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Simple Summary: Immunotherapy has been a promising therapeutic approach for cancer treatment
in recent years. Although cancer immunotherapy has achieved remarkable success, treatment
response is only observed in a small number of patients. As nonresponders need to endure high
treatment costs and toxicities with little benefit from treatment, identifying potential predictive
biomarkers is critical to optimize the benefits of immunotherapy in patients. The total number of
mutations in the tumor genome is a useful biomarker. Patients with a large number of mutations tend
to respond better to cancer immunotherapy. However, assessment of the total number of mutations
may not be easy. In this study, we identified gene sets with only a small number of genes whose
mutations serve as an indicator of the total number of mutations. These cancer-specific gene sets
can be used as a cost-effective approach to stratify patients with a large number of mutations in
clinical practice.

Abstract: Tumor mutational burden (TMB) is a promising predictive biomarker for cancer im-
munotherapy. Patients with a high TMB have better responses to immune checkpoint inhibitors.
Currently, the gold standard for determining TMB is whole-exome sequencing (WES). However,
high cost, long turnaround time, infrastructure requirements, and bioinformatics demands have
prevented WES from being implemented in routine clinical practice. Panel-sequencing-based es-
timates of TMB have gradually replaced WES TMB; however, panel design biases could lead to
overestimation of TMB. To stratify TMB-high patients better without sequencing all genes and avoid
overestimating TMB, we focused on DNA damage repair (DDR) genes, in which dysfunction may
increase somatic mutation rates. We extensively explored the association between the mutation status
of DDR genes and TMB in different cancer types. By analyzing the mutation data from The Cancer
Genome Atlas, which includes information for 33 different cancer types, we observed no single DDR
gene/pathway in which mutation status was significantly associated with high TMB across all 33
cancer types. Therefore, a computational algorithm was proposed to identify a cancer-specific gene
set as a surrogate for stratifying patients with high TMB in each cancer. We applied our algorithm
to skin cutaneous melanoma and lung adenocarcinoma, demonstrating that the mutation status of
the identified cancer-specific DDR gene sets, which included only 9 and 14 genes, respectively, was
significantly associated with TMB. The cancer-specific DDR gene set can be used as a cost-effective
approach to stratify patients with high TMB in clinical practice.

Keywords: tumor mutational burden; DNA damage repair genes; immunotherapy; biomarker;
biomedical informatics

1. Introduction

In recent years, immune checkpoint inhibitors (ICIs) have resulted in good clinical
responses to different cancers. Two main types of immune checkpoints are currently
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used for anticancer drugs: cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and
programmed cell death 1 (PD-1). However, ICIs still have limitations in cancer therapy.
Currently, only a few patients benefit from ICIs [1]. As ICI therapy is costly, it is necessary
to screen biomarkers for immunotherapy to better stratify patients and identify those who
may respond well to treatments.

Tumor mutational burden (TMB) is defined as the total number of mutations in the
tumor genome. The assessment of TMB as a clinical predictive biomarker for immunother-
apy has increased awareness in recent years. A significant association between high TMB
and ICI response has been reported in many studies for different tumor types, including
non-small cell lung cancer (NSCLC), melanoma, and urothelial carcinoma [2,3]. As high
somatic variants may generate more neoantigens, some of which would facilitate immune
recognition as tumor foreignness and increase neoantigen-reactive T cells with antitumor
immune responses, patients treated with ICIs have a better response [4].

Although TMB seems to be a promising predictive biomarker for cancer immunother-
apy, some limitations still hinder its clinical application. The first is the method used to
assess the TMB. Currently, the gold standard for calculating TMB is whole-exome sequenc-
ing (WES) [5]. However, high cost, long turnaround time, infrastructure requirements,
and bioinformatics demands have prevented WES from being employed in routine clinical
practice. The development of targeted next-generation sequencing (NGS) panels, which
can accurately estimate TMB, has been advocated as a predigested and cheaper method [6].
For instance, comprehensive genomic profiling (CGP) assay can demonstrate good perfor-
mance in TMB assessment [7]. Recently, the FDA approved pembrolizumab for adults and
children with TMB-high solid tumors, which is defined as ≥10 mutations per megabase
assessed using the FoundationOneCDx assay.

Although panel-sequencing-based estimates of TMB have gradually replaced WES
TMB in clinical practice [8], scientists are still exploring various methods to fine-tune
panel-based TMB as inconsistencies between panel-based TMB and WES TMB have been
observed in various studies [7,9–11]. This inconsistency might result from panel design
biases, which leads to the overestimation of TMB [12]. Moreover, as TMB distribution
varies among different cancer types, it may not be appropriate to use a fixed TMB threshold
to identify TMB-high patients across different tumors [13,14]. Therefore, the indeterminacy
of the TMB threshold to classify patients with high/low TMB should be considered. To
avoid overestimating TMB and to identify patients with high TMB better, our goal is to
design a panel that allows us to focus specifically on distinguishing TMB-high patients
from others. This will help to simplify the TMB evaluation process in clinical practice.

