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ABSTRACT
Background Loss- of- function alterations in DNA damage 
repair (DDR) genes are associated with human tumorigenesis 
and may determine benefit from immune- oncology (I/O) 
agents as shown in colon cancer. However, biologic 
significance and relevance to I/O in metastatic clear cell RCC 
(ccRCC) are unknown.
Methods Genomic data and treatment outcomes were 
retrospectively collected for patients with metastatic ccRCC. 
Tumor and germline DNA were subject to targeted next 
generation sequencing across >400 genes of interest, 
including 34 DDR genes. Patients were dichotomized 
according to underlying DDR gene alteration into (1) 
deleterious DDR gene alterations present (Del DDR); (2) wild- 
type (WT) and variants of unknown significance (VUS) DDR 
gene alterations present (WT/VUS DDR). Association between 
DDR status and therapeutic benefit was investigated 
separately for I/O and vascular endothelial growth factor 
(VEGF) tyrosine kinase inhibitor (TKI) therapy.
Results Del DDR were detected in 43/229 patients (19%). 
The most frequently altered genes were CHEK2 and ATM. 
Clonality analysis was performed in 27 somatic DDR 
mutations and 17 were clonal (63%). For patients with I/O 
treatment, Del DDR status was associated with superior 
overall survival (log- rank p=0.049); after adjusting for 
International Metastatic Renal Cell Carcinoma Database 
Consortium risks and extent of prior therapy, the HR for Del 
DDR was 0.41 (95% CI: 0.14–1.14; p=0.09). No association 
was seen with VEGF- TKI treatment (log- rank p=0.903).
Conclusion Del DDR alterations are recurrent genomic 
events in patients with advanced RCC and were mostly clonal 
in this cohort. Loss- of- function events in these genes may 
affect outcome with I/O therapy in metastatic RCC, and these 
hypothesis- generating results deserve further study.

BACKGROUND
The therapeutic armamentarium for clear 
cell renal cell carcinoma (ccRCC) has notably 
expanded over the past decades due to an 
advanced understanding of the disease biology 
and targetable pathways.1 For years, vascular 
endothelial growth factor (VEGF) receptor 

tyrosine kinase inhibitors (TKIs) were the most 
effective treatment options both in the first- 
line2 3 and refractory line settings.4 5 Recently, 
immune- oncology (I/O) agents including 
monoclonal antibodies targeting the 
programmed cell death-1/programmed cell 
death- ligand 1 (PD-1/PD- L1) and cytotoxic 
t- cell lymphocyte-4 (CTLA-4) checkpoints 6 7 
have revolutionized the treatment landscape 
for patients with metastatic ccRCC repre-
senting a new standard of care and a backbone 
in evolving therapeutic strategies. However, not 
all patients benefit equally from I/O agents, 
and thus far, no validated biomarkers are 
currently used to guide treatment selection for 
individual patients.

The DNA damage repair (DDR) pathways 
consist of multiple interconnected cellular 
signaling pathways that are activated in 
response to DNA damage. As a network, these 
pathways can coordinate a cascade of events, 
including cell cycle arrest, regulation of DNA 
replication, and the repair or bypass of DNA 
damage.8 Since multiple key DDR genes have 
functional overlap, defects in DDR genes can be 
a source of genomic instability and may sensi-
tize responses to I/O agents possibly through 
the production of tumor- associated neoantigen 
and/or the activation of the stimulator of inter-
feron genes (STING) pathway.9 10 This concep-
tually has been clinically supported by the 
robust clinical benefit of solid tumors exhib-
iting high microsatellite instability (MSI- H) 
and subsequent high hypermutation rates to 
the anti- PD-1 antibody pembrolizumab.11 More 
recently, the presence of deleterious DDR gene 
alterations in bladder cancer was shown to be 
associated with improved clinical outcomes in 
patients treated with I/O agents.12
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Based on these observations, we retrospectively exam-
ined a cohort of 229 patients with metastatic ccRCC at the 
Memorial Sloan Kettering Cancer Center (MSKCC) who 
underwent targeted exon sequencing of tumor tissue by 
next generation sequencing (NGS) to define the frequency 
of DDR gene alterations. We then described the clinical 
phenotype of patients harboring deleterious DDR gene 
alterations in their tumors and studied their significance 
for clinical outcomes with standard systemic therapies (I/O 
agents and VEGF- TKI).

