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Abstract

Intra-tumor heterogeneity (ITH) is crucial in tumorigenesis and resistance to target therapy. Here, we used mutant-allele 
tumor heterogeneity (MATH) to measure ITH based on next-generation sequencing data and high MATH was proven as 
an independent risk prognostic factor in male CRC patients in both a training set of 284 colorectal cancer (CRC) patients 
with from The Cancer Genome Atlas (TCGA) and a validating set of 187 CRC patients from International Cancer Genome 
Consortium (ICGC). Further, the genomic pattern according to MATH demonstrated that mutation rates of TP53, IRF5 and 
KRAS were independently associated with MATH, and the latter two were only significant in male patients. As MATH 
increased, the fraction of somatic copy number alteration (SCNA) elevated. Moreover, more SCNA events was independently 
associated with MATH in male than in female. WNT pathway, TGF-β pathway and DNA repair deficiency was enriched in 
high MATH group and the latter two showed up only in male patients. In summary, we reveal the gender-related prognostic 
value of MATH and relevant genomic pattern in CRC. Potential mechanisms are provided and it remains to be proven 
whether they are drivers of subclone formation and ITH. Taking MATH into consideration in clinical trial might contribute 
to better therapeutic strategies in CRC with researches added on in the future.

Introduction
With the development of precision medicine, the genetic and 
phenotypic heterogeneity of tumor has been widely noted 
recently. The heterogeneity, including inter-tumor heterogene-
ity and intra-tumor heterogeneity (ITH), is significant in tumor 
progression and clinical choices (1,2). ITH, also known as vari-
ation between tumor cells within individual tumor, was attrib-
uted to genetic diversity from acquisition of genomic instability 
and subsequent mutations. The coexistence of multiple sub-
clones and heterogeneous cell phenotypes have impact on clini-
cal diagnosis, therapeutic responses and metastases. Therefore, 
patients with high level of ITH are less sensitive to single 

targeted therapy (3). To date, few articles have documented the 
association between high ITH and poor outcome in cancers (4,5).

ITH was used to be assessed by several methods such as com-
bined analyses of markers associated with cellular differentia-
tion, multiregional biopsies, single cell sequencing and ultra-deep 
sequencing of mutations (6–8). However, these direct techniques 
face a great mount of challenges to be clinically applied on large 
population. Taking analysis of markers as an example, the mark-
ers are difficult to be standardized and quantitated. Moreover, 
application of imaging techniques is required but guidelines for 
scoring and reporting have not yet been established.
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Nowadays, some methods have been proposed to meas-
ure intra-tumor genomic heterogeneity with the proliferation 
of next-generation sequencing (NGS) (9,10). Mutations were 
found more frequent in the ancestral subclones, while less in 
other progeny ones. Consequently, more heterogeneous tumors 
have a broader distribution of mutant-allele fractions among 
tumor-specific mutated loci (3). Mutant-allele tumor heteroge-
neity (MATH), calculated by the width of distribution, avoids the 
practical and theoretical difficulties and measures ITH deriv-
ing directly from whole-exome sequencing data (11). MATH is 
a simple, quantitative and applicable way to demonstrate ITH, 
since NGS of tumor DNA is expected to be widely applied and 
generalized in clinic in the future.

ITH assessed by MATH was evaluated as a prognostic bio-
marker in head and neck squamous cell carcinoma and applied 
to other cancers (4,12,13). Nonetheless, the prognostic signifi-
cance of ITH and genomic pattern associated with different lev-
els have not been explored in colorectal cancer (CRC) yet. CRC is 
a complex disease with considerable divergences in the response 
to treatment, even in tumors with similar histopathological 
features. Thus, ITH has been known as one of the most plau-
sible explanation (14). Using published NGS data of a training 
set of 284 CRC patients from The Cancer Genome Atlas (TCGA) 
and an independent validating set of 187 CRC patients from 
International Cancer Genome Consortium (ICGC) data portal, 
we investigated the connection between not only clinical value 
but also genomic portrait and intra-tumor genetic heterogeneity 
measured by MATH.

