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Tumor gene alterations can serve as predictive biomarkers for therapy response. The nucleotide excision repair (NER)
helicase ERCC2 carries heterozygous missense mutations in approximately 10% of bladder tumors, and these may
predict sensitivity to cisplatin treatment. To explore the clinical actionability of ERCC2 mutations, we assembled a
multinational cohort of 2,012 individuals with bladder cancer and applied the highly quantitative CRISPR-Select assay to
functionally profile recurrent ERCC2 mutations. We also developed a single-allele editing version of CRISPR-Select to
assess heterozygous missense variants in their native context. From the cohort, 506 ERCC2 mutations were identified,
with 93% being heterozygous missense variants. CRISPR-Select pinpointed deleterious, cisplatin-sensitizing mutations,
particularly within the conserved helicase domains. Importantly, single-allele editing revealed that heterozygous helicase-
domain mutations markedly increased cisplatin sensitivity. Integration with clinical data confirmed that these mutations
were associated with improved response to platinum-based neoadjuvant chemotherapy. Comparison with computational
algorithms showed substantial discrepancies, highlighting the importance of precision functional assays for interpreting
mutation effects in clinically relevant contexts. Our results demonstrate that CRISPR-Select provides a robust platform to
advance biomarker-driven therapy in bladder cancer and supports its potential integration into precision oncology
workflows.
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Tumor gene alterations can serve as predictive biomarkers for therapy response. The nucleotide excision repair (NER)
helicase ERCC2 carries heterozygous missense mutations in approximately 10% of bladder tumors, and these may
predict sensitivity to cisplatin treatment. To explore the clinical actionability of ERCC2 mutations, we assembled

a multinational cohort of 2,012 individuals with bladder cancer and applied the highly quantitative CRISPR-Select
assay to functionally profile recurrent ERCC2 mutations. We also developed a single-allele editing version of CRISPR-
Select to assess heterozygous missense variants in their native context. From the cohort, 506 ERCC2 mutations

were identified, with 93% being heterozygous missense variants. CRISPR-Select pinpointed deleterious, cisplatin-
sensitizing mutations, particularly within the conserved helicase domains. Importantly, single-allele editing revealed
that heterozygous helicase-domain mutations markedly increased cisplatin sensitivity. Integration with clinical

data confirmed that these mutations were associated with improved response to platinum-based neoadjuvant
chemotherapy. Comparison with computational algorithms showed substantial discrepancies, highlighting the
importance of precision functional assays for interpreting mutation effects in clinically relevant contexts. Our results
demonstrate that CRISPR-Select provides a robust platform to advance biomarker-driven therapy in bladder cancer
and supports its potential integration into precision oncology workflows.
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therapy for decades. However, tumor response to platinum-based
chemotherapy varies markedly across patients, and reliable predic-
tive biomarkers are needed to improve patient stratification and
inform therapy selection.

Loss of DNA repair pathway function occurs in a subset
of tumors and has the potential to be exploited therapeutically.
Approximately 10% of bladder tumors harbor somatic missense
mutations in the nucleotide excision repair (NER) gene ERCC2
(3-5). The NER pathway primarily repairs bulky intrastrand
adducts including UV- and platinum-induced lesions (6, 7). The
ERCC2 gene encodes a DNA helicase (also known as XPD) that
unwinds the DNA duplex near the damage site and verifies the
lesion. In a subset of retrospective clinical-genomic studies of
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MIBC, patients with somatic ERCC2 mutations were more likely
to experience a pathologic complete response (pCR) following
cisplatin-based neoadjuvant chemotherapy than patients lacking
a tumor ERCC2 mutation (8, 9). Importantly, this improvement
in pCR rate translated to an OS benefit for patients with an
ERCC2 mutation (9). However, ERCC2 missense mutations have
not been found to be significantly associated with response to
platinum-based chemotherapy in all studies (10-12), highlight-
ing the complex nature of biological mechanisms underlying
treatment response.

