low-risk group; HR=2.55, 

95% CI 1.60–4.08, P<0.0001; Figure 3d). The detailed associations between MATS-derived 

risk scores and various clinicopathological factors in the training and validation cohorts 

are shown in Table 1. In univariate analysis, MATS, T4, lymphatic invasion and lymph 

node metastasis were significant predictors of RFS in both patient cohorts. In multivariable 

analysis, only MATS and T4 emerged as independent predictors of RFS in both cohorts 

(Table 2). These results further highlights the predictive potential of MATS, a signature 

which was independently validated across multiple CRC cohorts including a qRT-PCR based 

internal validation cohort, highlighting its potential applicability in routine clinical settings. 

Furthermore, we evaluated the RFS using this model in patients with stage II and stage III 

CRC separately in the validation cohort. This model efficiently distinguished RFS in patients 

with both stage II and stage III CRC as depicted in the Kaplan-Meier curve analysis (HR: 

2.70, P =0.006 and HR: 2.04, P < 0.02, respectively, Supplementary Figure 9A, B).

MATS is also a robust predictor of response to adjuvant and palliative chemotherapy in 
CRC patients

To evaluate the benefit from 5FU-based adjuvant chemotherapy, we first analyzed 88 stage 

III patients who were stratified into low- and high-risk groups based on MATS within the 

training cohort. We noticed that the 5FU-based adjuvant chemotherapy associated with a 

higher RFS rates in stage III, MATS low-risk patients (5 year survival rates were 89% 

with chemotherapy vs. 69% with no chemotherapy, HR: 2.96; P=0.05, Figure 4a); while no 

differences were observed in MATS high-risk patients, HR: 1.41; P=0.65 (Figure 4b).

Likewise, in the validation cohort of 125 stage III patients, the 5FU-based adjuvant 

chemotherapy correlated with a higher rates of RFS in the MATS low-risk group (5 year 

survival rates were 82% with chemotherapy vs. 56% with no chemotherapy, HR: 2.88; 
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P=0.04; Figure 4c), while no significant differences were noted in the MATS high-risk 

group, HR: 0.92; P=0.83 (Figure 4d).

In view of the observed predictive potential of MATS in an adjuvant setting, we next 

questioned whether it can predict therapeutic response in patients treated in a palliative 

setting, by analyzing two cohorts of metastatic CRC patients. In the first cohort of 83 

unresectable CRC patients with available RECIST scores19, MATS was able to achieve 

an AUC of 0.74 (sensitivity% 70.4%, specificity% 74.3%, P=0.0001, Figure 4e) in 

predicting response to FOLFOX as first line chemotherapy. Response rate was 29.5% in 

MATS high risk patients and 74.3% in MATS low risk patients, respectively. Interestingly, 

MATS also yielded an impressive AUC of 0.76 (sensitivity% 83.3%, specificity% 47.3%, 

P=0.001, Figure 4f) in predicting response to cetuximab in metastatic CRC patients in the 

Khambata-Ford20 cohort (N=68 with RECIST response status). While KRAS mutations 

alone yielded an AUC of 0.70 (sensitivity% 90.0%, specificity% 51.2%, P=0.012, Figure 

4f), a combination of MATS together with KRAS mutations, further improved the AUC 

values to 0.85 (sensitivity% 96.0%, specificity% 61.7%, P=0.0001, Figure 4f) in predicting 

response to cetuximab treatment. The disease control rate was 16.6% in MATS high risk 

patients and 47.3% in MATS low risk patients, respectively. By combining MATS with 

KRAS mutation, the disease control rate could be predicted more precisely as 4.0% in 

high risk patients and 61.7% in low risk patients, respectively. Taken together, these results 

further emphasize the clinical utility of MATS, both in prognosis, as well as in predicting 

response to chemotherapy and anti-EGFR therapy in CRC patients.

