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Esophageal squamous cell carcinoma (ESCC) has limited effective treatment strategies. DNA damage response (DDR)
genes are of therapeutic interest in multiple cancer types. This study aimed to depict the landscape of DDR mutations in
ESCC and evaluate the association between DDR mutations and known immunotherapy biomarkers. We recruited 250
Chinese patients with ESCC and performed next-generation sequencing. A total of 107 patients underwent a PD-L1 exami-
nation. Among the 250 patients, 73 (29.2%) harbored at least one DDR gene mutation and were defined as DDR-mut. Among
the six functional DDR pathways, homologous recombination (HR) accounted for 12.4% (31/250). DDR-mut patients were
significantly associated with higher tumor mutational burden than those in the DDR-wt group (p=7.4e-07). Patients with
PDL1-H accounted for 21.2% (36/107) of the patients. PDL1-H was more prevalent in DDR-mut than DDR-wt, although
the p-value did not reach a significant level (40.5% vs. 30%, p=0.29). Further analysis revealed that BRCA1, one of the most
frequently mutated genes in the HR pathway, was significantly associated with PDL1-H (p=0.01). Our data revealed a subset
of patients with ESCC harbored DDR gene mutations. Patients with these DDR gene mutations are significantly associated
with immune biomarkers, implying the potential feasibility of combining DDR agents with immunotherapy in patients with

DDR deficiency.
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Esophageal cancer is one of the most prevalent cancers
with a high mortality rate [1]. Esophageal squamous cell
carcinoma (ESCC), which accounts for more than 90% of
esophageal cancer cases, is the predominant histological
subtype in China [2]. Due to its high aggressiveness, late
diagnosis, and lack of effective treatment strategies, the
prognosis of ESCC remains poor, with a 5-year survival rate
of less than 20% [3]. Thus, there is an urgent need to develop
novel treatment approaches to improve the clinical outcomes
of ESCC.

Substantial evidence has proved that patients carrying
DNA damage response (DDR) gene mutations are more
likely to respond to platinum-based chemotherapy, and poly
(adenosine diphosphate ribose) polymerase (PARP) inhibi-
tors across multiple cancers [4-6]. DDR genes can be divided
into nine pathways: base excision repair (BER), direct repair
(DR), and nucleotide excision repair (NER) pathways repair
DNA base damage; mismatch repair (MMR) corrects base
mispairings and small loops; the Fanconi anemia (FA),

homologous recombination (HR), non-homologous end
joining (NHEJ), and specialized DNA polymerases in trans-
lesion synthesis (TLS) pathways repair DNA strand breaks
and complex events like interstrand crosslinks. Some damage
sensor genes such as ATM and ATR are also crucial to the
DDR pathway, and we often define others [7]. Gene mutations
in these pathways have been reported to be associated with
immune biomarkers and may have a tendency to respond to
immunotherapy [8, 9]. Targeting DDR pathways via DDR
inhibitors can also modulate the tumor immune microen-
vironment [10]. The Food and Drug Administration (FDA)
has approved pembrolizumab for the treatment of advanced
ESCC patients whose tumors express PD-L1 (combined
positive score [CPS] 210) when the disease has progressed
based on the findings from the phase IIl KEYNOTE-181 and
the phase II KEYNOTE-180 trials [11, 12]. Considering that
few actionable molecular targets exist in ESCC, strategies to
target the DDR pathways and immune checkpoints remain
the most promising treatment options for ESCC. However,
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the mutational pattern of DDR genes and their relevance to
immune biomarkers in Chinese patients with ESCC remains
to be clarified.

To depict the landscape of DDR mutations, we evaluated 25
DDR core genes covered by our next-generation sequencing
(NGS) panel. We also evaluated the association between
DDR mutations and immune biomarkers. Furthermore,
specific DDR mutations and DDR functional pathways were
found to be correlated with immune biomarkers. By identi-
tying these DDR mutations/pathways, we hoped to identify
patients who might benefit from combination therapy by
targeting the DDR pathway and immune checkpoints.