Functional analysis of a subset of clinically observed ERCC2
mutations suggests that the majority are sufficient to confer NER
deficiency and increased cisplatin sensitivity (13). However,
the complementation-based approaches used to profile ERCC2
mutant alleles to date have several limitations, including the
inability to express mutant proteins at physiologically relevant
levels, as well as limitations of scalability and quantitative sen-
sitivity. CRISPR-Select (14, 15) is a recently developed CRIS-
PR-based editing approach with inbuilt controls generated in the
same culture system as mutations of interest. These editing con-
trols ensure high accuracy and precision as they eliminate com-
mon concerns with functional assays, such as overexpression or
subcloning artifacts.

Here, we assembled clinical and genomic data from patients
with bladder cancer, which is, to our knowledge, the largest cohort
of ERCC2-mutant bladder tumors characterized to date. We com-
prehensively mapped the mutational landscape of ERCC2 and lev-
eraged CRISPR-Select to decode the functional impact of preva-
lent variants revealing a marked cisplatin sensitivity of the most
common helicase domain variants. Moreover, we developed single
allele CRISPR-Select to allow functional assessment of ERCC2
mutations in a heterozygous state. Finally, we compared ERCC2
mutation impact scores between experimental CRISPR-Select
determination and computational methods. In conclusion, our
findings set the stage for integrated clinical interpretation of ERCC2
mutation status for optimized bladder cancer treatment.

Results

Assembly and characterization of a large multiinstitutional ERCC2-mu-
tant bladder cancer cohort. The ERCC2 mutation frequency in several
reported bladder cancer cohorts ranges between 8% to 20% (3-5).
To interrogate the nature of ERCC2 mutations more deeply in blad-
der cancer, we assembled a multiinstitutional cohort of bladder
cancer cases (n = 2,012; Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI186688DS1) that represents the largest clinically and/or
genomically annotated database of ERCC2-mutant cases analyzed
to date. The complete cohort consists of 675 patient-derived tumor
samples analyzed by whole-exome sequencing (WES) and 1,337
samples analyzed by targeted panel sequencing. Cases with avail-
able sequencing data and clinical information were divided into 2
clinically distinct groups: a neoadjuvant cohort and a metastatic
cohort. The neoadjuvant cohort consisted of 284 tumors collect-
ed from 5 cohorts of nonmetastatic MIBC patients who received
cisplatin-based neoadjuvant chemotherapy (NAC): Dana-Farber
Cancer Institute and Memorial Sloan Kettering Cancer Center
(DFCI-MSKCC, n = 50) (5), Philadelphia (n = 48) (9, 16), Aar-
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hus (n = 60) (12), MSK IMPACT (n = 38), and Indiana (n = 88)
(Supplemental Figure 1A). The metastatic cohort was comprised
of 429 tumors collected from 3 cohorts of patients: Aarhus (n =
105) (12), DFCI Oncopanel (n = 132) (17), and Urothelial Cancer
— Genomics Analysis to Improve Patient Outcomes and Research
(UC-GENOME, 7 = 192) (18) (Supplemental Figure 1A). Of the
429 patients in the metastatic cohort, 322 patients received plati-
num-based chemotherapy. In the DFCI Oncopanel and UC-GE-
NOME cohorts, the primary tumor was sequenced in 77% and 87%
of the patients, respectively, whereas tumor from a metastatic site
was sequenced in 19% and 13%, respectively (the remaining 4% of
samples in the DFCI Oncopanel cohort were derived from locally
recurrent sites or the information was not available). In the Aarhus
cohort, primary tumor specimens were sequenced in all 165 cases.
In addition to the assembled neoadjuvant and metastatic cohorts,
bladder cancer cases from The Cancer Genome Atlas (TCGA)
cohort (4) were analyzed separately and consisted of 412 muscle-in-
vasive, high-grade urothelial tumors analyzed by WES.

We performed comprehensive mutational analyses for all
tumors across the 3 cohorts (neoadjuvant, metastatic, and TCGA).
Somatic mutations, including single-nucleotide variants (SNVs) as
well as short insertions and deletions (indels) identified by WES or
targeted panel sequencing, were annotated. We focused our analy-
ses on nonbenign exonic and splice site mutations affecting a gene
identified to be significantly mutated in MIBC (4). The 20 most fre-
quently mutated genes are shown in Figure 1A and Supplemental
Figure 1, B and C.