DNA damage repair (DDR) is the detection of alterations in DNA chemical structure
and correction of alterations [15]. In human cells, both metabolic activities and radiation
can lead to DNA damage and mutations. When damage cannot be restored, cell death
occurs. Consequently, defects in DDR genes may lead to genomic instability and cancer
risk [16,17]. DDR deficiency has also been observed to play important roles in cancer
metastasis [18]. The association between a higher TMB and DDR deficiency has been
reported in many studies [19–21]. In the human genome, 276 genes were identified as DDR
genes. These 276 DDR genes can be classified into 9 DDR pathways: base excision repair
(BER), nucleotide excision repair (NER), mismatch repair (MMR), Fanconi anemia (FA)
pathway, homology-dependent recombination (HR), nonhomologous DNA end joining
(NHEJ), direct damage reversal/repair (DR), translesion DNA synthesis (TLS), and other
pathways [16]. Distinct DNA damage-related mutational signatures have been detected in
different DDR pathways [22]. Previous studies have shown that DDR pathway disorders
may increase TMB in tumors. Specifically, mutations in MMR genes (MLH1, MSH2, MSH6,
and PMS2) lead to the loss of DDR activity and contribute to hypermutation in colorectal
cancer and stomach adenocarcinoma [23,24]. Hence, variations in DDR genes are more
likely to be correlated with high TMB and have better clinical outcomes with ICIs.

A previous study reported that mutations in MMR and polymerase (POL) genes
(including POLD1 and POLE) are associated with high TMB [23]. A cohort of 2885 pe-
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diatric tumors, including three tumor types (malignant gliomas, colorectal cancers, and
leukemia/lymphomas) were used to investigate the association between TMB and the
mutation status of MMR and POL genes. Combined defects in MMR and POL genes
represent significant hypermutation, while defects in only POL genes do not represent
hypermutation [23]. Another study also showed that the mutation status of MMR genes
and the POLE gene is associated with high TMB [7]. They used a cohort of 92,438 tumors
obtained from over 100 different cancer types and showed that the mutation of MMR genes
or POLE gene would result in higher TMB in a pan-cancer scenario.

From these studies, we found that these studies were confined to only MMR and POL
genes rather than all DDR genes. Further, a pan-cancer analysis was conducted instead
of investigating different cancer types individually. Therefore, we aimed to clarify the
relationship between the mutation status of DDR genes and TMB in various cancer types.
Knijnenburg et al. gathered 80 DDR core genes from 276 DDR genes, which are the essential
repair genes from different types of DNA damage [16]. Therefore, we sought to construct a
panel that contains a specific gene set that detects TMB-high patients for different cancers
from these 80 DDR core genes. This panel can be used as a cost-effective approach to
stratify patients with high TMB in clinical practice.

2. Materials and Methods
2.1. Mutation Data

In this study, the mutation data were obtained from The Cancer Genome Atlas
(TCGA) multicenter mutation calling in multiple cancers (MC3) project [25], which in-
cludes 10,294 tumor samples and 21,320 genes across 33 different cancer types. As the
variant annotation of the MC3 data was called at least twice from the seven variant calling
algorithms, the high-confidence somatic mutations were used for further analysis. Primary
solid tumor samples were selected for our analysis, except for acute myeloid leukemia, in
which primary blood-derived samples were selected.

2.2. Mutation Matrix Construction

Using the TCGA MC3 mutation data, a mutation matrix and a nonsynonymous mu-
tation matrix for each cancer type were constructed. Nine of the sixteen categories of
“Variant_Classification”, including missense mutation, frameshift del, splice site, nonsense
mutation, frameshift ins, in-frame del, in-frame ins, nonstop mutation, and translation start
site, were considered as nonsynonymous mutations. Moreover, to ensure that the variants
would have a potential impact on the translated proteins, we screened the “IMPACT”
column, which indicates the predicted variant effects. Samples with high, low, and mod-
erate impacts were preserved for nonsynonymous mutation matrix construction. In the
nonsynonymous mutation matrix, each row indicates a gene, and each column represents
a patient. Each element in the matrix reveals the number of nonsynonymous mutations in
a specific gene in a particular patient. A mutation matrix that included both synonymous
and nonsynonymous mutations was also constructed. The column sum in the mutation
matrix was considered as the TMB for a particular patient.

2.3. Examination of the Association between the Mutation Status of DDR Genes and TMB

For each DDR gene, patients were divided into two groups based on the mutation
status of the gene: the mutated group (nonsynonymous variant) and the wild-type group.
The Mann–Whitney U test was used to investigate whether a significant difference existed
between the TMBs of the two groups. A significant difference (p < 0.05) indicated that the
mutation status of the DDR gene was significantly associated with TMB.

2.4. Identification of a DDR Gene Set as a Potential Biomarker

To identify a DDR gene set as a potential biomarker for stratifying patients with high
TMB, we calculated the effect sizes and the corresponding standard scores for each gene
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set. Subsequently, we used a stepwise selection method to identify the optimal gene set
with a maximal standard score.

2.4.1. Effect Size Calculation

Cohen’s d was applied to measure effect size, which indicates the standardized differ-
ence between the means of measurements [26]. Here, we compared the TMB difference
between the mutated and wild-type groups. The formula for Cohen’s d is

d =
Mmutated − Mwild-type√

SD2
mutated+SD2

wild-type
2

(1)

where d is the result of Cohen’s d, showing the effect size of the difference between the two
groups, Mmutated denotes mean TMB of the mutated group, Mwild-type denotes mean TMB
of the wild-type group, and SDmutated and SDwild-type indicate standard deviations for the
mutated and wild-type groups, respectively. Notably, the sign of Cohen’s d was important
in our study. A positive effect size meant that the average TMB of the mutated group was
higher than that of the wild-type group, whereas a negative effect size indicated a higher
average TMB of the wild-type group. Therefore, we evaluated the degree of difference
between the mutated and wild-type groups in terms of the effect size of the DDR gene set
in our study.

