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ABSTRACT

Colorectal cancer (CRC) is well characterized in terms of genetic mutations and the mechanisms by which they contribute to car-
cinogenesis. Mutations in APC, TP53, and KRAS are common in CRC, indicating key roles for these genes in tumor development
and progression. However, for certain tumors with low frequencies of these mutations that are defined by tumor location and
molecular phenotypes, a carcinogenic mechanism dependent on BRAF mutations has been proposed. We here analyzed targeted
sequence data linked to clinical information for CRC, focusing on tumors with a high tumor mutation burden (TMB) in order
to identify the characteristics of associated mutations, their relations to clinical features, and the mechanisms of carcinogenesis
in tumors lacking the major driver oncogenes. Analysis of overall mutation frequencies confirmed that APC, TP53, and KRAS
mutations were the most prevalent in our cohort. Compared with other tumors, TMB-high tumors were more frequent on the
right side of the colon, had lower KRAS and higher BRAF mutation frequencies as well as a higher microsatellite instability (MST)
score, and showed a greater contribution of a mutational signature associated with MSI. Ranking of variant allele frequencies
to identify genes that play a role early in carcinogenesis suggested that mutations in genes related to the DNA damage response
(such as ATM and POLE) and to MSI (such as MSH2 and MSH6) may precede BRAF mutations associated with activation of the
serrated pathway in TMB-high tumors. Our results thus indicate that TMB-high tumors suggest that mutations of genes related
to mismatch repair and the DNA damage response may contribute to activation of the serrated pathway in CRC.

Abbreviations: CIMP, CpG island methylator phenotype; CNA, copy number alteration; CV, coefficient of variation; DDR, DNA damage response; FFPE, formalin-fixed paraffin-embedded;
MMR, mismatch repair; MSI, microsatellite instability; NMF, nonnegative matrix factorization; PI3K, phosphatidylinositol 3-kinase; RPM, reads per million; RTK, receptor tyrosine kinase;

iant allele frequency.
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1 | Introduction

Colorectal cancer is a well-characterized malignancy with re-
gard to associated genetic mutations and the mechanisms under-
lying their contributions to carcinogenesis. On the basis of the
frequency of chromosomal abnormalities, a model of colorectal
carcinogenesis has been proposed in which normal epithelial
cells transition to adenoma and then to carcinoma as a result of
the stepwise acquisition of genetic mutations [1]. Mutations in
APC, TP53, and KRAS genes have been found to play key roles
in colorectal cancer development [2]. Indeed, high frequencies
of mutations in APC, TP53, KRAS, and PIK3CA have been de-
tected in many colorectal cancer cohorts, including The Cancer
Genome Atlas (TCGA) [3-6], establishing these mutations as
broadly relevant to colorectal carcinogenesis, regardless of ge-
netic background. However, the frequencies of such mutations
differ according to tumor location. For instance, APC and TP53
mutations are more frequent in left-sided colon cancer, whereas
KRAS mutations are more frequent in right-sided colon cancer
[7]. Such differences suggest that stepwise mutations of APC,
TP53, KRAS, and PIK3CA do not fully explain the mechanisms
of colorectal carcinogenesis.

In addition to mutation frequencies, right-sided and left-sided
colon tumors differ according to adenoma type [8], morphol-
ogy [9], immune cell infiltration and response to immunogens
[10, 11], metastasis sites [12], age and sex association [11], prog-
nosis at various stages [13], and the effects of treatment including
the efficacy of antibodies to EGFR and postoperative chemo-
therapy [14]. These clinical and treatment response differences
suggest that the mechanisms of cancer development also differ
in a manner dependent on tumor location.

Classification of colorectal cancer has advanced not only with
regard to these site-specific characteristics [15] but also at the
molecular level, including features such as microsatellite in-
stability (MSI) and CpG island methylator phenotype (CIMP)
[16-20]. Measurement of CpG island methylation at eight sites
allowed the definition of three classes of colorectal cancer
based on the number of methylated sites, with these classes
being found to differ with regard to 5-year survival rate [21]. In
another study, the combination of CIMP status (based on five
methylation sites), KRAS and BRAF mutations, and MSI status
defined five subtypes of colorectal cancer that also differed in
survival outcome [22]. CIMP positivity is associated with BRAF
mutations and leads to epigenomic abnormalities as a result of
the methylation of mismatch repair (MMR) genes, a mechanism
of carcinogenesis known as the serrated pathway [23]. However,
the mechanism by which BRAF mutations give rise to such hy-
permethylation is not fully understood.