In the neoadjuvant cohort, the median nonsynonymous muta-
tion rate was 5 mutations per megabase (Mb) for WES cases, TP53
was the most frequently mutated gene (57%), and ERCC2 was
mutated in 19% of the cases (Supplemental Figure 1B). The Indi-
ana and MSK-IMPACT targeted sequencing cohorts were excluded
from Figure 1A and Supplemental Figure 1B because the Indiana
cohort only had mutational data for ERCC2 and TP53, and the
MSK-IMPACT cohort consisted exclusively of ERCC2-mutant cas-
es (Supplemental Figure 1C). However, even with these 2 cohorts
excluded, the frequency of ERCC2 mutations in the neoadjuvant
cases summarized in Supplemental Figure 1B may still be higher
than in a nonselected MIBC population because patients in the
DFCI-MSKCC and Philadelphia cohorts were specifically includ-
ed in the cohorts based on tumor response to cisplatin-based ther-
apy. We performed mutual exclusivity and cooccurrence analyses
(Methods) for mutations in genes significantly mutated in BLCA
using Discrete Independence Statistic Controlling for Observations
with Varying Event Rates (DISCOVER) (19). There were no genes
with mutations that significantly cooccurred or were mutually
exclusive with ERCC2 mutations; however, we did identify a mutu-
ally exclusive relationship between RB/ and KDM6A in the subset
of the neoadjuvant cohort with available WES data (Figure 1B) in
agreement with previous reports (20).

In the metastatic cohort, the median nonsynonymous mutation
rate was 4 and 11 mutations per Mb for WES and panel sequenc-
ing samples, respectively. 7P53 was mutated in 50% of cases, and
ERCC2 was mutated in 11% of cases (Supplemental Figure 1B).
We identified several mutually exclusive gene pairs including,
but not limited to, RBI and KDM6A, RBI and FGFR3, TP53 and
FGFR3, TP53 and STAG2, TP53 and HRAS, and HRAS and FGFR3
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Figure 1. Extensive analysis of MIBC cohorts. (A) Mutation landscape of the bl

adder cancer cases analyzed in the neoadjuvant, metastatic, and TCGA

patient cohorts. (B) Mutually exclusive gene pairs identified in the neoadjuvant, metastatic, and TCGA cohorts using the DISCOVER test. No cooccurring
gene pairs were detected using the DISCOVER test. Targeted and whole-exome sequencing (WES) cohorts were analyzed separately. (C) 87% of somatic
small-scale mutations in ERCC2 occur in the helicase domains of the gene, although the helicase domains only constitute 56% of the gene. The observed
ratio of helicase-domain variants was compared with an expected ratio of variants occurring randomly along the gene (y? test: P = 6.12 x 10°%°). (D) The

most frequent ERCC2 variants that were detected in the collected cohorts.

(Figure 1B). Mutually exclusive and cooccurring gene pairs were
tested using the Fisher’s exact test (Supplemental Figure 1, D and
E, Methods), which identified cooccurrence between ERCC2-ERB-
B2,and ERCC2-SF3BI (Supplemental Figure 1E), although there
were no genes that significantly cooccurred with ERCC2 using the
DISCOVER test.
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In the TCGA cohort, the median nonsynonymous mutation rate
was 4 mutations per Mb, TP53 was mutated in 46% of cases, and
ERCC2 was mutated in 9% of cases (Supplemental Figure 1B). We
identified a mutually exclusive relationship between RBI and FGFR3,
TP53 and FGFR3, FGFR3 and ARIDIA, and KMT2D and KDM6A,