Materials and methods

Patients and outcome measurement
Clinical characteristics, whole-exome sequencing (~1% of the genome, 
at 150-fold mean sequence coverage), RNAseq Version 2 RSEM and seg-
mented SCNA data of patients with CRC were obtained from TCGA. We 
exclude patients without available data of whole-exome sequencing, age, 
sex, stage, primary site, histology type and follow-up time. 284 patients 
with CRC diagnosed between 1999 and 2011 were enrolled into the train-
ing cohort. Simple somatic mutations of cancer genomes in the validation 
cohort was from release 23 of ICGC. Finally, the data used for further anal-
ysis contained 187 patients with complete information of simple somatic 
mutation, age, sex, TNM stage, primary site and follow-up time. Outcomes 
of interest in our study was overall survival. Overall survival was calcu-
lated from the date of diagnosis to the date of death. Deaths of any cause 
were treated as events, and patients were still alive at the time of the last 
follow-up were treated as censored observations.

Mutant Allele Tumor Heterogeneity
The MATH score is calculated as the percentage ratio of MAD and the 
median of its mutant-allele fractions at tumor-specific mutated loci, 
which is based on whole-exome sequencing data of tumor and matched 
normal DNA: MATH = 100*MAD/median. The tertiles of MATH was used as 

cutoff points to divide patients into low MATH, intermediate MATH and 
high MATH groups.

Genomic analysis
Somatic copy number alteration was analyzed by Genomic Identification 
of Significant Targets in Cancer (GISTIC) 2.0. The amplification and deletion 
threshold was respectively set at log2 ratio >0.9 and log2 ratio <−0.3. False-
discovery rate (FDR) q values obtained for each region reflected and the sta-
tistical significance of the aberrations. The fraction of SCNA was obtained 
from University of California at Santa Cruz Human Genome Browser (http://
genome.cse.ucsc.edu/). Gene Set Enrichment Analysis (GSEA) was per-
formed to present the gene set enriching in high MATH group than the low 
using 13311 gene sets from Molecular Signatures Database (MSigDB).

Statistical analysis
Patient baseline characteristics were compared among the MATH groups 
by ANOVA and Bonferroni test for pair-wise comparison. Log-rank 
(Mantel-Cox) test was applied to compare the overall survival between 
different groups. Univariate and multivariate Cox regression were 
employed to determine the independently prognostic role of MATH, 
which was treated as not only a continuous variable but also a categorical 
variable. The prevalence of non-silent somatic mutations was compared 
among different MATH groups with Chi-square test and logistic regres-
sion model adjusting tumor stage and primary site. Fraction of SCNA 
were compared by MATH using one-way analysis of variance by ranks 
(Kruskal–Wallis Test).

Identification of SCNA events and analysis of gene set enrichment 
were performed by GISTIC 2.0 and GSEA software, respectively. Other sta-
tistical methods were all analyzed by R version 3.2.3 (http://cran.r-pro-
ject.org) and Stata statistical software, version 12.0 (StataCorp, College 
Station, TX). P values were all two-sided and statistical significance was 
set at P < 0.05 if not mentioned. All confidence intervals (CIs) were stated 
at the 95% confidence level.

Results

Baseline characteristics and MATH

The mean value of MATH was 41.58 in the training cohort and 
46.41 in the validating cohort. Among patients in the training 
cohort, 94, 93 and 93 patients were in low, intermediate and 
high MATH group, with 24.05, 40.90, and 59.62 as mean value of 
MATH in each group, respectively. The distribution of MATH was 
shown in Figure 1. The MATH with different clinicopathological 

Abbreviations 

CIN  chromosomal instability
CRC  colorectal cancer
ICGC  International Cancer Genome Consortium
ITH  intra-tumor heterogeneity
MAD  median absolute deviation
MATH  mutant-allele tumor heterogeneity
NGS  next-generation sequencing
SCNA  somatic copy number alteration
TCGA  The Cancer Genome Atlas
TGF-β  transforming growth factor-β