In the present study, we focused on cases of colorectal cancer
with a high tumor mutation burden (TMB). Clinicians in our
team observed in real-world clinical settings that TMB-high,
defined as > 10 mutations/Mb (including both synonymous and
nonsynonymous substitutions), often fails to predict a favorable
response to immune checkpoint inhibitors (ICIs). To address
this, we redefined TMB-high based solely on nonsynonymous
substitutions and analyzed targeted sequence data linked to clin-
ical information in order to identify characteristics of these mu-
tations and their clinical implications. Examination of overall

and individual mutation frequencies in TMB-high cases con-
firmed similarities between our cohort and previously reported
data. On the basis of variant allele frequency (VAF) of individ-
ual mutations, we attempted to identify early mutations in the
carcinogenesis of TMB-high and MSI cases. Despite the limited
number of loci for the targeted sequencing, we also analyzed
single-nucleotide substitution patterns to elucidate etiology.

2 | Materials and Methods
2.1 | Clinical Samples

From April 2021 to August 2022, Fujita Health University
Hospital conducted a gene panel test free of charge as an in-
house research study on 1000 cases of solid cancer. Of the 404
cases of colorectal cancer patients who were diagnosed and
underwent surgery during this period as part of their regular
treatment, 150 cases who were given an explanation of this
study and consented to participate in the study were included
in this analysis. Postoperative pathological tissue samples were
obtained from 150 individuals with primary colorectal cancer
who underwent colectomy at Fujita Health University Hospital
between 16 April 2021 and 22 August 2022. Cases of hereditary
colorectal cancer and colitic cancer were excluded. The research
protocol was approved by the Ethics Committee of Fujita Health
University Hospital (approval no. HM21-172), and written in-
formed consent was obtained from all patients regardless of
disease stage classification or treatment history. Clinical and
pathological classification was performed according to the 9th
edition of the Japanese Classification of Colorectal Carcinoma.

2.2 | Targeted Exome Sequencing

Genomic testing was performed in-house using the PleSSision-
Rapid-Neo testing platform as described in previous studies
[24]. Briefly, the hematoxylin and eosin-stained slides were
marked by pathologists, and genomic DNA was extracted from
10-pum-thick formalin-fixed paraffin-embedded (FFPE) tissue
sections of microdissected tumor-rich areas with the use of a
Maxwell RSC FFPE Plus DNA Kit (AS1720) for capture probe
sequencing. The quantity and quality of DNA were assessed
with a 4200 TapeStation System (Agilent Technologies) and high
quality DNA, defined as having a DNA integrity number (DIN)
>2.0, was used for the sequencing library preparation. The DNA
(10-100ng) was processed for preparation of a targeted sequenc-
ing library with SureSelectXT Low Input Target Enrihment with
Pre-Capture Pooling (Agilent Technologies). Briefly, DNA ex-
tracted from FFPE tissues was enzymatically fragmented using
the SureSelect Enzymatic Fragmentation Kit and SureSelect
custom design panel (Agilent Technologies). Target regions of
all 145 genes were specifically enriched using oligonucleotide
probes. The overhung DNA fragments were then end-repaired,
adenylated, ligated to index/sequencing adapters, enriched by
PCR, and purified according to the manufacturer's instructions.
The quality and quantity of the purified pre-capture library
were evaluated using an Agilent 4200 TapeStation with D1000
ScreenTape (Agilent Technologies). Hybridization capture and
library purification were performed according to the manufac-
turer's instructions. The captured library pools were enriched
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by PCR and purified and quantified using an Agilent 4200
TapeStation with High Sensitivity D1000 ScreenTape (Agilent
Technologies). The enriched libraries were sequenced with a
NextSeq 2000 instrument (Illumina), generating 150-bp paired-
end reads.