some of which have been previously described (4) (Figure 1B).
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Figure 2. CRISPR-Select analysis establishes that helicase-domain ERCC2 mutations confer platinum sensitivity. (A) CRISPR-Select workflow.
iCas9-MCF10A cells are transfected with equal amount of repair templates harboring the mutation of interest (Mut) or a synonymous mutation (WT*).
The WT* is used as an internal normalization control. Following CRISPR editing, most cells with a mutation of interest knocked-in on one allele will have a
disruptive frameshift (fs) InDel on the other allele. Cells are harvested at day 2 (D2; initial timepoint) and the remaining cells are split into untreated or cis-
platin-treated conditions and collected at D12.The region containing the Mut or WT* is deep sequenced and the Mut:WT* ratio is calculated. (B) Schematic
representation of ERCC2 gene structure and position of the mutations investigated by CRISPR-Select. The mutations correspond to germline mutations
selected from ClinVar and somatic missense mutations identified in bladder cancer cohorts. The conserved helicase domains of ERCC2 are depicted. (C)
Impact of a known pathogenic (Y639*) and a likely benign (D312N) variant on cell fitness in TP53 WT and KO iCas9-MCF10A cell lines. The normalized
Mut:WT* shown corresponds to the ratio of the Mut:WT* normalized to D2. (D and E) Impact on cisplatin sensitivity of ERCC2 variants. The normalized
Mut:WT* frequencies of somatic missense mutations in (D) TP53 KO iCas9-MCF10A and (E) bladder cancer cell lines. The error bars represent the standard
deviation of 3 independent experiments. The statistical significance was determined using a paired2-tailed t test. *P < 0.05, **P < 0.01, and ***P < 0.001.

Of the 2,012 patient-derived samples, we identified 506 ERCC2
mutations in 477 individuals, the vast majority of which were mis-
sense variants (93%). ERCC2 variants were highly enriched (87%)
in the helicase domains (HDs) of the protein compared with the
expected ratio of mutations occurring randomly along the gene
(Figure 1C, 2 test: P = 6.12 x 10%). The most frequent ERCC2
variant was N238S (Figure 1D; 14% of ERCC2-mutant cases); how-
ever, several other recurrent mutations were also identified (e.g.
S44L, T484M, and Y 24C; Figure 1D and Supplemental Figure 1F).
Comprehensive copy number information and/or loss of hetero-
zygosity (LOH) estimates were available for the WES and Indiana
samples (Methods), and we found that ERCC2 missense mutations
were nearly always present without loss of the second allele (Sup-
plemental Figure 1G): 82% of ERCC2-mutant cases lacked LOH
versus only 5% of the cases with an LOH event detected (LOH
estimates were not available for 13% of the cases). Tumor muta-
tion burden (TMB) was calculated and harmonized across different
sequencing platforms by assigning a TMB z-score to each tumor
(Supplemental Figure 1H, Methods). We found that ERCC2-mutant
cases, defined as missense or truncating (stopgain, frameshift, or
nonstop) variants in the HDs of ERCC2, demonstrated significant-
ly higher nonsynonymous TMB compared with WT ERCC2 cases
(defined as no mutations or mutations outside of the HDs) in all 3
cohorts (Supplemental Figure 11; pairwise Wilcoxon rank-sum tests
with Holm'’s correction for multiple testing, neoadjuvant: P = 6.3 x
107, metastatic: P=2.4 x 102, TCGA: P= 2.3 x 107). Finally, we
performed region-specific mutational signature analysis (Methods)
and found that many of the missense mutations in ERCC2 are con-
sistent with the mutational signatures associated with APOBEC
activity (Supplemental Figure 1J). However, we also observed a
number of ERCC2 mutations due to T—C changes, including the
most common variant, N238S, which is not attributable to APO-
BEC mutagenesis.

CRISPR-Select identifies functionally deleterious ERCC2 heli-
case-domain mutations. ERCC2 mutations have been associated with
increased sensitivity to cisplatin-based chemotherapy in some
bladder cancer cohorts, and functional analyses of selected ERCC2
mutations have demonstrated impaired NER activity. However,
the functional impact of most clinically observed ERCC2 mutant
alleles on cisplatin sensitivity has not been characterized. To quan-
titatively define the impact of specific ERCC2 missense mutations
on cisplatin sensitivity, we leveraged the newly developed CRIS-
PR-Select assay (14) (Figure 2A). In this approach, CRISPR-based
genome editing is used to introduce the mutation of interest (Mut)
as well as a synonymous (silent) mutation (WT*) as an internal
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control in a single MCF10A cell population. Cell aliquots are har-
vested at different time intervals after editing and deep NGS is per-
formed to monitor relative changes in mutation frequencies over
time. Drug treatment was included to evaluate if the introduced
ERCC2 mutations confer increased cisplatin sensitivity. Given that
TP53 is frequently comutated with ERCC2, we tested the impact of
ERCC2 mutations on cisplatin sensitivity with and without cooc-
curring loss of TP53.