Patients and methods

DDR status definition. We extracted 80 core genes from
all nine DDR pathways based on a study from Cell Reports
[7]. After intersecting the 80 DDR core genes with the 319
panel genes, 25 DDR core genes were used to define the DDR
status. These 25 DDR core genes were enriched in six DDR
pathways: BER, NER, MMR, FA, HR, and others. A detailed
gene list and related DDR pathways are shown in Supple-
mentary Table S1. Patients who were classified as having
the DDR-mut phenotype were defined as having at least one
nonsynonymous somatic mutation or pathogenic germline
mutation in any of the 25 DDR genes. Pathogenic mutations
were determined using the Clinvar database.

Patient information and sample collection. To evaluate
the prevalence of DDR mutations in ESCC, we recruited 250
Chinese patients with ESCC. Additionally, we used a public
dataset (TCGA, PanCancer Atlas) comprising 95 ESCC
patients as a validation set. Clinical and genomic data for
this cohort were obtained from cBioPortal (https://www.
cbioportal.org/). The basic clinical characteristics of the two
cohorts are shown in Supplementary Table S2. The authors
are accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of
the work are appropriately investigated and resolved. The
study conformed to the provisions of the Declaration of
Helsinki (as revised in 2013). This study was approved by
the Institutional Review Board of Huashan Hospital and was
conducted in accordance with the ethics guidelines (protocol
code KY2020-837 and date of approval 15 September 2020).
All patients signed the informed consent form.

Targeted sequencing and variant calling. DNA was
extracted from formalin-fixed, paraffin-embedded (FFPE)
tumor specimens. Paired whole blood was used to filter
out somatic mutations. DNA library was captured with a
designed 319 gene panel, which covers major tumor-associ-
ated genes. The protocol of targeted sequencing was the same
as in previous studies [13]. Somatic single nucleotide variants
(SNVs) and indels were detected by VarDict [14] (version
1.5.1) on both tumor samples and matched blood samples.
The mutations were annotated using ANNOVAR [15]. Copy
number variation (CNV) was obtained by CNVKit (v0.9.2).

Genes were defined as CNV gain (copy ratio >3) or loss (copy
ratio <1.5). The CNV burden was defined as the total number
of genes with CNV gain/CNV loss.

Calculation of tumor mutational burden (TMB) and
microsatellite instability (MSI) status. TMB value was
equal to the number of somatic nonsynonymous mutations
per megabase. The TMB value in the top 25" percentile in
this study was defined as TMB-high (TMB-H). Seventy
microsatellite loci were identified in this gene-targeted panel.
After examining these loci and comparing them with healthy
people in the Chinese database, MSI status was evaluated by
the unstable locus/passing locus ratio. When this ratio was
>0.2, a patient would be classified as MSI-H.

Immunohistochemical (IHC) staining of PD-L1. FFPE
sections were stained with anti-PD-L1 22C3 (Dako, M3653,
1:50). PD-L1 status was determined by CPS. CPS was equal
to the number of PD-L1 positive cells divided by total tumor
cells and multiplied by 100. PDL1-H was defined as CPS >10.

Statistical analysis. Comparisons between categorical
variables were using Fisher’s exact test, while continuous
variables were using Mann-Whitney U test. The mutational
landscape was depicted using maftools [16]. All analyses
were performed using R software (version 4.1.0). Statistical
significance was considered at p<0.05.

Results

Mutational landscape of DDR genes in Chinese patients
with ESCC. Among 250 patients with ESCC, 248 had at least
one mutation. The top three mutated genes were TP53 (90%),
NOTCHI (32%), and FATI1 (21%) (Supplementary Figure
S1A). Compared with the Chinese cohort, the frequencies of
NOTCHI (14%) and FAT (4%) were much lower in TCGA
cohort (Supplementary Figure S1B). Of the 250 patients, 73
(29.2%) had DDR-related mutated genes (Figure 1A), while
23 (9.2%) patients harbored two or more DDR mutations.
ATM (4.8%, 12/250), ATR (3.6%, 9/250), and BRCAI (3.6%,
9/250) were the most frequently mutated DDR genes. Of
the 73 DDR mutated patients, 68 patients only had somatic
DDR gene mutations (13 patients had pathogenic somatic
DDR gene mutations), while 5 patients only had patho-
genic germline DDR gene mutations. One patient had both
somatic and pathogenic germline DDR mutations (Figure
1B). Six pathogenic germline mutations occurred in five
DDR genes: ATM (2/6), BRIPI (1/6), MRE11A (1/6), MSH3
(1/6), and RAD50 (1/6). Pathogenic germline mutations in
BRIP1 and MREI1A were found at the splicing sites. Other
pathogenic germline mutations were in the exon region and
belonged to nonsense mutations or frameshift deletion/inser-
tion (Figure 1C). The mutational frequencies of DDR genes
in TCGA cohort (27.37%) were very similar to our Chinese
cohort (Supplementary Figure S2A). We also counted
mutations in the corresponding DDR pathway (Figures 1A,
1D). Among the six functional DDR pathways, HR (12.4%,
31/250) and others (11.6%, 29/250) were the most common
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mutated pathways. In the HR pathway, BRCA1/2 showed 16
mutations in 14 patients. No pathogenic germline mutations
were detected in BRCAI/2 cells. Nine patients harbored
BRIP1 mutations, and six patients had RAD50 mutations.
The remaining HR genes such as BRRDI, BLM, MRE11A,
NEB, and PALB2, were mutated in patients with no more
than two mutations. For the other pathways, ATM was the
most prevalent mutated DDR gene (4.8%, 12/250), followed
by ATR (3.6%, 9/250) and CHECK2 (3.2%, 8/250). Interest-
ingly, we observed that these other pathway gene mutations
were mutually exclusive.