2.3 | Sequencing Read Analysis

The obtained sequence data were analyzed with the
GenomelJack pipeline of Mitsubishi Electric Software
Corporation (http://genomejack.net) for mapping to the ref-
erence genome and variant calling. Mutation annotations
were performed on the basis of information from the COSMIC
(https://cancer.sanger.ac.uk/cosmic), ClinVar (https://www.
ncbi.nlm.nih.gov/clinvar), CIViC (https://civicdb.org/home),
SnpEff (https://pcingola.github.io/SnpEff), and Clinical
Knowledgebase (CKB: https://ckb.jax.org) databases. TMB
and copy number alteration (CNA) were calculated from the
resulting data. In the case of CNA, for determination of the
baseline data used for count correction per amplicon, the
number of reads sequenced in each of the 145-panel amplicon
probe design domains was counted so as to calculate the reads
per million (RPM) value (the number of reads per one mil-
lion sequence reads). The coefficient of variation (CV), mean,
and median values for RPM of each amplicon in at least 100
FFPE samples were then determined, and the RPM median of
the amplicons with a CV of <0.32 and mean of >10 was set
as the baseline. The number of reads sequenced for each of
the 145-panel amplicon probe design domains was counted to
calculate the copy number and to determine the RPM value
for each sample. The log, (sample RPM median/baseline RPM
median) value was determined for amplicons that satisfied
the conditions of CV <0.32 and mean > 10, and the overall
standard deviation (SD) and median value of this log, ratio
for each gene were calculated. Genes with a log, ratio median
value exceeding the SD or exceeding 2SD were categorized
as amplification-like and amplification, respectively. In addi-
tion, genes with a log, ratio median value below —SD or below
—2SD were categorized as loss-like and loss, respectively. As a
control, 50 genomic DNA samples were applied to normalize
the read depth per amplicon. Only amplicons with a CV of the
read depth of <1.5 were used. CNA was calculated for genes
that had more than six amplicons, and it was measured as the
median value of each amplicon per gene. TMB was standard-
ized relative to the number of nonsynonymous somatic muta-
tions per million bases within the target sequence. TMB-high
was defined as >20 mutations per megabase. MSI was scored
with the use of the MSIsensor program [25, 26] included with
the testing panel, with scores of > 0.2 defined as MSI-high.

2.4 | Mutation Analysis

Variant call files were converted to mutation annotation files
with the use of vef2maf [27] and were analyzed with R version
4.3.1 [28]. Common variants predicted by GenomeJack were
excluded. Analysis of the distribution and visualization of gene
mutation types and clinical information were performed with
maftools [29]. The relations between gene mutations and clinical
information were analyzed with two-dimensional cross-tables

and the Fisher exact test for independence. To investigate the as-
sociation between TMB status and mutations, while accounting
for the potential confounding effects of nonsynonymous TMB
values, logistic regression models were constructed using the
glm function in R. For each gene, mutation status was set as the
dependent variable, with TMB and nonsynonymous TMB val-
ues included as covariates. The binomial family was specified to
accommodate the binary nature of mutation status. Results for
genes with a p value < 0.1 were summarized in a table, which in-
cludes coefficients, confidence intervals (CI), p values, and vari-
ance inflation factors (VIF) calculated to assess multicollinearity
between TMB, and nonsynonymous TMB values. Analysis of
VAF was conducted to identify early mutations associated with
carcinogenesis. Variants with a higher VAF than the tumor pu-
rity and those tagged as MODIFIER by SnpEff were excluded.
Each sample was ranked on the basis of VAF values. For analy-
sis of mutational signatures involved in carcinogenesis, synony-
mous and nonsynonymous single-nucleotide variants were used
to aggregate 96 types of base substitutions taking into consider-
ation the 2 bases before and after each mutation. Nonnegative
matrix factorization (NMF) was performed on the aggregated
matrix with the use of NMF package [30], with determination
of the number of components constituting base substitution pat-
terns from the cophenetic correlation coefficient. Mutational
signatures were determined with MutationalPatterns [31], refer-
encing the COSMIC database (https://cancer.sanger.ac.uk/signa
tures/sbs), and the contribution rate of each signature for each
sample was calculated. For visualization of signature contribu-
tions and VAF rankings, pheatmap [32] was adopted, and clus-
tering was performed with the Euclidean distance matrix and
complete linkage method to generate a heat map.