METHODS
Study subjects
Patients treated at MSKCC for metastatic RCC between 
January 2013 and October 2017 were retrospectively iden-
tified from an institutional database using an institutional 
review board approved protocol. Eligible patients were 
those with metastatic ccRCC who received anti- kidney 
cancer systemic therapy and underwent tumor- directed 
molecular profiling by targeted NGS using our institutional 
Memorial Sloan Kettering Integrated Mutation Profiling 
of Actionable Cancer Targets (MSK- IMPACT) platform.13 
Patients’ demographics, International Metastatic Renal 
Cell Carcinoma Database Consortium (IMDC) risk status, 
treatment details, therapeutic outcomes and survival status 
were recorded.

Genomic sequencing analysis
Tumors and matched normal blood samples from patients 
were sequenced using MSK- IMPACT,13 a targeted NGS plat-
form performed in a Clinical Laboratory Improvement 
Amendments (CLIA) certified laboratory that consists of a 
targeted panel with >400 cancer- associated genes including 
34 DDR genes. Raw sequencing data alignment was 
performed to human genome and mutations were called 
using our previously validated pipeline.13 14 Dedicated anal-
ysis for germline variants was conducted across 76 genes 
associated with cancer predisposition, including 21 DDR 
genes in a subset of patients who had provided consent for 
germline sequencing.

Copy number (CN) analysis was estimated by FACETS 
(Fraction and Allele- Specific Copy Number Estimates from 
Tumor Sequencing) V.0.5.6.15 A critical value (cval) of 100 
was used to run the algorithm. To estimate the fraction of 
CN- altered genome, we followed an approach similar to the 
one described by Endesfelder et al.16 Segments with abso-
lute CN log- ratio ≥0.2 were considered to be non- diploid. 
The length of the CN- altered segments was divided by the 
sum of all segments spanning across autosomes.

DDR gene mutations’ identification and determination of 
functionality
In all patients included in the study, DDR gene mutations 
were identified from a panel of 34 DDR genes (eMethods, 
online supplementary material), which included genes in 
the checkpoint (CP), homologous recombination repair 
(HRR), mismatch repair (MMR), base excision repair 

(BER), Fanconi anemia (FA) and nucleotide excision 
repair (NER) pathways. This gene panel was identified 
from prior work within our genitourinary group.

Patients were dichotomized into two categories (1) 
deleterious DDR: including patients harboring dele-
terious DDR alterations at the somatic and/or germ-
line level; (2) wild type/VUS DDR: including patients 
with tumors determined to be DDR wild type and those 
whose tumors contained VUS DDR gene alterations. 
The following alterations were considered deleterious: 
truncating mutations (including frameshift insertion/
deletion, nonsense, or splice site alterations) and func-
tionally validated missense mutations per the annotation 
of the functionality in Catalogue of Somatic Mutations in 
Cancer (COSMIC) database17 using the FATHMM- MKL 
(Functional Analysis Through Hidden Markov Models- 
Multiple Kernel Learning) software (http:// fathmm. 
biocompute. org. uk).18 CN alterations were not included 
in the definition of deleterious DDR alterations. For the 
germline events, the pathogenicity of each DDR germline 
mutation was determined as per the American College 
of Medical Genetics (ACMG) criteria.19 DDR gene alter-
ations that were not deleterious as per the above methods 
were categorized as VUS.

To determine the clonality of the DDR somatic muta-
tions, we estimated the cancer cell fraction (CCF) as 
described by McGranahan et al.20 This method integrates 
a mutation’s variant allelic frequency, tumor purity and 
base- specific ploidy and re- normalizes it to calculate the 
CCF estimates (range: 0–1), with values closer to 1 repre-
senting a higher likelihood of clonality. In our analysis, we 
considered CCF values ≥0.75 as likely clonal.