Differential mutation/pathway distributions between
DDR-mut and DDR-wt groups. According to our DDR
status definition, we classified each patient as DDR-mut or
DDR-wt. No significant differences were shown in gender, age,
or stage between the two groups (Supplementary Figure S3).
The landscape of the top 20 mutated genes in DDR-mut and
DDR-wt are shown in Figure 2A. By comparing the mutation
frequencies between the DDR-mut and DDR-wt groups,
significant differences were found in 13 genes (CIC, ERBB2,
POLDI, BAP1, CARDI11, ERG, FLT1, MPL, PDGFRB, SF3B1,
TP53, ARIDIA, and GRIN2A). All these genes were more
likely to mutate in the DDR-mut group (Figure 2B). Despite
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the high mutational frequency of TP53 in the ESCC cohort
(90%), mutations in TP53 still showed significant distri-
butional differences between the DDR-mut and DDR-wt
groups. The lollipop charts of TP53 in the DDR-mut or
DDR-wt cohorts are shown in Figure 2C. p.R136H (in 6
patients) and p.R243W (in 10 patients) were the most preva-
lent mutation sites in the DDR-mut and DDR-wt cohorts,
respectively. In both DDR-mut and DDR-wt groups, TP53
and NOTCH pathways were the most frequently mutated
pathways. Comparing the pathway mutation frequencies
between the two groups, we found Wnt (p=0.0081) and p53
(p=0.0441) pathway mutations were significantly prevalent
in DDR-mut patients (Figure 2D).

Association of immune biomarkers with DDR-mut
group. We next examined the potential relationship between
DDR deficiency and immunotherapy using conventional
immune biomarkers. Only one patient was identified as
having MSI-H, and this patient also had the DDR-mut pheno-
type. More than 99% of patients with ESCC were diagnosed
with MSS. We found that TMB values in the DDR-mut group
were significantly higher than those in the DDR-wt group
(p=7.4e-07, Figure 3A). A significant association was also
found in TCGA cohort (Supplementary Figure 2B). When

B Only pathogenic somatic mutation
@ Only pathogenic germiine mutation
muation

& Non-pathog at
@ Only non-pathogenic somatic mutation

No. of samples 1°

L Noofsamples ,

1% (1)

7% (5)

18% (13)

74% (54)

DDR_all - 73

others -

HR_pathway -
DDR pathways

[ BER pathway
[0 NER _pathway
B MMR_pathway
W FA_pathway

HR_pathway
I others

DDR_all

FA_pathway -

2

MMR_pathway-

NER_pathway-

R1093X
)

e e e | R

- oo [ 1

BER_pathway-

0 200 400 600 800 1000 1137 5 200 200
« Frame_shift_Ins « Nonsense_Mutation

@

00

800 1000 1200

S —
~

20 4o 80
patients’ number

Figure 1. 25 DDR core genes and related DDR functional pathways in 250 Chinese ESCC patients. A) Mutational landscape of 25 DDR core genes and
corresponding DDR functional pathways. B) Mutation types of DDR mutations. C) Lollipop charts of pathogenic germline mutations. D) Number of
patients with DDR mutations in DDR functional pathways.
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Figure 2. Comparisons between DDR-mut and DDR-wt groups. A) Top 20 mutated genes in DDR-mut (left) and DDR-wt (right) groups. B) Forest plot

of differential mutated genes between two groups. C) Lollipop charts of TP53 mutations in DDR-mut (left) and DDR-wt (right) groups. D) Different
distributions of tumor pathway mutations in the DDR-wt and DDR-mut groups.