3 | Results

The characteristics of the patient cohort (91 males and 59 fe-
males) are shown in Table 1. Three patients had two primary
tumor sites, which resulted in 93 samples from 91 males and
60 samples from 59 females being analyzed for mutations. The
age of the patients ranged from 36 to 93 years, with a median of
71years. Ten tumors were located in the cecum, 27 in the as-
cending colon, 18 in the transverse colon, 12 in the descending
colon, 29 in the sigmoid colon, and 57 in the rectum. With regard
to pathological TNM classification, 2, 31, 39, 60, and 21 tumors
were classified as stage 0, stage I, stage Ila-c, stage IIla-c, and
stage I'Va-c, respectively.

To assess the types and frequencies of gene mutations and
their relations to TMB, MSI, and tumor site, we generated an
oncoplot (Figure 1). The top three most frequently mutated
genes were APC, TP53, and KRAS, with mutation frequencies
of 89%, 84%, and 42%, respectively. Various types and posi-
tions of mutations were apparent within the APC sequence,
whereas missense mutations were predominant for TP53 and
KRAS. Among the 153 tumor samples, 14 were classified as
TMB-high, with these tumors manifesting fewer copy number
variations (Figure 1, top bar plots). TMB-high tumors were
significantly associated with the right colon, with 12 out of
the 14 samples originating from this region (Table 2). In ad-
dition, TMB-high tumors showed a higher age distribution
compared with TMB-low tumors (Table 2). TMB-high status
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TABLE1 | Characteristics of the study samples (n =153).

Charastaristic No. (%)
Sex
Female 60 (39%)
Male 93 (61%)
Age (years) 71 (36-93)
Tumor location
ICC 10 (6.5%)
ACC 27 (18%)
TCC 18 (12%)
DCC 12 (7.8%)
Scc 29 (19%)
RC 57 (37%)
pStage
0 2(1.3%)
I 31 (20%)
ITa-c 39 (25%)
IIIa-c 60 (39%)
IVa-c 21 (14%)

Note: Data are presented as number (%), with the exception of age, which is
shown as the median (range).

Abbreviations: ACC, ascending colon cancer; DCC, descending colon cancer;
ICC, ileocolic cancer; RC, rectal cancer; SCC, sigmoid colon cancer; TCC,
transverse colon cancer.

was also often concomitant with MSI-high status (Figure 1),
and it was significantly associated with mutations in MSH6,
MLHI1, PMS2, and MMR pathway genes with the exception of
MSH?2 (Table 2).

Of note, no TMB-high samples showed concurrent APC or
TP53 mutations, and KRAS mutations were infrequent in these
samples. Instead, mutations in genes for pathways related to
APC, TP53, or KRAS were more frequently observed. In the
TMB-high subgroup, the frequency of mutations in receptor
tyrosine kinase (RTK)-RAS pathway genes excluding KRAS
was significantly higher than in TMB-low samples (Table 2).
Pathogenic KRAS(Glyl3Asp) mutations were detected in
2 of the 14 TMB-high samples (Figure 2A), whereas patho-
genic BRAF(Val600Glu) mutations were present in 9 of the 12
TMB-high samples with wild-type KRAS (Figure 2B); the re-
maining 3 samples had mutations in RTK-RAS pathway genes
of unknown function. Phosphatidylinositol 3-kinase (PI3K)
pathway genes also showed a higher mutation rate in TMB-
high samples compared with TMB-low samples, with PIK3CA
mutations (Glu545Lys or His1047Arg) being detected in 6 of
the 14 samples (Figure 2C) and PTEN mutations (Lys267Arg)
in 5 samples, 4 of which overlapped with those harboring the
PIK3CA mutations (Figure 2D). In addition, NOTCH pathway
genes showed a significantly higher mutation rate in TMB-
high samples (Table 2), although no mutation hot spots were
identified and all the mutations were benign or of unknown
function.

Logistic regression analysis to adjust for nonsynonymous
TMB effects were performed to investigate the association
between TMB-high or -low status and mutations in genes
shown in Figure 1. The results for genes with a p value <0.1
were summarized in Table 3. The logistic regression analysis
revealed that APC, KRAS and PIK3CA mutations were signifi-
cantly less frequent in TMB-high samples in the context of
low multicollinearity (VIF <10), suggesting that such muta-
tions may play a greater role in TMB-low tumors. Conversely,
genes with a higher mutation frequency in TMB-high sam-
ples included BRAF, ARAF, and ROSI (p value =0.098) of the
RTK-RAS pathway; PTEN (p value =0.092) of the PI3K path-
way. These results are consistent with the oncoplot findings,
suggesting that, in right-sided tumors with a high TMB, mu-
tations in RTK-RAS, PI3K, and NOTCH pathway genes are
more involved in carcinogenesis than are APC, TP53, or KRAS
mutations.