Clinical outcome analysis and statistical endpoints
Baseline characteristics were summarized as frequencies 
and proportions for categorical variables and medians 
and ranges for continuous variables. Categorical vari-
ables were compared using Fisher’s exact test and contin-
uous variables were compared using the Wilcoxon test. 
Studied clinical outcomes included overall survival 
(OS), progression- free survival (PFS) and best objective 
response rate (ORR). For OS and PFS, Kaplan- Meier 
curves were generated and compared by log- rank test. 
Cox proportional hazards regression for OS included as 
covariates deleterious DDR status, IMDC risk category 
at the start of therapy (favorable/intermediate/poor) 
for I/O and TKI analysis as a three- level categorical vari-
able and number of prior lines of therapy received for 
I/O analysis as a continuous variable. The adjusted HRs 
for DDR and their 95% CIs are reported. Best ORR was 
compared between DDR groups using Fisher’s exact test.

Separate investigations tested the association of DDR 
status and treatment outcomes on I/O and VEGF- TKI 
therapies. These analyses were run independently with no 
intended plan to formally compare outcomes per DDR 
status with one treatment modality versus the other. With 
that, patients could contribute to both analyses. For the 
I/O analysis, we included patients who were previously 
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I/O naive and now first received I/O treatment including 
anti- PD-1 and anti- PD- L1 as a single agent or combined 
with anti- CTLA-4 antibodies. No combinational treat-
ments of I/O with VEGF- TKI were included in this anal-
ysis. For the TKI analysis, we included patients previously 
unexposed to VEGF- directed TKI agents and investigated 
the association between DDR alterations and clinical 
outcomes with VEGF- TKI therapy.

In each analysis, OS was calculated for all patients from 
the date of starting the studied systemic therapy in each 
analysis including I/O and VEGF- TKI, respectively (first 
received I/O in the I/O analysis and first- line VEGF- TKI 
in the TKI analysis), until death, censoring those patients 
who were alive at the date of last follow- up. Analysis of 
PFS and ORR was restricted to patients with formal radio-
graphic assessment per Response Evaluation Criteria in 
Solid Tumors (RECIST) V.1.121 performed by a dedicated 
research radiologist. PFS was assessed from the date the 
patient initiated the studied systemic therapy in each 
analysis to the date of progression by RECIST V.1.1 or 
death. Patients who did not progress were censored at the 
date of their last scan. Median follow- up was calculated 
in censored patients. Best ORR was determined as per 
response assessment by RECIST V.1.1.

All tests were evaluated for statistical significance at 
alpha level 0.05. Statistical analysis was performed using 
SAS V.9.4.

RESULTS
Patients’ characteristics
A total of 229 patients were included, all of whom had 
received systemic therapy for metastatic ccRCC at our 
center. Baseline characteristics are summarized in table 1. 
The majority of patients had undergone nephrectomy; 

37% had been diagnosed with de novo metastatic disease. 
IMDC risk at the start of first- line systemic therapy was 
favorable in 74 (34%), intermediate in 113 (53%), poor 
in 27 (13%) and could not be determined in 15 patients. 
Two hundred forty- two tumors from 229 patients were 
profiled using MSK- IMPACT with germline compar-
ison. Additionally, 171/229 (75%) had consented to a 
protocol to explore hereditary predisposition and under-
went dedicated NGS testing for germline events. NGS was 
predominantly performed in samples collected before 
the initiation of treatment (90%; 206 patients of 229). 
Among the two treatment analyses, the proportions of 
primary versus metastatic biopsies were equally balanced 
(online supplementary table S1).

NGS findings
Across the 229 patients, 48 deleterious DDR gene alter-
ations were identified in 43 patients (19% of the entire 
cohort), including 35 (73%) somatic and 13 (27%) germ-
line deleterious DDR gene alterations (online supple-
mentary table S2). Five patients (2%) had concurrent 
deleterious DDR gene alterations in two genes (three 
patients had both somatic and germline mutations, two 
patients had two somatic mutations).