As the calculation of effect size may be affected by the number of genes in the gene set
and our aim was to identify an optimal gene set as a potential biomarker, the calculated
effect sizes need to be transformed for comparison. Here, the concept of a standard Z-score
was adopted. The standard score was computed as the degree of standard deviation from
the mean of the effect size distribution consisting of the calculated effect sizes for the
same number of genes in the gene set. A positive score indicates that the calculated effect
size is larger than the mean effect size of the distribution, and vice versa. The effect size
distribution was constructed either using all the calculated effect sizes or 10,000 random
samplings of gene sets and their corresponding effect sizes.

2.4.2. Stepwise Selection Method

One of the challenges is identifying the best set of genes. Tremendous numbers
of possible combinations forbid us to explore all possibilities fully. Therefore, based
on the effect size and the corresponding standard score calculated for each gene set,
the stepwise selection method, which combines the forward selection method with the
backward elimination method, was applied to identify the optimal gene set. The detailed
gene set selection process is illustrated in Figure S1.

3. Results
3.1. Association between the Mutation Status of the DDR Genes and TMB

To investigate the association between the mutation status of the DDR genes and
TMB, we downloaded the mutation data in the TCGA MC3 project and constructed the
mutation matrices for 33 cancer types. Based on the constructed nonsynonymous mutation
matrices, the samples were divided into two groups, mutated and wild-type, according to
the mutation status of the DDR genes. The Mann–Whitney U test was employed to inspect
the association between TMB and the mutation status of the DDR genes.

As a previous study reported that mutations in MMR (MSH2, MLH1, MSH6, and
PMS2) and POL (POLD1, POLE) genes are associated with high TMB [23], we initially
investigated the association between TMB and the mutation status of MMR and POL genes
in 33 cancer types and pan-cancer. No single MMR or POL gene with mutation status was
significantly associated with high TMB in all 33 cancer types and pan-cancer (Figure 1a).
However, a significant association between the mutation status of POLE and high TMB
was observed in 22 cancer types.
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Figure 1. The association between TMB and the mutation status of the MMR and POL genes/gene sets in 33 cancer types
and pan-cancer: (a) MMR and POL genes; (b) MMR and POL gene sets. Red indicates that the mutation status of the specific
gene/gene set is significantly associated with high TMB. White indicates that mutation in the specific gene/gene set has no
significant association with high TMB. Gray indicates that there is no mutation in this specific gene/gene set.

From the perspective of the gene set, the association between the mutation status of
MMR, POL, and POL + MMR (at least one mutation in both gene sets) was investigated.
In breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA),
glioblastoma multiforme (GBM), rectum adenocarcinoma (READ), stomach adenocarci-
noma (STAD), and uterine corpus endometrial carcinoma (UCES), tumors with a combined
MMR deficiency and polymerase mutation displayed a significant hypermutant phenotype
than tumors with mutations in the MMR or POL gene sets only. Furthermore, gene set
mutation status (MMR, POL, and MMR + POL) was significantly associated with high
TMB in over half of the cancer types (Figure 1b).

We then analyzed 276 DDR genes to acquire specific genes in which the mutation
status was significantly associated with high TMB. The results showed that the mutation
status of most DDR genes was significantly associated with high TMB in various cancers.
In pan-cancer, the mutation status of the DDR genes was significantly associated with high
TMB, excluding the IDH1 gene (Figure S2).

The significant association of the 80 DDR core genes gathered by Knijnenburg et al. [16]
is shown in Figure 2a. Correspondingly, the mutation status of most DDR core genes was
found to be significantly associated with high TMB in multiple cancers. In pan-cancer, the
mutation status of all DDR core genes was significantly associated with high TMB. Further,
the density of the 80 DDR core genes was higher than that of significant DDR genes (0.6053
vs. 0.5671), indicating that the mutation status of these selected DDR core genes may be
more associated with high TMB.
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These 80 DDR core genes can be classified into nine core DDR pathways, which are
applied to repair different damage types. We regarded each pathway as a specific DDR core
gene set. Neither pathway was found to be significantly associated with high TMB across
all 33 cancer types and pan-cancer (Figure 2b). However, the density of the DDR pathway
was substantially higher than that of the DDR core genes (0.7645 vs. 0.6053), indicating
that the mutation status of the gene sets may be a more appropriate indicator of high TMB
than individual genes.
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3.2. Identification of a DDR Gene Set as a Potential Biomarker

To find a DDR gene set from these 80 DDR core genes, the mutation status of which
is significantly associated with high TMB in each cancer, we calculated the effect sizes
of specific gene sets and subsequently transformed each effect size into a standard score
based on the cancer type specificity. A stepwise selection method was then used to
identify the optimal gene set for each cancer. As immunotherapies are often used to treat
patients and exhibit a better response in skin cutaneous melanoma (SKCM) [27,28] and lung
adenocarcinoma (LUAD) [29,30], we identified cancer-specific gene sets in these cancers.
The optimal gene sets identified for SKCM and LUAD are listed in Table 1.

Table 1. The optimal gene sets identified for SKCM and LUAD.