Analysis of mutation allele frequency yielded the VAF rank-
ings for each sample shown in Figure 3A. Whereas APC,
TP53, and KRAS had high rankings in TMB-low samples,
other genes had higher VAF values in TMB-high samples, in-
dicating that APC, TP53, and KRAS mutations occur early in
TMB-low tumors whereas other genes mutate earlier in TMB-
high tumors. To identify important mutations for tumorigen-
esis, we plotted the number of mutations and the average VAF
ranking for each gene. For the entire cohort, APC and TP53
had the highest mutation counts and high VAF rankings, fol-
lowed by KRAS and PTCHI (Figure 3B). For the TMB-high
subgroup, however, APC, TP53, and KRAS showed lower
counts and rankings, whereas genes related to the DNA dam-
age response (DDR) or MMR such as ATM, POLD1, MSH6,
MSH?2, POLE, EP300, and CREBBP had higher counts and
rankings (Figure 3C). These findings suggested that early car-
cinogenic mutations in TMB-high tumors differ from those in
TMB-low tumors.

Finally, we performed mutational signature analysis to identify
patterns of single-nucleotide substitutions. The number of muta-
tional signatures was determined to be two based on the cophe-
netic correlation coefficient. The two signatures derived from
NMF were most similar to SBS5 (associated with age-related
changes) and SBS6 (associated with defective MMR and MSI)
(Figure 4). Samples with high SBS6 and low SBS5 contributions
were all TMB-high (Figure 4A), suggesting that mutation ac-
cumulation in TMB-high tumors is due to MSI. The SBS6 con-
tribution was significantly higher in ascending and transverse
colon cancer than in sigmoid colon cancer and rectal cancer
(Figure 4B), whereas no significant differences were observed
among tumor locations for the SBS5 contribution (Figure 4C).
These findings indicated that ascending and transverse colon
cancer are more prone to MSI-related mutation accumulation
compared with left-sided tumors.

4 | Discussion

We here analyzed targeted sequence data together with rich
clinical information for colorectal cancer in order to identify
mutations and their associations with clinical characteristics.
We confirmed the high frequency of mutations in APC, TP53,
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FIGURE1 | Oncoplot of somatic mutations and CNAs for genes related to the cell cycle or WNT, RTK-RAS, PI3K, NOTCH, or MMR pathways as
well as for frequently mutated genes (HighFreqGenes) in 153 tumor samples. Each cell of the plot is color coded according to the type of mutation.

The stacked bar plots above and to the right show the frequency of mutation types for each sample and gene, respectively. In addition, TMB, MSI, and

tumor location data are shown for each sample at the bottom. ACC, ascending colon cancer; DCC, descending colon cancer; ICC, ileocolic cancer;

RC, rectal cancer; SCC, sigmoid colon cancer; TCC, transverse colon cancer.

and KRAS observed in many previous studies of colorectal can-
cer [3-6]. In addition, we identified a subgroup of tumors, char-
acterized by a high TMB and a preferential localization in the
ascending or transverse colon, for which these mutations played
aless important role in carcinogenesis. Among the 14 TMB-high
samples examined in our study, 12 were also MSI-high, impli-
cating MSI in their development. Of note, the molecular char-
acteristics of TMB-high tumors included frequent mutations
in RTK-RAS pathway genes (other than KRAS), and in PI3K
pathway genes. Consistent with the association with MSI-high
status, TMB-high tumors also showed a high frequency of mu-
tations in genes related to DDR and MMR pathways, with such
mutations likely occurring early during tumor development.
Analysis of single-nucleotide substitution patterns further re-
vealed a substantial contribution of an MSI-related mutational
signature to TMB-high tumors, indicating that MSI is a distinc-
tive feature of these tumors.