First, we monitored basic cell proliferation rates and did not
observe any difference between 7P53 KO and TP53 WT cell lines
as measured by live microscopy (Supplemental Figure 2A). Next,
we selected a known ERCC2 pathogenic germline variant (Y639%;
https://www.ncbi.nlm.nih.gov/clinvar/variation/1358482/) and
a likely benign variant (D312N; https://www.ncbi.nlm.nih.gov/
clinvar/variation/134117/) as controls. We introduced these alter-
ations in the 7P53 KO and 7P53 WT cell lines and assessed the
ERCC2 Mut:WT* frequencies over time in the absence of cisplatin
(Figure 2, B and C). Cells were collected on day 2 (D2, initial time-
point) and day 12 (D12) following guide RNA transfection. The
Mut and WT* frequencies were calculated and then the Mut was
normalized to the WT* (Mut: WT*). To compensate for experimen-
tal variability, the Mut: WT* ratio at D12 was normalized to that of
D2 (Supplemental Figure 2B). The Mut:WT* frequency of Y639*
decreased by approximately 80% on D12 (Figure 2C), consistent
with the known impact of Y639* on ERCC2 stability and the essen-
tiality of ERCC2’s structural role as part of the TFIIH complex (21).
Conversely, ERCC2-D312N did not affect cell fitness, supporting
that this variant is benign (Figure 2C). The guide RNAs used in the
CRISPR-Select experiment introduce frameshift mutations if the
repair template is not used. We observed a decrease in frameshift
frequency over time for guide RNAs used to edit at both Y639* and
D312N positions, indicating a selection against disruptive ERCC2
frameshift mutations for both guide RNAs, which is in line with
ERCC2’s essential function (Supplemental Figure 2C). Together,
these results support the utility of CRISPR-Select to assess the
functional impact of ERCC2 mutations.

We next investigated the impact of somatic ERCC2 mutations
identified in bladder cancer cohorts (Figure 2B) on cell fitness in the
TP53 KO (Figure 2D) and WT cell lines (Supplemental Figure 2D).
In the absence of cisplatin, the variant frequency was unchanged
over time for both helicase and nonhelicase mutations, suggesting
that these somatic ERCC2 mutations did not impact baseline cell fit-
ness (Figure 2D and Supplemental Figure 2D). A decrease in guide
RNA-mediated frameshift frequency over time was observed for all
ERCC2 mutations except ERCC2-Q758E (Supplemental Figure 2E).
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Figure 3. Single allele editing CRISPR-Select to quantify functional impacts of heterozygous ERCC2 missense mutations. (A and B) Principle of exon
guide RNA editing compared with intron guide RNA editing. Following Cas9 cleavage, the ssODN repair templates are employed to introduce the mutation
of interest (Mut) or a synonymous mutation (WT¥*) that are tracked by NGS. On the other allele, Cas9 introduces a cut, but, due to inefficiency of editing,
this predominantly results in InDel events. Two cellular editing events resulting in Mut and WT* ERCC2 are depicted separated by dashed lines. (A) In exon
guide RNA editing, the second allele events are frameshifts that generally are degraded by nonsense-mediated mRNA decay (NMD). (B) Using an intron
guide RNA system, the second allele InDels are now in the noncoding region. This system can hence circumvent the formation of a high proportion of
frameshifts and be used to mimic a heterozygous condition. (C and D) Quantification of exon and intron InDels at D2 in an exon guide RNA editing system
compared with an intron guide RNA system. (E) Impact on cisplatin sensitivity of exon guide RNA and intron guide RNA for N238S and D609G variants.
The normalized Mut:WT* shown corresponds to the ratio of the Mut:WT* normalized to the initial D2 timepoint. The error bars represent the standard
deviation of 3 independent experiments. The statistical significance was determined using an unpaired 2-tailed t test.

Q758E is in the last exon, and the guide RNA-mediated frameshift
events may therefore not be as deleterious due to nonsense-mediat-
ed mRNA decay escape (22).