SKCM

NBN LIG4 MLH1 RAD50 PMS2
FANCA MRE11A PMS1 MSH3

LUAD

UBE2T MGMT XPC ALKBH3 TDG
XRCC2 CUL5 NBN FANCC BARD1
ERCC4 MSH2 XRCC4 UNG

We sought to validate whether our identified cancer-specific gene set could be a
potential biomarker for stratifying patients with high TMB. Therefore, some independent
datasets with both mutation data and treatment response information were retrieved for
validation [31,32]. Based on the mutation status of the identified gene set, patients were
separated into two groups (DDR-mutated and wild-type). The TMBs of these two groups
were compared to determine whether there was a significant difference. The boxplots
representing the association between the mutation status of the identified gene set and
TMB for both SKCM and LUAD are shown in Figure 3. These validation data showed that
the mutation status of these identified gene sets is significantly associated with high TMB
in both SKCM and LUAD. Subsequently, we performed a survival analysis to compare the
overall survival (OS) and progression-free survival (PFS) among patients in the mutated
and wild-type groups (Figure 4). OS events in SKCM and PFS in LUAD events were
obtained from Van Allen et al. [32] and Rizvi et al. [31], respectively. The survival analysis
results showed that the mutated group in both SKCM and LUAD tended to have better
survival. However, these differences were not statistically significant.
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4. Discussion

In recent years, immunotherapy has become a promising cancer therapy. Many studies
have shown that TMB is a potential predictive biomarker for cancer immunotherapy,
indicating that patients with high TMB have better responses to ICIs [19]. In addition,
many studies have shown that alterations in DDR pathways may contribute to increasing
TMB in tumors. Specifically, mutations in MMR genes have been demonstrated to result
in defective DDR pathways and promote hypermutation in colorectal cancer [23] and
stomach adenocarcinoma [24]. However, the association between TMB and mutation status
in DDR has not been extensively investigated. Therefore, the first goal of our study was
to clarify the association between the mutation status of DDR genes and TMB across all
33 cancer types in the TCGA database. We found no single DDR gene/pathway with
mutation status that was significantly associated with high TMB in all 33 cancer types.
In some cancers, combined defects in the MMR and POL gene sets display significant
hypermutation, compared to defects in only MMR or POL gene sets. In addition, in
pan-cancer, the mutation status of any DDR core gene was significantly associated with
high TMB.

According to our analysis, no DDR gene or pathway can be utilized to identify patients
with high TMB across all 33 cancer types. To solve this problem, based on cancer-type
specificity, we employed a stepwise selection method to find a cancer-specific gene set
for each cancer. We identified gene sets for both SKCM and LUAD because patients with
these cancers often receive immunotherapies and have better outcomes. To validate our
identified gene sets in SKCM and LUAD, we used independent data to determine whether
the identified gene sets could be used to stratify patients with high TMB or better response
to immunotherapy. Consequently, the mutation of our identified gene set in each cancer
could indeed contribute to the high TMB. Furthermore, the results of the survival analysis
showed that the mutated group tended to respond better; however, the differences were
not significant in either SKCM or LUAD.

In the present study, we attempted to interpret the biological implications of our
identified gene sets in SKCM and LUAD. In SKCM, we found that most of the identified
genes are the core genes of MMR and HR pathways, which participate in the repair of
DNA damage during DNA replication [33,34]. We hypothesized that dysfunction in the
MMR and HR pathways is associated with high TMB. SKCM has a higher frequency
of DNA duplication and cell division [35], which may increase the need for corrections
in alterations. In general, the MMR and HR pathway genes can detect DNA damage
during repair. However, when the damage cannot be revived, patients with SKCM would
have higher TMB. Thus, we believe that mutations in the MMR and HR pathways would
contribute to high TMB. In contrast, we found that the genes in our identified gene set in
LUAD had functions across different DDR-related pathways. These pathways may act
alone or together to repair DNA damage. Accordingly, we believe that the cause of the
high TMB in patients with LUAD is complicated.
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We focused on the alteration in DDR genes rather than in all genes. Therefore, we
sought to clarify whether the mutation status of the non-DDR gene set is more associated
with TMB than the identified DDR gene set in SKCM and LUAD. Simple random sampling
was performed to compare the effect sizes from the non-DDR gene sets with those from
the identified DDR gene set (Figure S3). The remaining DDR gene sets (excluding our
identified set) were also compared with the identified DDR gene set (Figure S4). The results
of these random samplings showed that the mutation status of the identified DDR gene
set in SKCM/LUAD was more significantly associated with high TMB than most gene
sets of the non-DDR and the remaining DDR. Due to computational complexity, we used
the stepwise selection method instead of running all combinations to identify the optimal
gene set. Consequently, we cannot guarantee that the identified gene set in our study
was indeed the best of all the possible combinations. Nevertheless, we revealed that the
identified DDR gene set is a meaningful gene set that outperforms most randomly selected
gene sets in SKCM and LUAD.

As SKCM and LUAD are generally characterized by high TMB, which may be caused
by strong carcinogens such as UV light from the sun, cigarette smoking, or air pollution,
we also applied our method to COAD, which is not mainly caused by strong carcinogens.
We could identify a specific gene set that was significantly associated with high TMB
based on the TCGA COAD mutation data (Figure S5a). With the independent dataset
used for validation [36] and the identified COAD gene set, the DDR-mutated patients had
significantly higher TMB than the wild-type patients (Figure S5b). Moreover, the results
of the random sampling indicated that the identified COAD gene set outperformed the
other gene sets of the same size (Figure S5c,d). Based on the results of SKCM, LUAD, and
COAD, we believe that the proposed computational algorithm can also be used in other
cancer types.