Subgroups of colorectal cancer categorized on the basis of MSI
and CIMP have been well characterized [16-22]. Although we
did not measure CIMP, the TMB-high subgroup was confirmed

to have CIMP-high-like characteristics including a predomi-
nant right-sided localization, low KRAS mutation frequency,
high BRAF mutation frequency, a high MSI score, and a sig-
nificant contribution of an MSI-related mutational signature.
These characteristics suggest that this subgroup resembles the
CIMP-positive subgroups that were defined as Type 1 [22] or
CIMP-P2 [21] and found to have a relatively good prognosis in
previous studies. Several studies have also described associa-
tions between such CIMP positivity and clinical information or
specific gene mutations [16, 21, 22]. The serrated pathway, by
which BRAF mutations lead to epigenomic abnormalities via
methylation of MMR genes, has been proposed as a mechanism
of carcinogenesis for CIMP-positive tumors [33]. However, the
possible contributions of many cancer-related genes remain un-
clear. The detection of frequent BRAF mutations in the TMB-
high subgroup of the present study is suggestive of a role for the
serrated pathway.

We examined the possible relations of numerous gene muta-
tions to carcinogenesis suggested by our targeted sequenc-
ing data. By ranking VAF, we inferred the order of mutation
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TABLE 2 | Comparison of tumor location, age, MMR-related gene
mutation status, and mutations in cancer-related pathways between the
14 TMB-high samples and 139 TMB-low samples.

TMB-low TMB-high
Charasteritic (n=139) (n=14) P
Tumor location <0.001
ICC 9 (6.5%) 1(7.1%)
ACC 20 (14%) 7 (50%)
TCC 14 10%) 4(29%)
DCC 10 (7.2%) 2 (14%)
scc 29 (21%) 0 (0%)
RC 57 (41%) 0(0%)
Age (years) 70 (61-76) 77 (74-82) <0.001
MSH2 0.2
Absence 125 (90%) 11 (79%)
Presence 14 (10%) 3 (21%)
MSH6 <0.001
Absence 133 (96%) 8 (57%)
Presence 6 (4.3%) 6 (43%)
MLH1 0.01
Absence 132 (95%) 10 (71%)
Presence 7 (5.0%) 4 (29%)
PMS2 0.001
Absence 136 (98%) 10 (71%)
Presence 3(2.2%) 4 (29%)
WNT pathway <0.001
Absence 10 (7.2%) 6 (43%)
Presence 129 (93%) 8 (57%)
Cell cycle 0.12
pathway
Absence 18 (13%) 4 (29%)
Presence 121 (87%) 10 (71%)
RTK-RAS 0.13
pathway
Absence 23 (17%) 0(0%)
Presence 116 (83%) 14 (100%)
PI3K pathway <0.001
Absence 82 (59%) 1(7.1%)
Presence 57 (41%) 13 (93%)
NOTCH <0.001
pathway
(Continues)

TABLE 2 | (Continued)

TMB-low TMB-high
Charasteritic (n=139) (n=14) P
Absence 95 (68%) 1(7.1%)
Presence 44 (32%) 13 (93%)
MRR pathway <0.001
Absence 124 (89%) 3 (21%)
Presence 15 (11%) 11 (79%)
RTK-RAS 0.002
pathway
without KRAS
Absence 54 (39%) 0(0%)
Presence 85 (61%) 14 (100%)

Note: Data are presented as number (%), with the exception of age, which is
shown as the median (interquartile range). Mutation status for cancer-related
pathways is shown as presence if any gene in the pathway has a mutation and
absence if none of the genes in the pathway has a mutation. The p values were
determined with Fisher's exact test for tumor location, the Wilcoxon rank-sum
test for age, and the chi-square test for mutation analysis.