The most frequently altered genes were CHEK2 (n=10; 
including three somatic and seven germline), ATM (n=8; 
all somatic), MSH6 (n=4; including three somatic and one 
germline) and MUTYH (n=4; all germline). Alterations 
were noted across all pathways, including CP (n=20), 
HRR (n=9), MMR (n=7), BER (n=5), FA (n=4), and NER 
(n=3). Functionally, 33 out of the 48 alterations (69%) 
were in genes involved in double- strand break repair and 
signaling processes (CP, HRR and FA pathways) (online 
supplementary table S2).

Table 1 Patients’ characteristics

Overall cohort Deleterious DDR Wild type/VUS DDR

No of patients 229 (100%) 43 (19%) 186 (81%)

Age at diagnosis (years), median (range) 60 (33–84) 61 (33–74) 60 (37–84)

Gender (male) 168 (73%) 32 (74%) 136 (73%)

Nephrectomy 218 (95%) 41 (95%) 177 (95%)

Histology

  Clear cell RCC 229 (100%) 43 (100%) 186 (100%)

Denovo metastatic 85 (37%) 19 (44%) 66 (35%)

IMDC risk score*

  Favorable 74 (34%) 15 (39%) 59 (34%)

  Intermediate 113 (53%) 20 (51%) 93 (53%)

  Poor 27 (13%) 4 (10%) 23 (13%)

No of deleterious DDR alterations (somatic and germline) 48 48 0

  Somatic alterations 35 (73%) 35 (73%) 0

  Germline alterations 13 (27%) 13 (27%) 0

*Missing for 15 patients.
DDR, DNA damage repair; IMDC, International Metastatic Renal Cell Carcinoma Database Consortium; RCC, renal cell carcinoma; VUS, variants of 
unknown significance.
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Clinical characteristics of patients harboring delete-
rious DDR alterations versus those whose tumors were 
DDR wild type/VUS are summarized in table 1. CCF anal-
ysis to determine clonality was estimable for 27 somatic 
deleterious DDR gene mutations. The analysis failed in 
tumors of eight somatic DDR alterations and was not 
performed for the germline alterations. For the majority 
of these (n=17; 63%), the CCF was ≥0.75, indicative of 
a higher likelihood that the mutations are clonal and 
represent early events in the disease process (figure 1).

Patients’ characteristics in the I/O and TKI analysis
Pertinent clinical features at the time of starting I/O and 
TKI therapies are summarized in tables 2 and 3, respec-
tively. A total of 107 patients contributed to the I/O 
analysis, a significant proportion of these (63%) having 
received prior lines of systemic therapy (see table 2). 
Seventy- three patients (68%) received single- agent I/O 
therapy; the remainder (32%) received I/O combi-
nation therapy, predominantly anti- PD-1+anti- CTLA-4 

directed. IMDC risk categories at the start of I/O therapy 
were favorable/intermediate/poor in 21%/61%/18%, 
respectively.

A total of 118 patients contributed to the TKI analysis, all 
having received monotherapy with a VEGF- directed TKI 
in the first- line setting, most commonly sunitinib (62%). 
IMDC risk categories at the start of first- line VEGF- TKI 
were favorable/intermediate/poor in 29%/58%/13%, 
respectively. Fifty- four patients contributed data to both 
the I/O and the TKI analyses.