Targeted gene panels, such as FoundationOne CDx and others, are widely used to
determine TMB. However, the TMB threshold to classify patients into TMB-high or TMB-
low is still undetermined. A research study had shown that the misclassification rate may
vary from 30% to <1% between the cutoff of 5 to 40 mutations per Mb for those commonly
used panels. With the cutoff of 10 mutations per Mb, the most frequently used threshold of
high TMB, the misclassification rates are still 4% to 10% for different panels [37]. Therefore,
the goal of this research was aimed at designing a method that could bypass the step of
determining the TMB cutoff threshold while still being able to stratify patients with high
TMB. According to the mutation status of the identified gene sets, patients can be classified
as DDR-mutated or wild-type. Those patients with mutated DDR gene set were recognized
as patients with high TMB, thus bypassing the determination of TMB threshold in different
cancer types. Here, we compared the identified DDR gene sets and FoundationOne CDx
panel to verify the capability of stratifying TMB-high patients. In addition, 10 mutations per
Mb was used as the threshold for FoundationOne CDx as FDA approved. The identified
DDR gene sets had a higher precision to determine TMB-high patients, compared to
FoundationOne CDx in SKCM, LUAD, and COAD, using WES TMB as the reference
(Figure S6a). In fact, based on the design of the proposed methods, the TMB-high patients
identified by our DDR gene sets would be those with ultra-hypermutation. Therefore, we
further examined the TMB amplitude between the TMB-high patients identified by our
gene sets and those by the FoundationOne CDx panel. The results indicated that the TMB
of the patients identified by the DDR gene sets is much higher in all three cancer types
(Figure S6b), demonstrating that our method indeed identified ultra-hypermutant tumors
as we expected. Ultra-hypermutant tumors were highly associated with germline cancer
predisposition involving replication repair genes. Therefore, ultra-hypermutant is used
as a biomarker in the screening processing for early tumor detection [23]. Consequently,
we believe that the identified DDR gene sets could potentially provide preclinical benefits
since they can use a relatively small size of genes to stratify ultra-hypermutants.

The use of TMB as a potential biomarker for immunotherapy response has various
limitations in clinical use as its assessment by WES or targeted NGS panel has a high cost,
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long turnaround time, infrastructure requirements, and bioinformatics demands. Even
if the targeted NGS panel is cheaper than WES, defining the TMB threshold to stratify
patients with high TMB remains challenging. In our study, because we stratified patients
based on the mutation status of a specific gene set, patients can be simply divided into
either mutated or wild-type groups without determining the TMB threshold for TMB-
high patients. Therefore, patients with mutations in a specific gene set are predicted to
be responders to cancer immunotherapy. More independent data are needed to test the
predictive performance of the identified cancer-specific gene sets.

In conclusion, we investigated the association between the mutation status of DDR
genes and TMB. Additionally, we proposed a computational algorithm to identify a cancer-
specific gene set that can be used to stratify patients with high TMB, particularly ultra-
hypermutant patients. We applied our algorithm to SKCM and LUAD and demonstrated
that the mutation status of the identified cancer-specific DDR gene set was significantly
associated with TMB. We expect that the identified cancer-specific DDR gene set can be
used as a biomarker for immunotherapy response prediction in clinical practice and for
preclinical early tumor detection.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biology10060528/s1, Figure S1: Schematic of the stepwise selection method for discovering
the potential optimal gene set, Figure S2: The association between TMB and mutation status of 276
DDR genes in 33 cancer types and pan-cancer, Figure S3: Empirical distribution of effect sizes from
the 10,000 randomly sampled non-DDR gene sets, Figure S4: Empirical distribution of effect sizes
from the 10,000 randomly sampled remaining DDR gene sets, Figure S5: Cancer-type specific gene
set of colon adenocarcinoma (COAD) and its performance as a potential biomarker for stratifying
patients with high TMB, Figure S6: Figure S6. Comparison between the identified DDR gene sets and
FoundationOne CDx panel.

Author Contributions: Conceptualization, Y.-C.W.; methodology, T.-Y.C., D.-W.Y., and Y.-C.W.;
software, T.-Y.C. and D.-W.Y.; formal analysis, T.-Y.C. and R.W.L.; investigation, T.-Y.C., R.W.L., and
C.-J.H.; data curation, T.-Y.C.; writing—original draft preparation, T.-Y.C. and Y.-C.W.; writing—
review and editing, R.W.L. and C.-J.H.; visualization, T.-Y.C. and R.W.L.; supervision, Y.-C.W.;
funding acquisition, Y.-C.W. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan, Grant
Number MOST 106-2221-E-010-019-MY3 and MOST 109-2221-E-010-013-MY3.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can be
found here: https://gdc.cancer.gov/about-data/publications/mc3-2017 (accessed on 1 February 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Havel, J.J.; Chowell, D.; Chan, T.A. The evolving landscape of biomarkers for checkpoint inhibitor immunotherapy. Nat. Rev.

Cancer 2019, 19, 133–150. [CrossRef] [PubMed]
2. Legrand, F.A.; Gandara, D.R.; Mariathasan, S.; Powles, T.; He, X.; Zhang, W.; Jhunjhunwala, S.; Nickles, D.; Bourgon, R.;

Schleifman, E.; et al. Association of high tissue TMB and atezolizumab efficacy across multiple tumor types. J. Clin. Oncol. 2018,
36, 12000. [CrossRef]

3. Goodman, A.M.; Kato, S.; Bazhenova, L.; Patel, S.P.; Frampton, G.M.; Miller, V.; Stephens, P.J.; Daniels, G.A.; Kurzrock, R. Tumor
Mutational Burden as an Independent Predictor of Response to Immunotherapy in Diverse Cancers. Mol. Cancer Ther. 2017, 16,
2598–2608. [CrossRef] [PubMed]