events, noting that early clonal mutations tend to have higher
frequencies [34, 35]. Unexpectedly, BRAF was not the highest
ranked mutation in TMB-high samples; instead, genes related
to DDR and MMR pathways—including ATM, POLDI1, MSHS,
MSH?2, POLE, EP300, and CREBBP—were more frequently
mutated and ranked higher. We obtained similar findings for
colorectal cancer cases in the International Cancer Genome
Consortium (ICGC) database with >20 mutations and VAF
data. Whereas APC, TP53, KRAS, and PIK3CA were highly
ranked in the analysis for all samples (Figure S1A), the rank-
ing of TP53 and KRAS was lower and ATM and POLE ranked
higher than BRAF for cases in the top 10% for TMB calcu-
lated with nonsynonymous mutations (Figure S1B). Also, we
investigated whether a deviation from dependence on major
mutations also occurs in TMB-high cases of other cancer
types with VAF ranking analysis using MSK-CHOD data [36].
Mutations such as KRAS, TP53, CDKN2A, and SMAD4 in
pancreatic adenocarcinoma, and TP53, PIK3CA, and GATA3
in breast invasive ductal carcinoma, which exhibit high fre-
quency and VAF rankings across each cancer type, remained
highly ranked even in TMB-high cases. In lung adenocar-
cinoma, while the frequency and VAF ranking of EGFR de-
creased in TMB-high cases, TP53 and KRAS maintained their
high rankings. In prostate cancer, although the frequency of
SPOP decreased in TMB-high cases, it was not included in a
mutation within the low-frequency group. These findings sug-
gest that the deviation from dependence on major mutations
is specific to TMB-high cases of colorectal cancer (Figure S2).
These findings suggest that impairment of DNA repair medi-
ated by DDR associated genes including ATM and POLE may
play a role early in the serrated pathway leading to CIMP-high
status. The initial description of the serrated pathway [37] and
further various studies of this pathway in genetically modified
mice [38-46] have led to the identification of several candi-
date driver genes including KRAS and BRAF. However, the
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FIGURE2 | Distribution, type, and frequency of mutations within KRAS (A), BRAF (B), PIK3CA (C), and PTEN (D) for the 14 TMB-high samples

compared with the 139 TMB-low samples.

TABLE 3 | Summary of the results for logistic regression analysis to investigate the association between TMB status and mutations, while

accounting for the potential confounding effects of nonsynonymous TMB values.

Gene Predictor Coefficient CI lower CI upper VIF D

BRAF TMB status —5.81 -10.00 —2.46 6.20 0.002
NRG1 TMB status —4.34 —8.10 -1.24 7.00 0.011
ARAF TMB status —4.30 —8.68 -0.49 2.99 0.030
FLT3 TMB status -3.36 -7.17 -0.16 7.02 0.053
PTEN TMB status —2.85 —-6.47 0.46 5.52 0.092
ROSI TMB status -2.50 —5.67 0.43 5.95 0.098
FBXW7 TMB status 2.92 0.01 6.18 5.33 0.062
ERBB3 TMB status 3.52 —0.06 7.86 5.31 0.078
ASXL1 TMB status 3.60 -0.52 8.06 8.40 0.095
PIK3CA TMB status 4.37 1.08 8.05 6.39 0.013
MTOR TMB status 4.85 0.53 10.65 5.17 0.055
KRAS TMB status 5.25 2.16 9.18 3.68 0.003
APC TMB status 6.09 2.81 10.17 6.55 0.001
FANCD2 TMB status 8.41 2.59 16.89 5.13 0.021

Note: Results for genes with p value <0.1 were summarized in a table that included the coefficients, confidence intervals (CI), p-values, and variance inflation factors
(VIF) for 2 covariates, (both as a binomial variable, TMB status, and as a continuous variable, TMB score). Positive coefficients for TMB status indicate a higher
likelihood of gene mutation in TMB-low tumor, while negative coefficients for TMB status indicate a higher likelihood of gene mutation in TMB-high tumor. A VIF
value lower than 10 indicates that multicollinearity between TMB status and nonsynonymous TMB is not severe, and they are sufficiently independent for reliable

analysis.
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potential roles of DDR associated genes including ATM and
POLE in this pathway have not been examined experimentally
and warrant further study.

The association of the serrated pathway and BRAF mutations
with tumors on the right side of the colon suggests the existence
of environmental factors specific to the right colon. Given that
TMB-high tumors in our cohort tended to occur in older indi-
viduals compared with TMB-low tumors, age may be a con-
tributing environmental factor. Further investigations into the
mechanisms responsible for the effects of gene mutations may
clarify the etiology of such tumors.

Our findings implicated impairment of DNA repair as an early
event in cancer development for TMB-high tumors. In addi-
tion, we detected numerous mutations in genes related to the
RTK-RAS pathway (with the exception of KRAS), and to the
PI3K pathway, suggesting a role for these pathways in tumor
progression.