Association between DDR status and outcomes to systemic 
therapy
Survival outcomes in the I/O and TKI analyses
In the I/O analysis, there was a total of 47 deaths for 107 
patients. Median OS was 50.0 months (95% CI: 32.6–NE) 
with a median follow- up time for survivors of 35.8 months 
(range: 12–85). Median OS was not reached (95% CI: 
NE–NE) in the deleterious DDR group versus 39.4 months 
(95% CI: 26.7–NE) in the wild- type/VUS DDR group 

Figure 1 Somatic deleterious DDR gene alterations in metastatic clear cell RCC are commonly clonal. The plot summarizes 
the distribution of 27 somatic deleterious DDR gene alterations by the CCF (y- axis) and the FCNAg (x- axis). In 17 out of 27 
(63%) deleterious somatic DDR mutations, the CCF probability was ≥0.75 indicative of a higher likelihood that the mutations 
are clonal. CCF, cancer cell fraction; CN, copy number; DDR, DNA damage repair; FCNAg, fraction of copy number- altered 
genome; RCC, renal cell carcinoma.
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(log- rank p=0.049) (figure 2A). Survival estimates at 24 
months were 78.3% (95% CI: 51.9%–91.2%) in the dele-
terious DDR group versus 62.4% (95% CI: 51.1%–71.8%) 

in the wild- type/VUS DDR group. Applying a multivar-
iate Cox regression model with adjustment for IMDC risk 
and the number of previous lines of therapy, the OS HR 

Table 2 Characteristics of 107 patients in the I/O analysis

All (n=107) Deleterious DDR (n=19) Wild type/VUS DDR (n=88)

Age at start of treatment (years), median (range) 61 (40–81) 60 (40–74) 61 (44–81)

Gender (male) 78 (73%) 13 (68%) 65 (74%)

Nephrectomy 100 (93%) 18 (95%) 82 (93%)

IMDC risk score at starting I/O therapy

  Favorable 23 (21%) 2 (11%) 21 (24%)

  Intermediate 65 (61%) 15 (78%) 50 (57%)

  Poor 19 (18%) 2 (11%) 17 (19%)

I/O therapy type

  Anti- PD-1 monotherapy 61 (57%) 10 (53%) 51 (58%)

  Anti- PD- L1 monotherapy 12 (11%) 3 (16%) 9 (10%)

  Anti- PD-1+anti- CTLA-4 32 (30%) 5 (26%) 27 (31%)

  Anti- PD-1+anti- PD- L1 2 (2%) 1 (5%) 1 (1%)

I/O therapy category

  Monotherapy 73 (68%) 13 (68%) 60 (68%)

  Combination 34 (32%) 6 (32%) 28 (32%)

Line of I/O therapy

  First line 40 (37%) 8 (42%) 32 (36%)

  ≥Second line 67 (63%) 11 (58%) 56 (64%)

CTLA-4, cytotoxic T- lymphocyte- associated protein-4; DDR, DNA damage repair; IMDC, International Metastatic Renal Cell Carcinoma 
Database Consortium; I/O, immune- oncology; PD-1, programmed cell death-1; PD- L1, programmed cell death- ligand 1; VUS, variants of 
unknown significance.

Table 3 Characteristics of 118 patients in the TKI analysis

All (n=118) Deleterious DDR (n=24)
Wild type/VUS DDR 
(n=94)

Age at start of treatment (years), median (range) 60 (34–86) 63 (34–74) 60 (37–86)

Gender (male) 87 (74%) 20 (83%) 67 (71%)

Nephrectomy 110 (93%) 23 (96%) 87 (92%)

IMDC risk score at starting VEGF- TKI therapy

  Favorable 32 (29%) 5 (25%) 27 (30%)

  Intermediate 63 (58%) 11 (55%) 52 (59

  Poor 14 (13%) 4 (20%) 10 (11%)

VEGF- TKI agent

  Sunitinib 73 (62%) 12 (50%) 61 (65%)

  Pazopanib 42 (36%) 11 (46%) 31 (33%)

  Tivozanib 1 (1%) 0 1 (1%)

  Axitinib 1 (1%) 0 1 (1%)

  Sorafenib 1 (1%) 1 (4%) 0

Line of TKI therapy

  First line 118 (100%) 24 (100%) 94 (100%)

DDR, DNA damage repair; IMDC, International Metastatic Renal Cell Carcinoma Database Consortium; TKI, tyrosine kinase inhibitor; VEGF, 
vascular endothelial growth factor; VUS, variants of unknown significance.
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for the presence of deleterious DDR was 0.41 (95% CI: 
0.14–1.14; p=0.09).