4. Gibney, G.T.; Weiner, L.M.; Atkins, M.B. Predictive biomarkers for checkpoint inhibitor-based immunotherapy. Lancet Oncol.
2016, 17, e542–e551. [CrossRef]

5. Wu, H.-X.; Wang, Z.-X.; Zhao, Q.; Wang, F.; Xu, R.-H. Designing gene panels for tumor mutational burden estimation: The need
to shift from ‘correlation’ to ‘accuracy’. J. Immunother. Cancer 2019, 7, 206. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biology10060528/s1
https://www.mdpi.com/article/10.3390/biology10060528/s1
https://gdc.cancer.gov/about-data/publications/mc3-2017
http://doi.org/10.1038/s41568-019-0116-x
http://www.ncbi.nlm.nih.gov/pubmed/30755690
http://doi.org/10.1200/JCO.2018.36.15_suppl.12000
http://doi.org/10.1158/1535-7163.MCT-17-0386
http://www.ncbi.nlm.nih.gov/pubmed/28835386
http://doi.org/10.1016/S1470-2045(16)30406-5
http://doi.org/10.1186/s40425-019-0681-2
http://www.ncbi.nlm.nih.gov/pubmed/31387639


Biology 2021, 10, 528 11 of 12

6. Allgäuer, M.; Budczies, J.; Christopoulos, P.; Endris, V.; Lier, A.; Rempel, E.; Volckmar, A.-L.; Kirchner, M.; Von Winterfeld, M.;
Leichsenring, J.; et al. Implementing tumor mutational burden (TMB) analysis in routine diagnostics—A primer for molecular
pathologists and clinicians. Transl. Lung Cancer Res. 2018, 7, 703–715. [CrossRef] [PubMed]

7. Chalmers, Z.R.; Connelly, C.F.; Fabrizio, D.; Gay, L.; Ali, S.M.; Ennis, R.; Schrock, A.; Campbell, B.; Shlien, A.; Chmielecki, J.; et al.
Analysis of 100,000 human cancer genomes reveals the landscape of tumor mutational burden. Genome Med. 2017, 9, 1–14.
[CrossRef] [PubMed]

8. Budczies, J.; Allgäuer, M.; Litchfield, K.; Rempel, E.; Christopoulos, P.; Kazdal, D.; Endris, V.; Thomas, M.; Fröhling, S.;
Peters, S.; et al. Optimizing panel-based tumor mutational burden (TMB) measurement. Ann. Oncol. 2019, 30, 1496–1506.
[CrossRef] [PubMed]

9. De Velasco, G.; Wankowicz, S.A.; Madison, R.; Ali, S.M.; Norton, C.; Duquette, A.; Ross, J.S.; Bossé, D.; Lalani, A.-K.A.;
Miller, V.A.; et al. Targeted genomic landscape of metastases compared to primary tumours in clear cell metastatic renal cell
carcinoma. Br. J. Cancer 2018, 118, 1238–1242. [CrossRef] [PubMed]

10. Garofalo, A.; Sholl, L.; Reardon, B.; Taylor-Weiner, A.; Amin-Mansour, A.; Miao, D.; Liu, D.; Oliver, N.; MacConaill, L.;
Ducar, M.; et al. The impact of tumor profiling approaches and genomic data strategies for cancer precision medicine. Genome
Med. 2016, 8, 1–10. [CrossRef] [PubMed]

11. Zehir, A.; Benayed, R.; Shah, R.; Syed, A.; Middha, S.; Kim, H.R.; Srinivasan, P.; Gao, J.; Chakravarty, D.; Devlin, S.M.; et al.
Mutational landscape of metastatic cancer revealed from prospective clinical sequencing of 10,000 patients. Nat. Med. 2017, 23,
703–713. [CrossRef] [PubMed]

12. Yao, L.; Fu, Y.; Mohiyuddin, M.; Lam, H.Y.K. ecTMB: A robust method to estimate and classify tumor mutational burden. Sci. Rep.
2020, 10, 1–10. [CrossRef] [PubMed]

13. Büttner, R.; Longshore, J.W.; López-Ríos, F.; Merkelbach-Bruse, S.; Normanno, N.; Rouleau, E.; Penault-Llorca, F. Implementing
TMB measurement in clinical practice: Considerations on assay requirements. ESMO Open 2019, 4, e000442. [CrossRef]

14. Wu, C.-E.; Yeh, D.-W.; Pan, Y.-R.; Huang, W.-K.; Chen, M.-H.; Chang, J.W.-C.; Chen, J.-S.; Wang, Y.-C.; Yeh, C.-N. Chromosomal
Instability May Not Be a Predictor for Immune Checkpoint Inhibitors from a Comprehensive Bioinformatics Analysis. Life 2020,
10, 276. [CrossRef] [PubMed]

15. Wiesmüller, L.; Ford, J.M.; Schiestl, R.H. DNA Damage, Repair, and Diseases. J. Biomed. Biotechnol. 2002, 2, 45. [CrossRef]
[PubMed]

16. Knijnenburg, T.A.; Wang, L.; Zimmermann, M.T.; Chambwe, N.; Gao, G.; Cherniack, A.D.; Fan, H.; Shen, H.; Way, G.P.;
Greene, C.S.; et al. Genomic and Molecular Landscape of DNA Damage Repair Deficiency across The Cancer Genome Atlas. Cell
Rep. 2018, 23, 239–254.e6. [CrossRef]