Figure 1. Frequency of mutant-allele tumor heterogeneity (MATH) score among 

284 patients with colorectal cancer in the training cohort. MATH score is dis-

played along the horizontal axis and number of patients with MATH within the 

specific ranges on the vertical axis. 

http://genome.cse.ucsc.edu/
http://genome.cse.ucsc.edu/
http://cran.r-project.org
http://cran.r-project.org


J.Zhang et al. | 839

characteristics of tumors was summarized in Table 1. In one-
way analysis of variance (ANOVA), we found significant associa-
tion between the MATH and clinicopathological characteristics 
including tumor stage, N stage, primary site and MATH groups. 
Patients with stage II had lower level of MATH score than stage 
III (P < 0.001) and stage IV (P = 0.003) by Bonferroni test for pair-
wise comparison. Similarly, the MATH score of patients with 
N0 stage was significantly lower than N1 stage (P < 0.001) and 
N2 stage (P < 0.001). To further explore relationship of clinico-
pathological characteristics and MATH in gendered subgroup, 
the same methods mentioned above were also performed on 
female and male patients.

The mean value of MATH in low, intermediate and high 
MATH group of validation cohort was 26.91, 47.30 and 46.45, 
respectively. The MATH according to different clinicopathologi-
cal characteristics of tumors was summarized in Supplementary 
Table 1, available at Carcinogenesis Online. In ANOVA, we found 
age, N stage, M stage and MATH groups were significantly 

associated with MATH. Further, we performed the same analysis 
on female and male patients.

Effect of MATH on survival

Then we explored the prognostic value of MATH and other varia-
bles in all patients and subgroups. In the training cohort, we found 
that age and tumor stage were significantly associated with OS in 
univariate Cox regression in all patients, likewise in gender-sub-
groups including male and female patients. Interestingly, MATH 
score was a significantly prognostic factor only in male patients 
by univariate Cox regression analysis, with P = 0.025 as contin-
uous variable and P = 0.019 in high MATH group as categorical 
variable. The unadjusted OS by MATH was calculated by Kaplan–
Meier curves (Figure 2). After adjusting above dependent variables 
in multivariate Cox regression, they were still independent prog-
nostic factors in all or subgroup patients except tumor stage in 
male patients. In conclusion, we found that high MATH score was 
an independent risk factor which predicted the outcome of male 

Table 1. Baseline characteristics and MATH in training cohorta

Characteristic

All (n = 284) Female (n = 124) Male (n = 160)

MATH N Per. P value MATH N Per. P value MATH N Per. P value

41.58 284 100.00% 41.05 124 100.00% 42.00 160 100.00%
Age 0.330 0.176 0.858
 ≤50 40.68 45 15.85% 38.06 20 16.13% 42.77 25 15.63%
 51–70 43.10 130 45.77% 43.96 55 44.35% 42.47 75 46.88%
 >70 40.16 109 38.38% 39.00 49 39.52% 41.10 60 37.50%
Race 0.867 0.632 0.994
 White 41.39 235 82.75% 40.74 106 85.48% 41.93 129 80.63%
 Black 41.44 20 7.04% 41.40 8 6.45% 41.48 12 7.50%
 Asian 40.34 8 2.82% 26.86 1 0.81% 42.27 7 4.38%
 Unknown 44.36 21 7.39% 45.91 9 7.26% 43.19 12 7.50%
Sex 0.615 / /
 Female 41.05 124 43.66%
 Male 42.00 160 56.34%
Stage <0.001 0.018 0.004
 Stage I 38.74 40 14.08% 39.09 16 12.90% 38.50 24 15.00%
 Stage II 36.96 108 38.03% 35.85 43 34.68% 37.70 65 40.63%
 Stage III 45.73 95 33.45% 43.87 45 36.29% 47.41 50 31.25%
 Stage IV 46.91 41 14.44% 47.42 20 16.13% 46.43 21 13.13%
T 0.839 0.727 0.375
 T1 38.58 8 2.82% 38.22 5 4.03% 39.19 3 1.88%
 T2 40.97 41 14.44% 41.73 17 13.71% 40.43 24 15.00%
 T3 41.51 201 70.77% 41.70 89 71.77% 41.35 112 70.00%
 T4 43.50 34 11.97% 36.77 13 10.48% 47.66 21 13.13%
N <0.001 0.018 <0.001
 N0 37.31 153 53.87% 37.05 61 49.19% 37.48 92 57.50%
 N1 45.45 81 28.52% 44.64 38 30.65% 46.17 43 26.88%
 N2 48.39 50 17.61% 45.33 25 20.16% 51.45 25 15.63%
Site 0.004 0.061 0.031
 Colon 39.96 207 72.89% 39.37 88 70.97% 40.40 119 74.38%
 Rectum 45.94 77 27.11% 45.15 36 29.03% 46.64 41 25.63%
Histology 0.084 0.317 0.142
 Mucinous adenocarcinoma 37.18 34 11.97% 36.59 11 8.87% 37.46 23 14.38%
 Other adenocarcinoma 42.18 250 88.03% 41.48 113 91.13% 42.76 137 85.63%
MATH <0.001 <0.001 <0.001
 Low 24.05 94 33.10% 22.94 40 32.26% 24.87 54 33.75%
 Intermediate 40.90 95 33.45% 40.92 41 33.06% 40.88 54 33.75%
 High 59.62 95 33.45% 58.00 43 34.68% 60.95 52 32.50%