In the TKI analysis, there was a total of 53 deaths for 118 
patients. Median OS was 55.7 months (95% CI: 41.1–97.6) 
with a median follow- up time for survivors of 41 months 
(range: 2–153). Median OS was 72.9 months (95% CI: 
36.7–NE) in the deleterious DDR group versus 53.6 
months (95% CI: 40.8–115.1) in the wild- type/VUS DDR 
group (log- rank p=0.903) (figure 2B). Survival estimates 
at 24 months were 73.9% (95% CI: 50.9%–87.3%) in the 
deleterious DDR group versus 81.3% (95% CI: 71.6%–
88.0%) in the wild- type/VUS DDR group. In this analysis 
of patients uniformly treated in the first- line setting, Cox 
regression with adjustment for IMDC risk determined the 
HR for the presence of deleterious DDR to be 1.06 (95% 
CI: 0.49–2.29; p=0.88).

In the I/O analysis, median PFS for 94 patients with 
serial radiographic assessments per RECIST V.1.1 was 

5.3 months (95% CI: 4.0–8.1), with a total of 66 disease 
progression events. Median PFS was comparable for 
patients harboring deleterious DDR alterations and those 
whose tumors were DDR wild type/VUS (4.0 months; 
95% CI: 2.7–NE; and 5.3 months; 95% CI: 4.1–9.8; 
respectively; log- rank p=0.930) (figure 3A). Similarly, no 
differences were seen in 85 patients with RECIST V.1.1 
assessments on TKI therapy with median PFS across all 
patients being 10.9 months (95% CI: 8.7–13.8) and not 
significantly different for those in the deleterious DDR 
group (17.1 months; 95% CI: 8.1–28.1) versus the DDR 
wild- type/VUS group (9.6 months; 95% CI: 7.9–12.4; 
with log- rank p=0.329) (figure 3B). The total progres-
sion disease events in the TKI analysis were 70. Swimmers 
plots in online supplementary figures S1 and S2 visualize 
the time course of therapy for 19 and 24 patients in the 
deleterious DDR group in the I/O and TKI analyses, 
respectively.

Figure 2 Kaplan- Meier estimate of OS according to DDR gene alterations (deleterious DDR versus wild type/VUS DDR) in (A) 
I/O- treated patients (log- rank p=0.049) and (B) VEGF- TKI- treated patients (log- rank p=0.903). After adjustment for IMDC risk 
and the number of previous lines of therapy, the OS HR for the presence of deleterious DDR in the I/O analysis was 0.41 (95% 
CI: 0.14–1.14; p=0.09). DDR, DNA damage repair; IMDC, International Metastatic Renal Cell Carcinoma Database Consortium; 
I/O, immune- oncology; OS, overall survival; TKI, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor; VUS, 
variants of unknown significance.

Figure 3 Kaplan- Meier estimate of PFS according to DDR gene alterations (deleterious DDR vs wild type/VUS DDR) in (A) 
I/O- treated patients (log- rank p=0.930) and (B) VEGF- TKI- treated patients (log- rank p=0.329). DDR, DNA damage repair; I/O, 
immune- oncology; PFS, progression- free survival; TKI, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor; VUS, 
variants of unknown significance.
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We further conducted a sensitivity OS analysis in 
patients who only underwent NGS in the primary tumor 
samples in both the I/O and the TKI analyses (64 and 75 
patients, respectively); we observed a similar trend toward 
better OS in the I/O- treated patients and not in the TKI- 
treated patients (HR 0.42 (95% CI: 0.13–1.37); p=0.13 vs 
HR 0.94 (95% CI: 0.43–2.07); p=0.88); however, this was 
not statistically significant probably underpowered by the 
small number of patients in each analysis (online supple-
mentary figure S3).