17. Jeggo, P.A.; Pearl, L.H.; Carr, A.M. DNA repair, genome stability and cancer: A historical perspective. Nat. Rev. Cancer 2016, 16,
35–42. [CrossRef] [PubMed]

18. Sun, J.; Wang, C.; Zhang, Y.; Xu, L.; Fang, W.; Zhu, Y.; Zheng, Y.; Chen, X.; Xie, X.; Hu, X.; et al. Genomic signatures reveal DNA
damage response deficiency in colorectal cancer brain metastases. Nat. Commun. 2019, 10, 1–9. [CrossRef] [PubMed]

19. Parikh, A.R.; He, Y.; Hong, T.S.; Corcoran, R.B.; Clark, J.W.; Ryan, D.P.; Zou, L.; Ting, D.; Catenacci, D.V.; Chao, J.; et al. Analysis
of DNA Damage Response Gene Alterations and Tumor Mutational Burden Across 17,486 Tubular Gastrointestinal Carcinomas:
Implications for Therapy. Oncology 2019, 24, 1340–1347. [CrossRef] [PubMed]

20. Chae, Y.K.; Davis, A.A.; Raparia, K.; Agte, S.; Pan, A.; Mohindra, N.; Villaflor, V.; Giles, F. Association of Tumor Mutational
Burden with DNA Repair Mutations and Response to Anti–PD-1/PD-L1 Therapy in Non–Small-Cell Lung Cancer. Clin. Lung
Cancer 2019, 20, 88.e6–96.e6. [CrossRef] [PubMed]

21. Mei, P.; Freitag, C.E.; Wei, L.; Zhang, Y.; Parwani, A.V.; Li, Z. High tumor mutation burden is associated with DNA damage repair
gene mutation in breast carcinomas. Diagn. Pathol. 2020, 15, 1–7. [CrossRef]

22. Ma, J.; Setton, J.; Lee, N.Y.; Riaz, N.; Powell, S.N. The therapeutic significance of mutational signatures from DNA repair deficiency
in cancer. Nat. Commun. 2018, 9, 1–12. [CrossRef] [PubMed]

23. Campbell, B.B.; Light, N.; Fabrizio, D.; Zatzman, M.; Fuligni, F.; De Borja, R.; Davidson, S.; Edwards, M.; Elvin, J.A.; Hodel, K.P.;
et al. Comprehensive Analysis of Hypermutation in Human Cancer. Cell 2017, 171, 1042–1056.e10. [CrossRef] [PubMed]

24. Bonneville, R.; Krook, M.A.; Kautto, E.A.; Miya, J.; Wing, M.R.; Chen, H.-Z.; Reeser, J.W.; Yu, L.; Roychowdhury, S. Landscape of
Microsatellite Instability Across 39 Cancer Types. JCO Precis. Oncol. 2017, 1, 1–15. [CrossRef] [PubMed]

25. Ellrott, K.; Bailey, M.H.; Saksena, G.; Covington, K.R.; Kandoth, C.; Stewart, C.; Hess, J.; Ma, S.; Chiotti, K.E.; McLellan, M.; et al.
Scalable Open Science Approach for Mutation Calling of Tumor Exomes Using Multiple Genomic Pipelines. Cell Syst. 2018, 6,
271.e7–281.e7. [CrossRef] [PubMed]

26. Durlak, J.A. How to Select, Calculate, and Interpret Effect Sizes. J. Pediatr. Psychol. 2009, 34, 917–928. [CrossRef] [PubMed]
27. Ascierto, P.A.; Agarwala, S.S.; Botti, G.; Budillon, A.; Davies, M.A.; Dummer, R.; Ernstoff, M.; Ferrone, S.; Formenti, S.;

Gajewski, T.F.; et al. Perspectives in melanoma: Meeting report from the Melanoma Bridge (November 29th–1 December 1st,
2018, Naples, Italy). J. Transl. Med. 2019, 17, 1–18. [CrossRef] [PubMed]

28. Auslander, N.; Zhang, G.; Lee, J.S.; Frederick, D.T.; Miao, B.; Moll, T.; Tian, T.; Wei, Z.; Madan, S.; Sullivan, R.J.; et al. Robust
prediction of response to immune checkpoint blockade therapy in metastatic melanoma. Nat. Med. 2018, 24, 1545–1549. [CrossRef]

29. Borcoman, E.; Nandikolla, A.; Long, G.; Goel, S.; Le Tourneau, C. Patterns of Response and Progression to Immunotherapy. Am.
Soc. Clin. Oncol. Educ. Book 2018, 38, 169–178. [CrossRef] [PubMed]