aMATH score in this table is the mean of MATH scores in each subgroup.
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patients with CRC, when treated as both continuous variable 
(HR = 1.025, 95% CI 1.004–1.047, P = 0.017) and categorical vari-
able (Ref: low; high: HR = 3.617, 95% CI 1.438–9.099, P = 0.006), but 
not a significant predictor for OS in either all or female patients. 
Detailed information was presented in Table 2.

For patients of validation set, N stage and MATH were sig-
nificantly associated with OS in univariate Cox regression. In 
subgroup analysis, MATH was a prognostic factor only in male 
patients as continuous variable or categorical variable. The 
unadjusted OS by MATH was calculated by Kaplan–Meier curves 
(Supplementary Figure 1, available at Carcinogenesis Online). After 

adjusting above dependent variables in multivariate Cox regres-
sion, MATH was still an independent prognostic factor in male 
patients. Detailed information was presented in Supplementary 
Table 2, available at Carcinogenesis Online.

MATH and somatic mutations

In order to find out the reasons behind the gender-related prog-
nostic value of MATH, the relationship between MATH and 
genomic pattern in 284 CRC patients from TCGA was further 
analyzed, especially based on gender. Then we studied the con-
nection between MATH and non-silent somatic mutation rate 
of distinct genes. The five most prevalent somatic mutations in 
each MATH group were shown in Supplementary Figure 2, avail-
able at Carcinogenesis Online. The mutation rates of APC, TP53, 
TTN, KRAS and NEFH ranked in the top five in all MATH group 
for all patients. OBSCN and MUC16 were only shown in the low 
MATH group on the list of top five, while NEFH and IRF5 were 
only in the high MATH group. Additionally, KRAS did not make 
the top five prevalent mutations in high MATH group as in low 
and intermediate group. In the subgroup analysis, we found that 
the somatic mutation pattern in different MATH groups was 
various by gender. For example, female patients had obviously 
lower mutation rates of APC than male in the low MATH group 
(55 versus 70.37%), but much higher in the high MATH group 
(90.7 versus 75%).

To further make research on the independent association 
between MATH and somatic mutation rate, we chose candi-
date genes by P < 0.05 with Chi-square test and evaluated inde-
pendent effect of MATH by logistic regression model adjusting 
tumor stage, histology and primary site (Supplementary 
Table 3, available at Carcinogenesis Online). Only genes with a 
minimum mutation rate of 20% was included. All genes with 
mutation rate independently increasing or decreasing as 
MATH elevated was shown in Supplementary Table 4, available 
at Carcinogenesis Online. Then we explored deeply the impact 
of MATH score on TP53, IRF5 and KRAS in Supplementary 
Figure  3, available at Carcinogenesis Online. The mutation of 
TP53, as the second top prevalent mutations with 62.68% of 
patients, was independently correlated to higher MATH score 
in all patients (P  <  0.001), as same as female (P  =  0.003) and 
male (P  <  0.001) subgroups. The frequency of IRF5 mutation 
significantly increased as MATH elevated in all (P = 0.017) and 
male patients (P = 0.005), however, there was no similar ten-
dency in female patients (P = 0.82).The mutation rate of KRAS, 
which was associated with lower MATH, was revealed to drop 
independently when MATH increased only in all (P = 0.019) and 
male patients (P < 0.001), but not in female patients (0.444).