Radiographic responses in the I/O and TKI analyses
For 94 patients with RECIST V.1.1 evaluation in the I/O 
analysis, the ORR was 32%. There was no significant 
difference in ORR between the deleterious DDR group 
and wild- type/VUS DDR group (38% vs 31%; Fisher’s 
exact p=0.57) (online supplementary table S3). In the 
I/O analysis, four of the nine patients with germline DDR 
events (44%) achieved an objective response. For 85 
patients with RECIST V.1.1 evaluation contributing to the 
TKI analysis, the best ORR was 46% with no significant 
difference observed between the deleterious DDR group 
versus wild- type/VUS DDR group (33% vs 46%; Fisher’s 
exact p=0.42) (online supplementary table S4). In the TKI 
analysis, three of the eight patients with germline DDR 
events (37%) achieved an objective response. Co- muta-
tion plots in online supplementary figure S4A,B illustrate 
the distribution of the deleterious DDR gene alterations 
by the relevant genes and pathways with the radiographic 
responses for each patient in both the I/O and the TKI 
analyses. Waterfall plots in online supplementary figure 
S5A,B depict the maximal amounts of shrinkage in target 
lesions for patients highlighting DDR mutation status in 
the I/O and TKI analyses, respectively.

DISCUSSION
Damage to human DNA occurs constantly as a result of 
exposure to a multitude of endogenous and exogenous 
influences. The DDR machinery reacts to such events 
through a number of well- orchestrated mechanisms that 
can regulate DNA replication and may lead to the repair 
or bypass of DNA damage as well as cell cycle arrest.8 22 
These response pathways are regulated by several key DDR 
genes, functional loss of which can result in genomic 
instability and frequently contributes to neoplastic trans-
formation. DDR status is understood to have implications 
on neoantigen load and hence has been explored as a 
potential predictor of clinical benefit to I/O agents. The 
activity of I/O in this setting was first highlighted in the 
pivotal phase II study of pembrolizumab,11 which was 
conducted primarily in colon cancer and demonstrated 
that patients with deficient mismatch repair (dMMR) 
tumors had higher response rates compared with MMR- 
proficient tumors (40% vs 0%). These findings were 
subsequently confirmed in a larger phase II study23 eval-
uating pembrolizumab solely in patients with dMMR 
tumors across 12 tumors types (none of which were RCC) 

with an ORR of 53%, including 21% complete responses. 
This discovery led to the Food and Drug Administration 
approval of pembrolizumab for the treatment of MSI- H/
dMMR cancers, irrespective of primary tumor site.24 In a 
previously reported study of 60 patients with metastatic 
urothelial cancers enrolled in prospective trials who were 
treated with a variety of I/O- based regimens,12 the pres-
ence of deleterious DDR gene alterations across the same 
set of candidate genes tested here was associated with 
superior OS. Similarly, Wang et al25 recently demonstrated 
that the presence of concomitant mutations in HRR- MMR 
or HRR- BER pathways was associated with clinical benefit 
to I/O agents across several cancer types.

In pan- cancer comparisons, a genotype suggestive of 
genomic instability is more common in RCC than other 
solid tumor malignancies,26 27 yet dedicated reports 
around DDR biology in this disease are limited. In the 
localized setting, data from The Cancer Genome Atlas 
(TCGA) effort have provided insights into genomics 
and transcriptomics of DNA maintenance in ccRCC.27 28 
Here, alterations across 11 DDR genes were found in 25% 
of cases. In a subsequent report from the Kidney Renal 
Clear Cell Carcinoma (KIRC) TCGA dataset, transcrip-
tomic signatures suggestive of HR deficiency were seen in 
the majority of cases.29

Our study extends the exploration of DDR genomics 
to the metastatic setting, analyzing a large retrospective 
cohort of systemically treated patients. To our knowledge, 
this is the first report to put such findings into context 
with different categories of systemic RCC therapy. In our 
cohort of >200 patients, we confirm that loss- of- function 
events in key DDR genes are common in the setting of 
advanced disease and report deleterious DDR gene alter-
ations in 19% of patients, the majority deemed clonal per 
CCF estimates.