The RTK-RAS pathway—including RTKs, RAS, RAF, and
mitogen-activated protein kinases (MAPKs)—contributes to

the regulation of cell proliferation. KRAS mutations in colorec-
tal cancer result in the constitutive activation of this pathway
and thereby contribute to tumor formation [47, 48]. Although
KRAS mutations were infrequent in the TMB-high subgroup of
the present study, all 14 such samples had mutations in RTK-
RAS pathway genes, underscoring the importance of activation
of this pathway in colorectal cancer.

The PI3K pathway, which is activated by RTKs and G protein-
coupled receptors, regulates various cell functions—including
proliferation and the cell cycle as well as apoptosis and protein
synthesis—via the protein kinase AKT [49-51]. PIK3CA muta-
tions, which are present in ~20% of colorectal tumors [52], lead
to constitutive activation of this pathway and thereby contrib-
ute to tumor formation and maintenance [53]. In the TMB-high
subgroup of our study, 13 out of 14 samples harbored mutations
in PI3K pathway genes, highlighting the potential importance
of PI3K pathway activation in these tumors. Comparative mu-
tation frequency analysis between TMB-low and TMB-high
subgroups suggested differing mechanisms of PI3K pathway
activation. In TMB-low tumors, activation appears to primarily
arise through mutations in PIK3CA itself, whereas in TMB-high
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tumors, it is more frequently driven by PTEN mutations that
influence PIK3CA activity. In both cases, consistent with pre-
vious reports, activation of this pathway plays a pivotal role in
colorectal cancer development. Previous studies have shown
that PI3K pathway-associated mutations accumulate in MSI-
high gastric adenocarcinoma. Notably, the number of muta-
tions in PI3K pathway-associated genes was correlated with
immune cell infiltration and response to ICIs [54]. Specifically,
activation of the PI3K pathway via mutations in the phospha-
tase domain—but not the C2 domain—of PTEN was associated
with poor ICI response in gastrointestinal tumors [55]. In our
study, PTEN mutations were more frequently observed in the
TMB-high/MSI-high subset. Interestingly, in these tumors,
PTEN mutations predominantly localized to the C2 domain
(Figure 2D). These findings suggest that ICIs may be particu-
larly effective for treating the TMB-high/MSI-high subset of
colorectal cancer (CRC).

In this study, we defined TMB on the basis of the number of
nonsynonymous substitutions in the targeted sequence data.
According to this definition, TMB-high status is thought to cor-
relate with neoantigen variation. In addition, by using an oncoplot
to visualize the overall mutations in the cohort (Figure 1), it was
observed that cases with TMB-high had fewer mutations in APC,
TP53, and KRAS, while exhibiting more mutations in other genes.
These findings suggest that TMB-high tumors, which are less

dependent on APC, TP53, and KRAS mutations for their develop-
ment and malignancy, are likely formed by a more heterogeneous
population of tumor cells. Drugs that target cancer immunity
might therefore be expected to be effective for the TMB-high
subgroup of tumors identified in the present study. Our analysis
of mutational signatures and VAF rankings further suggests that
MSI is associated with the development and malignancy of this
subgroup. However, two MSI-high samples in our cohort were not
classified in the TMB-high subgroup. These two samples did not
harbor BRAF mutations or mutations in the DDR-related genes
POLE and POLDI (Figure S1), suggestive of a different mechanism
of cancer development and a lesser impairment of DNA repair
compared with the TMB-high subgroup, potentially resulting in
different responses to drugs targeting cancer immunity.

In conclusion, we have here defined and characterized a TMB-
high subgroup of colorectal cancer from clinical and molecular
perspectives. This TMB-high subgroup appears to be similar to
previously defined CIMP-high subgroups, being associated with
early involvement of mutations in genes related to MMR and
DDR in addition to those in BRAF. Activation of the RTK-RAS
and PI3K pathways was also implicated in the maintenance of
tumor survival. Furthermore, this subgroup is likely composed
of highly heterogeneous cell populations and associated with the
expression of numerous neoantigens. Future research is war-
ranted to examine the relation between TMB-high status and the
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efficacy of immune checkpoint inhibitors and thereby to clarify
the clinical outcome and molecular biological definition of TMB-
high tumors.
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