using the binary variable, TMB-H was more common in the
DDR-mut group than in the DDR-wt group (49.3% vs. 22.6%,
p=6.7e-05, Figure 3B). The BER pathway was excluded from
further analysis due to its small sample size. All the mutated
DDR pathways (NER, MMR, FA, and HR) were signifi-
cantly related to higher TMB (p<0.01), except for the other
pathways (Supplementary Figure S4A). Additionally, we

compared the CNV burden between DDR-mut and DDR-wt
groups and found that patients with DDR-mut tended to
have a higher CNV burden than DDR-wt patients (p=0.069,
Figure 3C). This difference was significant in the FA (p=0.05)
and MMR (p=0.017) pathways but disappeared in the HR
pathway (Supplementary Figure S4B). Of the 250 patients
with ESCC, 107 patients were examined for PD-L1 expres-
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sion. Patients with PDL1-H (CPS > 10) accounted for 21.2%
(36/107) of the patients. The DDR-mut group tended to have
more PDL1-H patients than the DDR-wt group, although
the p-value did not reach a significant level (40.5% vs. 30%,
p=0.29) (Figure 3E). When further focusing on the five DDR
pathways (excluding BER), NER, MMR, and other pathways
showed similar tendencies (Supplementary Figure S4C),
especially the HR pathway (52.9% vs. 30%, p=0.09, Figure
3F). We then examined the correlation between specific
DDR-mutated genes and PD-L1 expression. BRCAI, one of
the most prevalent HR genes, was the only DDR gene that
was significantly associated with PD-L1 expression status
(p=0.01, Figure 3G).

Discussion

In this study, we examined the mutational landscape of 25
core DDR genes in Chinese patients with ESCC. Of the 250
patients, 29.2% presented with at least one DDR mutation
and might benefit from multiple treatments.

Platinum-based chemotherapy has been accepted as the
first-line treatment for ESCC. Patients with DDR deficiency
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are considered platinum-sensitive in breast and pancreatic
cancer [17, 18]. The clinical significance of DDR deficiency
in ESCC is still under investigation. Both cell lines and
clinical studies of ESCC have reported that BRCA1/2 knock-
down dramatically increased the sensitivity to cisplatin and
could be a predictive marker in ESCC patients who under-
went cisplatin treatments [19, 20]. The platinum-based treat-
ment induces DNA damage, and DDR-targeted agents play
an important role in maintenance treatment. DDR-targeted
agents can maximize DNA damage by affecting DNA repair.
Previous research has confirmed that PARP inhibitors such
as olaparib showed great efficacy against ovarian and breast
tumors harboring BRCA1/2 mutations [21]. Considering the
high frequency of DDR mutations in ESCC across all cancer
types [22], patients with DDR mutations have great prospects
in clinical applications.