MATH score and somatic copy number alteration

Next, we would like to look for the relationship between MATH 
score and somatic copy number alteration (SCNA). As shown 
in Supplementary Table  5, available at Carcinogenesis Online, 
median fraction of SCNA for in 284 CRC patients from TCGA 
in low, intermediate and high MATH group was 9.34, 24.03 and 
30.49% respectively. The fraction of SCNA was compared by 
MATH using one-way analysis of variance by ranks (Kruskal–
Wallis Test) and P < 0.001. In pairwise comparison, it was vali-
dated that the fraction of SCNA significantly elevated along with 
an increasing in MATH, whether in all, female or male patients.

GISTIC 2.0 was utilized to find SCNA events related to MATH. 
Then logistic regression and Benjamini–Hochberg test was used 
to identify focal and arm-level SCNA event independently asso-
ciated with MATH score (Figure 3). In a logistic regression model 

Figure 2. Kaplan–Meier survival curves in the training cohort: The overall sur-

vival of patients with colorectal cancer according to mutant-allele tumor het-

erogeneity (MATH) groups. (A) In all patients: χ2 = 1.72, P = 0.424. (B) In female 

patients: χ2 = 0.45, P = 0.798. (C) In male patients: χ2 = 6.15, P = 0.046.
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adjusting for multiple testing using the Benjamini–Hochberg 
approach, we demonstrated 21 SCNA events to be indepen-
dently associated with MATH score for all patients, with 3 and 
20 for female and male at a P value <0.05 respectively, which 
were shown in Supplementary Table 6, available at Carcinogenesis 
Online.

Gene enrichment in the high MATH groups

Finally, we investigated the association between MATH and 
gene expression on RNA level in 284 CRC patients from TCGA. 
GSEA was used to carry out analysis with 13311 gene sets down-
loaded from MSigDB. Compared to low MATH group, 166, 6 and 
166 gene sets were upregulated with P < 0.05 as well as FDR q 
value <0.5 in high MATH group for all, female, and male patients, 
respectively. All these significant gene sets were summarized in 
Supplementary Tables 7–9, available at Carcinogenesis Online. 
The results presented higher expression of gene sets related to 
WNT pathway, TGF-β pathway and DNA repair deficiency aris-
ing at higher MATH score, while the latter two appeared only in 

male patients (Table 3). Heat maps for gene expression profile in 
these pathways of CRC patients with high and low MATH score 
(pink: high expression and blue: low expression) were show in 
Supplementary Figures 4–6, available at Carcinogenesis Online.

Discussion
ITH is recognized as a vital barrier to treatment of cancer 
because of resistance to targeted therapy resulting from het-
erogeneous subclones (15). Hence, high genetic heterogeneity 
was supposed to provide a risk for poor survival in patients with 
cancers. As a heterogeneous disease, ITH in CRC mainly derived 
from three general ways of genetic alteration: chromosomal 
instability (CIN), microsatellite instability and CpG island meth-
ylator phenotype (CIMP) (16,17).

As a novel method to measure ITH, MATH has been reported 
as biomarker of outcome of patients with head and neck squa-
mous cell carcinoma in several previous studies (4,5). However, 
the differences according to ITH evaluated by MATH have not 
been thoroughly explored at genomic level so far. As far as we 
know, this is the first study focusing the prognostic value of 
MATH and further investigating the pattern of somatic muta-
tions and SCNA and gene set enrichment according to MATH in 
CRC patients.