Discussion

In this study, we primarily developed and validated a mesenchymal associated 

transcriptomic signature from laser capture microdissected (LCM) CRC samples to improve 

the current prognosis and adjuvant treatment prediction in stage II and III CRC patients 

using a comprehensive approach as well as utilizing multiple CRC patient cohorts. LCM 

was used to reliably identify the transcriptome of tumor epithelial cells which have 

undergone EMT. Our efforts have led to the identification of a clinically translatable 

mesenchymal transcriptomic signature that was quite robust in identifying poor CMS4 

molecular subtype, and predicting RFS across multiple CRC cohorts. More importantly, 

MATS was independent and superior to earlier published prognostic signatures such 

as OncotypeDX, CRCassigner, ColoGuidePro, as well the molecular subtypes that are 

previously published along with the consensus molecular subtypes that were established in 

CRC recently. MATS was also superior and independent of the current clinical risk-factors 

put forward by National Comprehensive Cancer Network (NCCN) for identifying high-risk 

CRC patients.

Interestingly, in our in-house cohort stage III patients with MATS low-risk benefited 

significantly from 5FU-based adjuvant chemotherapy alone with an excellent prognosis. 

Conversely, those with MATS high-risk did not benefit from 5FU-based adjuvant 

chemotherapy alone. Recent NCCN guideline recommends oxaliplatin containing adjuvant 

chemotherapy for stage III patients. However, stage III patients are heterogeneous in survival 

patterns when classified by T and N categories23. Therefore, MATS low-risk stage III 
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patients might be able to be treated by 5FU-based drug alone, sparing them from the 

potentially toxic and expensive oxaliplatin-based regimen. In addition, our exploratory 

analysis in metastatic CRC patients revealed two significant associations 1) MATS is an 

excellent predictive marker for FOLFOX therapy in first-line treatment of unresectable CRC 

patients, and 2)MATS is a better as well as an independent predictor of cetuximab response 

in metastatic CRC patients.

Taken together, MATS is not only beneficial to predict RFS but also helps in guiding 

treatment decisions. This is one of the major concerns of prognostic markers which are 

published thus far in CRC and one of the biggest strengths of the MATS classifier. In 

addition, MATS is probably one of the most robust and clinically translatable gene signature 

published so far that can identify CMS4 subtype patients with excellent accuracy. Early 

exploratory studies published recently show the value of CMS4 subtyping in predicting 

response to chemotherapy both in adjuvant as well as palliative settings16, 24–28. Therefore, 

MATS could play a huge role in clinical translation being able to identify the poor CMS4 

subtype with utmost accuracy.

Recently, many researchers have studied blood-based biomarkers for CRC as it is minimally 

invasive and useful in several clinical purposes, from detecting early-stage cancer to 

monitoring tumor progression. As several researchers have recently reported mRNA blood 

markers29 30, we expect the stability and relative abundance of MATS genes in circulation. 

In future, MATS may eventually be translated into a blood-based marker for predicting 

outcome and treatment response, as well as surveillance.

The major limitation of this study is its retrospective nature. Therefore, our results should be 

further validated in a large prospective multicenter trials to evaluate the potential of MATS 

in recurrence prediction. In addition, the predictive ability of MATS in various clinical 

regimens that are administered in both adjuvant as well as palliative setting needs to be 

further validated in large retrospective as well as prospective multinational clinical cohorts.

In conclusion, our findings indicate that the MATS classifier can effectively assign patients 

with stage II and III CRC into low and high-risk groups, thereby adding complementary 

prognostic value to the traditional clinicopathological risk factors and mismatch repair 

status currently used to estimate the prognosis of these patients. Moreover, our study 

show that the MATS could help to identify low-risk stage III patients who can benefit 

from fluoropyrimidine-based adjuvant chemotherapy alone. MATS might facilitate reduction 

of unnecessary oxaliplatin-based adjuvant therapy currently being performed in patients 

with stage III CRC. Thus, MATS potentially offers clinical value in directing personalized 

medicine and tailored decision making in stage II and III CRC patients. Since we developed 

an RT-PCR based ‘risk prediction model’ using our gene signature, this score can be readily 

applied to independent, future prospective cohorts to evaluate the potential of this new 

classifier for decision making in CRC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty & Impact

In view of the inadequacy of currently used clinicopathological features for risk-

stratification in patients with colorectal cancer (CRC), we undertook a systematic 

and comprehensive biomarker discovery effort to develop a mesenchymal-associated 

gene signature, for risk-assessment in this disease. This signature was validated in 

a meta-analysis of 1212 patients with stage II and III CRCs from nine independent 

datasets, as well as two independent in-house patient cohorts. We report that our 

signature-derived low-risk patients with stage III disease significantly benefited from 

adjuvant chemotherapy with an excellent prognosis, whereas the high-risk patients did 

not. Furthermore, our exploratory analysis revealed that our signature was an excellent 

predictor for therapeutic response to FOLFOX and cetuximab, in metastatic settings. 