http://doi.org/10.21037/tlcr.2018.08.14
http://www.ncbi.nlm.nih.gov/pubmed/30505715
http://doi.org/10.1186/s13073-017-0424-2
http://www.ncbi.nlm.nih.gov/pubmed/28420421
http://doi.org/10.1093/annonc/mdz205
http://www.ncbi.nlm.nih.gov/pubmed/31268125
http://doi.org/10.1038/s41416-018-0064-3
http://www.ncbi.nlm.nih.gov/pubmed/29674707
http://doi.org/10.1186/s13073-016-0333-9
http://www.ncbi.nlm.nih.gov/pubmed/27460824
http://doi.org/10.1038/nm.4333
http://www.ncbi.nlm.nih.gov/pubmed/28481359
http://doi.org/10.1038/s41598-020-61575-1
http://www.ncbi.nlm.nih.gov/pubmed/32188929
http://doi.org/10.1136/esmoopen-2018-000442
http://doi.org/10.3390/life10110276
http://www.ncbi.nlm.nih.gov/pubmed/33171596
http://doi.org/10.1155/S1110724302001985
http://www.ncbi.nlm.nih.gov/pubmed/12488582
http://doi.org/10.1016/j.celrep.2018.03.076
http://doi.org/10.1038/nrc.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/26667849
http://doi.org/10.1038/s41467-019-10987-3
http://www.ncbi.nlm.nih.gov/pubmed/31320627
http://doi.org/10.1634/theoncologist.2019-0034
http://www.ncbi.nlm.nih.gov/pubmed/31040255
http://doi.org/10.1016/j.cllc.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30425022
http://doi.org/10.1186/s13000-020-00971-7
http://doi.org/10.1038/s41467-018-05228-y
http://www.ncbi.nlm.nih.gov/pubmed/30120226
http://doi.org/10.1016/j.cell.2017.09.048
http://www.ncbi.nlm.nih.gov/pubmed/29056344
http://doi.org/10.1200/PO.17.00073
http://www.ncbi.nlm.nih.gov/pubmed/29850653
http://doi.org/10.1016/j.cels.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29596782
http://doi.org/10.1093/jpepsy/jsp004
http://www.ncbi.nlm.nih.gov/pubmed/19223279
http://doi.org/10.1186/s12967-019-1979-z
http://www.ncbi.nlm.nih.gov/pubmed/31331337
http://doi.org/10.1038/s41591-018-0157-9
http://doi.org/10.1200/EDBK_200643
http://www.ncbi.nlm.nih.gov/pubmed/30231380


Biology 2021, 10, 528 12 of 12

30. Pavan, A.; Attili, I.; Pasello, G.; Guarneri, V.; Conte, P.; Bonanno, L. Immunotherapy in small-cell lung cancer: From molecular
promises to clinical challenges. J. Immunother. Cancer 2019, 7, 205. [CrossRef] [PubMed]

31. Rizvi, N.A.; Hellmann, M.D.; Snyder, A.; Kvistborg, P.; Makarov, V.; Havel, J.J.; Lee, W.; Yuan, J.; Wong, P.; Ho, T.S.; et al.
Mutational landscape determines sensitivity to PD-1 blockade in non–small cell lung cancer. Science 2015, 348, 124–128. [CrossRef]
[PubMed]

32. Van Allen, E.M.; Miao, D.; Schilling, B.; Shukla, S.A.; Blank, C.; Zimmer, L.; Sucker, A.; Hillen, U.; Foppen, M.H.G.;
Goldinger, S.M.; et al. Genomic correlates of response to CTLA-4 blockade in metastatic melanoma. Science 2015, 350, 207–211.
[CrossRef] [PubMed]

33. Martin, S.A.; Lord, C.J.; Ashworth, A. Therapeutic Targeting of the DNA Mismatch Repair Pathway. Clin. Cancer Res. 2010, 16,
5107–5113. [CrossRef]

34. Li, X.; Heyer, W.-D. Homologous recombination in DNA repair and DNA damage tolerance. Cell Res. 2008, 18, 99–113. [CrossRef]
[PubMed]

35. Piérard, G.E. Cell Proliferation in Cutaneous Malignant Melanoma: Relationship with Neoplastic Progression. ISRN Dermatol.
2012, 2012, 1–12. [CrossRef] [PubMed]

36. Giannakis, M.; Mu, X.J.; Shukla, S.A.; Qian, Z.R.; Cohen, O.; Nishihara, R.; Bahl, S.; Cao, Y.; Amin-Mansour, A.; Yamauchi, M.; et al.
Genomic Correlates of Immune-Cell Infiltrates in Colorectal Carcinoma. Cell Rep. 2016, 15, 857–865. [CrossRef] [PubMed]

37. Mankor, J.; CPCT Consortium; Paats, M.S.; Groenendijk, F.H.; Roepman, P.; Dinjens, W.N.M.; Dubbink, H.J.; Sleijfer, S.; Cuppen, E.;
Lolkema, M.P.J.K. Impact of panel design and cut-off on tumour mutational burden assessment in metastatic solid tumour
samples. Br. J. Cancer 2020, 122, 953–956. [CrossRef]

http://doi.org/10.1186/s40425-019-0690-1
http://www.ncbi.nlm.nih.gov/pubmed/31383005
http://doi.org/10.1126/science.aaa1348
http://www.ncbi.nlm.nih.gov/pubmed/25765070
http://doi.org/10.1126/science.aad0095
http://www.ncbi.nlm.nih.gov/pubmed/26359337
http://doi.org/10.1158/1078-0432.CCR-10-0821
http://doi.org/10.1038/cr.2008.1
http://www.ncbi.nlm.nih.gov/pubmed/18166982
http://doi.org/10.5402/2012/828146
http://www.ncbi.nlm.nih.gov/pubmed/22363864
http://doi.org/10.1016/j.celrep.2016.03.075
http://www.ncbi.nlm.nih.gov/pubmed/27149842
http://doi.org/10.1038/s41416-020-0762-5

	Introduction 
	Materials and Methods 
	Mutation Data 
	Mutation Matrix Construction 
	Examination of the Association between the Mutation Status of DDR Genes and TMB 
	Identification of a DDR Gene Set as a Potential Biomarker 
	Effect Size Calculation 
	Stepwise Selection Method 


	Results 
	Association between the Mutation Status of the DDR Genes and TMB 
	Identification of a DDR Gene Set as a Potential Biomarker 

	Discussion 
	References