With published NGS data of a training set of 284 CRC 
patients from TCGA and an independent validation set of 187 
CRC patients from ICGC, we found that higher ITH measured 
by MATH was an independent risk factor in male patients with 
CRC. Interestingly, the prognostic value of MATH is gender-
dependent. Even though there is no obvious difference in MATH 
between female and male, our study reveal that genomic aberra-
tions according to MATH in different sex groups are quite differ-
ent, which may account for the gender-related prognostic value. 
It will be discussed in depth later.

Figure 3. Somatic copy number alteration events independently associated with mutant-allele tumor heterogeneity (MATH) with P < 0.05 in the logistic regression 

adjusting for multiple testing by Benjamini–Hochberg approach in the training cohort. Red indicates low MATH group, green indicates intermediate MATH group and 

blue indicates high MATH group. Alteration rate is displayed along the vertical axis, while the direction of arrow represents SCNA gain (above 0) or loss (below 0).

Table 3. Hallmark gene sets that are highly expressed in high MATH 
group

Gene set

ALL (n = 284) NOM P-value FDR q-value

 HALLMARK_WNT_BETA_ 
CATENIN_SIGNALING

0.002 0.330

Male (n = 160)
 HALLMARK_TGF_BETA_

SIGNALING
0.037 0.260

 HALLMARK_UV_RESPONSE_DN 0.006 0.367
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Our study also indicates that MATH is associated with unique 
biological pattern on DNA and RNA level, such as somatic muta-
tions, copy number alteration and expression of gene sets. 
Factors related to higher MATH score include advanced tumor 
stage, more lymph nodes involved, primary site in rectum, TP53 
mutation and higher fraction of SCNA. As a well-known tumor 
suppressor, TP53 plays an important role in DNA repair and 
apoptosis regulation (18,19). The finding of more TP53 mutations 
in patients with higher MATH is in line with previous reports 
that TP53 involved in maintaining genetic stability (20,21). 
Additionally, it remains to be further studied why some muta-
tions, such as KRAS, have significant lower frequency as MATH 
elevated.

Considering unique genomic pattern associated with MATH 
in male may contribute to its gender-related prognostic value, 
analyses were performed on the distinct genetic pattern related 
to MATH in gender subgroups. Evidences suggest that the 
impact of MATH on somatic mutations was different based on 
gender. IRF5, also known as the transcription factor interferon 
regulatory factor 5, has been reported as a p53 target gene and 
is required for DNA damage-induced apoptosis (22). It is inter-
esting to note that IRF5 mutation increased as MATH elevated 
only in male patients. Therefore, we suggest male patients 
with higher MATH are more likely to be defective in DNA repair 
resulting from mutation of TP53 and IRF5, which would contrib-
ute to poor outcome. SCNA events are regarded to be relevant to 
tumor behavior (23,24). Some of SCNA events associated with 
MATH score in this study were reported as indicators of poor 
prognosis across human cancer (25–27). For example, we found 
copy number deletion of Chr18q21.2 was an independent indi-
cator of elevated MATH only in male subgroup, with SMAD4 in 
peak region. SMAD4, a known CRC predisposition gene, has a 
key role in transforming growth factor-β (TGF-β) signaling path-
way, and decreased SMAD4 mRNA levels appear to be associated 
with a worse prognosis and poorer response to 5-FU (28,29). It is 
yet to be further determine whether these SCNA events defined 
by GISTIC 2.0 are driver events of elevated ITH. Moreover, male 
patients have more SCNA events independently related to 
MATH, which might explain the gender-related prognostic value 
of MATH.