Taken together, our signature potentially offers clinical value in directing personalized 

treatment options for patients with colorectal cancer.
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Figure 1: 
Mesenchymal associated transcriptomic signature (MATS) and its association with 

recurrence free survival in comparison to earlier published gene signatures and its ability 

to predict chemotherapy response (a) Kaplan-Meier survival curve derived from the LASSO 

cox regression model of MATS in the GSE39582 exploratory cohort. (b) Meta-analysis of 

the MATS classifier in predicting recurrence free survival using 9-independent microarray 

gene expression cohorts (c) Multivariate analysis of MATS in comparison to the earlier 

published gene expression signatures and subtypes
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Figure 2: 
Association of MATS with adjuvant chemotherapy and other known molecular markers. (a) 

MATS was a significant predictor of poor RFS, independent of adjuvant chemotherapy. 

(b, c, d and e) MATS significantly associated with CMS4 as well as other known 

clinicopathological risk factors such as a higher TNM stage and proximal tumor location, 

while no significant associations were observed with regards to the MSI status. *P < 0.05; 

****P<0.0001.
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Figure 3: 
Constructing and validating mesenchymal associated transcriptomic signature (MATS) by 

qRT-PCR in independent in-house clinical cohorts. Univariate cox proportional hazard 

model derived hazard ratios (HR) and 95% CIs for individual MATS genes in predicting 

relapse-free survival; training cohort (a) and the validation cohort (c). Kaplan-Meier survival 

curve (b) of MATS for relapse-free survival in the training cohort. Kaplan-Meier survival 

curve (d) of MATS for relapse-free survival in the validation cohort.
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Figure 4: 
Chemotherapy predictive ability of MATS in both adjuvant and palliative setting (a) Kaplan-

Meier survival curve for stage III patients in MATS low group, which were stratified by 

the receipt of fluoropyrimidine based chemotherapy alone in the in-house training cohort 

(b) Kaplan-Meier survival curves for stage III patients in MATS high group in the in-house 

training cohort (c) Kaplan-Meier survival curves for stage III patients in MATS low group 

in the in-house validation cohort (d) Kaplan-Meier survival curves for stage III patients in 

MATS high group in the in-house validation cohort (e) ROC curve of MATS in predicting 

FOLFOX response in mCRC patients analyzed using GSE28702 external validation cohort 
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(f) ROC curve of MATS, KRAS as well as MATS+KRAS in predicting cetuximab response 

in mCRC patients analyzed using GSE5851 external validation cohort. Sen: Sensitivity, Spe: 

Specificity
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Table 1:

Association between MATS risk score and clinicopathological factors

Training Cohort Validation Cohort

MATS risk score MATS risk score

Variables Low High P value Low High P value

(N=107) (N=35) (N=144) (N=142)

Gender

Male 58 26 0.03 73 89 0.04

Female 49 9 71 53

Age

<65 71 24 0.80 42 54 0.11

≥65 36 11 102 88

Location

Colon 57 14 0.17 104 80 0.005

Rectum 50 21 40 62

Histology

Differentiated 99 30 0.22 135 126 0.13

Undifferentiated 8 5 9 16

Tumor size

≤45mm (median) 58 13 0.07 69 43 0.002

>45mm 49 22 70 94

not available 5 5

T stage

T1–3 79 22 0.21 108 90 0.03

T4 28 13 36 52

Lymphatic invasion

Absent 73 19 0.13 70 61 0.36

Present 34 16 74 80

not available 0 0 0 1

venous invasion

Absent 43 10 0.21 18 10 0.12

Present 64 25 126 131

not available 0 0 0 1

Lymphnode Metastasis

Absent 40 14 0.78 95 65 <0.001

Present 67 21 49 77

Preoperative CEA

<5 75 21 0.26 85 77 0.53

5≤ 32 14 58 61

not available 0 0 1 4
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