Following prior reports in other malignancies, we were 
interested to explore the significance of DDR loss- of- 
function and therapeutic outcomes in RCC. We under-
took separate analyses for I/O and VEGF- TKI agents. 
Importantly, this retrospective study did not allow for 
direct comparison between treatment groups, and we did 
not attempt to undertake such comparison. While there 
were no differences for PFS or ORR, longer median OS 
with I/O therapy was observed in patients whose tumors 
harbored deleterious DDR gene alterations versus those 
who were DDR WT/VUS (log- rank p=0.049). Landmark 
analysis with 24 months OS probability also favored DDR- 
altered cases. Significance of this OS association was lost in 
a multivariate Cox regression model correcting for IMDC 
risk category and exposure to prior lines of therapy (HR 
0.41, 95% CI: 0.14–1.14; p=0.09), which may be due to 
interdependence or due to limitations in sample size. The 
provocative signal seen here for OS with a lack of concur-
rent association in ORR and PFS highlights the complex-
ities of interpreting I/O benefit previously evident in 
other RCC datasets.6 30 Small sample sizes of the various 
subgroups did not allow for pathway or gene- specific 
exploration of an efficacy signal. We did not appreciate 
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association between DDR status and median PFS, median 
OS, 24 months OS or ORR in patients treated with first- 
line TKI therapy (log- rank p=0.903).

In 10 patients, deleterious DDR status was determined 
solely by the presence of germline DDR events, mostly 
involving CHEK2 and MUTYH. When looking at this 
small number of patients, no notable differences in treat-
ment effect, including survival, were apparent between 
the somatic and germline variants.

Our results add to the growing level of evidence 
supporting the notion that DDR status deserves further 
study in the context of treating metastatic ccRCC with 
I/O agents. For ccRCC, validation in larger, prospective 
cohorts is needed, ideally with dedicated attention to 
particular pathways and individual genes. Better under-
standing of these concepts may also allow for rational 
combination strategies pairing I/O and targeted agents. 
This includes Poly (ADP- ribose) polymerase (PARP) 
inhibitors for which synthetic lethality in a DDR- impaired 
state has been proposed in preclinical RCC models.31

Our study has several limitations. All patients in this 
retrospective cohort were treated at a single center, and 
as mentioned sample size limits our ability to correct for 
other factors and explores the significance of individual 
genes. A proportion of patients contributed to both TKI 
and I/O analyses, although it should be stressed that 
the purpose of our study was not to compare outcomes 
between different therapeutic approaches. The clinical 
setting was rather different, TKI therapy having been 
applied in the first line for all patients analyzed here 
while a significant proportion of I/O treatments was 
initiated after prior exposure to non- I/O therapies. Rele-
vantly, no patients in this study entered either analysis on 
the basis of I/O plus TKI combination therapy. OS data 
seen in this cohort exceed historic controls for first- line 
TKI treatments.3 Such differences are partly attributable 
to the bias inherent to retrospective research but may also 
reflect what can be achieved in patients with early access 
to a contemporary standard and investigational agents at 
a center of expertise. Additionally, genomic characteriza-
tion of DDR pathways and estimation of mutational load 
were limited to genes included in the MSK- IMPACT gene 
panel; this is a targeted NGS panel containing a limited 
number of genes (468 in the most recent version), which 
represents a fraction of the genome when compared 
with other extensive assays such as compared with whole 
exome sequencing.

CONCLUSIONS
Our findings add further evidence that DDR alterations 
are frequent loss- of- function events in metastatic ccRCC 
and support the notion that this category of genomic 
alterations deserves further study investigating their 
predictive value for I/O agents in this disease and others. 
This was an exploratory study to gain early insight into 
the significance of DDR gene function in metastatic RCC 
with respect to treatment with standard agents. With a 

retrospective design and limited sample size, it was not set 
up to establish an applicable biomarker for I/O therapy 
in RCC.
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