Another analysis on genomic aberration according to MATH 
was gene enrichment analysis by GSEA. We found that WNT 
associated gene sets were related to high MATH. Subgroup 
analysis in male patients demonstrated that gene sets related 
to TGF-βpathway and DNA repair deficiency were significantly 
unregulated in high MATH group. WNT pathway has a crucial 
role in oncogenesis. Mutation and altered expression of compo-
nents of the canonical WNT pathway are linked to cancer as well 
as other human diseases. As a negative regulator of the WNT 
pathway, the mutation of tumor suppressor gene APC ranked 
the first in all MATH group for all CRC patients as presented 
above. TGF-β signaling pathway is involved in a wide range of 
cellular process and SMAD4 participates in composition of a het-
erotrimeric complex, which translocates into the nucleus and 
acts as a TGF-β-induced transcription factor for various genes. 
Considering the fact that deletion of Chr18q21.2 was linked to 
high MATH only for male patients, SMAD4 loss may account 
for altering TGF-β signaling. Numbers of studies have reported 
that loss of SMAD4 protein expression or SMAD4 copy number 
involves the generation of genomic instability, although the 
underlying mechanism remains to be further investigated (30–
32). The UV response pathway, which is downregulated in high 
MATH group for the male, is a vital repair mechanisms of DNA 
damage-related injury (33). Generally, the ability of response to 

DNA damage is crucial to the maintenance of genomic stabil-
ity and the prevention of cancers (34,35). The overexpression 
of gene sets related to DNA repair deficiency in the high MATH 
group within male patients corresponded to higher mutation of 
TP53 and IRF5 in male, which were both required for DNA repair 
(36). These results shed light on the deep mechanisms of how 
genomic aberration on genetic level predicted ITH. We supposed 
that the strategies targeting WNT signaling, TGF-β signaling and 
DNA repair deficiency, such as IWR-1 targeting APC–Axin–GSK3β 
complex, restoration of SMAD4 and DNA repair enzyme, may 
have potential clinical value in CRC patients with higher ITH 
(37–39).

Inevitably, our study had several limitations. Information of 
therapies was incomplete in the TCGA and ICGC data portal, 
which could act as confounding factors in the effect of MATH 
on survival and genetic pattern. Moreover, more detailed and 
direct evidences are needed to validate mechanisms of ITH with 
multiple methods in further researches. Nonetheless, we reveal 
for the first time that higher ITH measured by MATH in male 
patients with CRC was an independent risk factor for shorter 
overall survival. According evidences above, we hypothesize this 
finding resulted from biological distinction at different MATH 
score in male. Mutation of IRF5 and TP53, SCNA events indepen-
dently related to MATH including deletion of Chr18q21.2, as well 
as TGF-β signaling and DNA repair deficiency predicted higher 
genetic heterogeneity measured by MATH and probably account 
for the gender-related prognostic value of MATH, since they 
were only observed in male patients.

Previous studies reported that genomic aberrations involv-
ing CIN and microsatellite instability and CIMP status in CRC 
are gender-associated (40–42). Even though CIN, microsatel-
lite instability and CIMP reflect one aspect of ITH, they had 
little influence on MATH calculation. Median absolute devia-
tion (MAD) and the median of its mutant-allele fractions at 
tumor-specific mutated loci are used to calculate MATH and 
minimize the influence of outlier loci. Although CIN is not 
reported in this article, it could be inferred from the data 
of SCNA events. It is evident from Supplementary Table  3, 
available at Carcinogenesis Online, that the difference of the 
proportion of SCNA between the two gender groups is little. 
However, we found that the SCNA events associated with 
MATH in male were obviously more than in female. So, we 
suggest that the association between MATH and SCNA might 
be different in the two gender groups, in other words, the 
association between MATH and CIN might be different in the 
two gender groups. Still, our study didn’t reveal the reason for 
this difference, but it might contribute to the gender-related 
prognostic value.

Notwithstanding, it remains to be studied in the future 
whether these molecular characteristics are driver of subclone 
formation and why they only show up in male. At present, the 
failure to target mutations driving resistance to chemotherapy 
in subclones imposes a restriction on predicting the response to 
treatment (15). Novel therapeutic approaches targeting poten-
tial mechanisms of ITH as well as therapeutic strategies accord-
ing to specific MATH score are expected to be studied in further 
researches. Considering the promising role of NGS in future 
clinical practice, MATH, as a simple way to measure ITH, will be 
a significant biomarker in therapy selection and survival predic-
tion for male patients with CRC. 

Supplementary material
Supplementary data are available at Carcinogenesis online.
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