By comparing the mutation frequencies between the
DDR-mut and DDR-wt groups, 13 genes were significantly
mutated in the DDR-mut group. Five (POLD1, BAP1, SF3B1,
TP53, and ARIDIA) of them play critical roles in DNA repli-
cation and repair. SF3BI mutations have been proven to
affect HR and could be targeted with PARP inhibitors. In a
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Figure 3. Association of immune biomarkers with DDR-mut group. A, B) TMB value (A)/TMB status (B) was significantly associated with DDR status.
C) DDR-mut patients had a higher CNV burden than DDR-wt patients. D, E) DDR-mut (D)/HR-mut (E) groups had more PDL1-H patients than DDR-
wt /HR-wt patients. F) BRCA1 was significantly associated with PDL1-H. Significant level was p<0.05.
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large pan-cancer study, POLDI mutations were promising
potential predictive biomarkers for positive ICI outcomes
[23]. Meanwhile, POLD1-relevant clinical trials are ongoing
(NCT05103969, NCT03810339). These studies suggested
that DDR-related gene SF3BI and POLDI had a good
prospect in clinical applications. For patients who received
platinum and PARP inhibitors, many would eventually
develop the required resistance [24]. However, they also
exhibit increased immunogenicity in tumor cells. In gastro-
intestinal cancer, patients with HR gene mutations show
enhanced immune activity and might be an immunotherapy
response predictor [25]. Theoretically, DDR deficiency can
lead to enhanced genomic instability and tumor immuno-
genicity in all cancer types. In our Chinese ESCC cohort,
DDR deficiency was significantly associated with high TMB.
Even divided into five DDR functional pathways, patients
with pathway-mut have higher TMB than pathway-wt. Only
the other pathways did not reach a significant level (p=0.13).
Moreover, the DDR-mut group had a higher CNV burden
than the DDR-wt patients, especially in the FA and MMR
pathways. MSI-H was a rare event in our Chinese patients
with ESCC (0.4%), much lower than that in patients with
esophageal cancer from TCGA (1.63%) [26]. PD-L1 expres-
sion has been reported as a prognostic biomarker associated
with unfavorable clinical outcomes in esophageal cancer
[27]. It hasalso served as a predictive biomarker for immuno-
therapy [11, 12]. According to the FDA approval, PD-L1
positivity was defined as CPS > 10. There were 21.2% PD-L1
positive patients in our Chinese ESCC cohort. Patients with
BRCAI mutations were significantly associated with PD-L1
positivity (p=0.01). Although a limited number of BRCA1
mutated patients were detected in our study, numerous
studies have reported an association between BRCA1 and
PD-L1, including ovarian cancer [28] and pancreatic cancer
[29]. In cell lines and mouse models, DDR inhibitors could
induce PD-L1 upregulation [30]. Therefore, DDR deficiency
could play an important role in making tumors more recep-
tive to immunotherapy.

Inspired by the synergistic effect of DDR agents and
immune checkpoint inhibitors, combined DDR agents with
immunotherapy drugs may be a good choice for patients
with ESCC who have DDR deficiency or experience required
resistance. In fact, a series of clinical trials are ongoing to
examine the efficacy of this combination therapy. Early data
released from these clinical trials supported the feasibility of
the combination strategy [31-34]. Overall, with the develop-
ment of new DDR inhibitors and immunotherapy drugs, we
believe that more patients will benefit from clinical treatment
in the future.

This study has several limitations. Firstly, restricted by our
panel data, DR, NHE], and TLS pathways were not included
in our study. As NHE] is one of the major DDR pathways
in ESCC, patients with DDR core gene mutations should be
more than 29.2%. Secondly, a larger Chinese cohort is needed
to verify the association between PD-L1 positive and BRCA1

mutations in ESCC. Finally, this is a retrospective study, and
we did not obtain prognostic data. The prognostic-related
analysis could not be performed.

This study revealed the mutational landscape of 25 DDR
core genes and relevant 6 functional pathways in 250 ESCC
patients from China. DDR deficiency is significantly associ-
ated with immune biomarkers, implying the potential feasi-
bility of combining DDR agents with immunotherapy in
patients with DDR deficiency.

Supplementary information is available in the online version
of the paper.
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Supplementary Figure S1. Mutational landscape in ESCC. A) Top 15 mutated genes in 250 Chinese ESCC patients. B) Mutational landscape of the 15
mutated genes (Chinese cohort) in TCGA cohort.
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significantly associated with DDR status.
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Supplementary Table S1. 25 DDR core genes and corresponding functional DDR pathways.
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Supplementary Figure S4. Association of immune biomarkers with DDR functional pathways. A) Association with TMB. B) Association with CNV
burden (C) Association with PD-L1.

Supplementary Table S2. Clinical characteristics of Chinese cohort and

TCGA cohort.
Characteristics Chinese cohort (N=250) TCGA cohort (N=95)
n (%) Mean (SD) n (%) Mean (SD)
Age 63.6 (8.33) 58.3(10.2)
Gender
Female 39 (15.6) 14 (14.7)
Male 211 (84.4) 81 (85.3)
Stage
I 15 (6.0%) 6(6.32%)
1I 39 (15.6%) 56 (58.9%)
111 52 (20.8%) 27 (28.4%)
v 120 (48.0%) 4 (4.21%)
unknown 24 (9.6%) 2 (2.11%)