We next used CRISPR-Select to evaluate the impact of ERCC2
variants on cisplatin sensitivity. We first determined the half-max-
imal inhibitory concentration (IC,)) of cisplatin for 7P53-WT and
TP53-KO cells. Though TP53-WT cells were slightly more sensitive
5o 0.5 uM) than TP53-KO cells (IC,, 0.9 pM) (Sup-
plemental Figure 2F), the difference was small, and we selected 1

to cisplatin (IC

uM cisplatin as the dose to be used for both cell lines. Two days
following guide RNA transfection, an aliquot of cells was collect-
ed (D2) and the remaining cells were treated or not treated with 1
uM cisplatin and then harvested ten days later (D12). All tested
helicase domain ERCC2 mutations sensitized cells to cisplatin, as
demonstrated by the statistically significant decrease in Mut: WT*
frequencies in both 7P53 KO (Figure 2D) and TP53 WT (Supple-
mental Figure 2D) backgrounds whereas the nonhelicase domain
variants did not impact cisplatin sensitivity (Figure 2D and Sup-
plemental Figure 2D). In a separate set of experiments in which
cells were harvested on D7 and D12, no significant difference in
cisplatin sensitivity was observed between TP53-KO and WT cells
(Supplemental Figure 2G). This indicates that 7P53 loss does not
influence cisplatin sensitivity induced by ERCC2 helicase-domain
mutations in vitro.

To explore the impact of ERCC2 mutations on cisplatin sen-
sitivity in a bladder cancer model, Cas9 and equal amounts of
repair templates harboring Mut or WT* were nucleofected in J82,
a malignant human urothelial cell line (23). In agreement with our
prior findings, the 2 helicase domain variants, N238S and D609G,
displayed increased sensitivity to cisplatin treatment (0.25 pM and
0.5 uM) but had no impact on cell fitness in the absence of cispla-
tin (Figure 2E). Taken together, these data demonstrate the utili-
ty of CRISPR-Select to define the functional impact of clinically
observed ERCC2 mutations on bladder cancer cell fitness and cis-
platin sensitivity. Our findings show that ERCC2 helicase-domain
mutations substantially increase cisplatin sensitivity.

Single allele editing CRISPR-Select can quantify functional impacts
of heterozygous ERCC2 missense mutations. The version of CRIS-
PR-Select that was previously reported (14), and that we used to
test the functional impact of ERCC2 mutations in Figure 2, relies
on editing of one allele to introduce the desired missense mutation
coupled with highly efficient loss of heterozygosity on the second
allele via InDel formation (Figure 3A). However, this genetic con-
text differs from most bladder tumors, in which the heterozygous
missense ERCC2 mutations are present without loss of heterozy-
gosity (LOH) of WT ERCC2 allele(s) (Supplemental Figure 1G).

J Clin Invest. 2025;135(16):e186688 https://doi.org/10.1172/)C1186688

To more accurately model the clinically relevant setting, we adapt-
ed the CRISPR-Select assay by using guide RNAs that target the
nearest intron to the ERCC2 mutation of interest. In this setting,
the primary genome editing outcomes within a cell are as follows;
(a) on one allele the donor repair templates (ssODNs) yields the
desired missense (Mut) or synonymous (WT*) mutation, (b) the
second allele is predominantly repaired without use of the donor
repair templates, leading to intronic InDel formation that does not
disrupt production of a full-length WT ERCC2 protein (Figure
3B). We term this assay “single allele editing CRISPR-Select”, as
it allows introduction of heterozygous missense mutations without
accompanying LOH. To validate this approach, we first compared
editing outcomes using guide RNAs that targeted either the exons
of ERCC2 D609 and N238 (common sites of clinically observed
mutations) or their adjacent intronic regions (in the absence of a
ssODN template). As expected, the exon-targeting guide RNAs
resulted in a majority of InDel events in the coding regions where-
as the intron-targeting guide RNAs resulted in intronic InDel events
(Figure 3, C and D). We also considered if intron guide RNA might
impact regions important for RNA splicing of ERCC2. However,
analysis of NGS data following editing indicated that the intron
guide RNAs had a smaller effect on splicing than the exon guide
RNAs (Supplemental Table 1).

‘We next assessed the impact of intron InDels and exon InDels
on ERCC2 protein levels by transfecting cells with nontargeting,
intron-targeting, or exon-targeting guide RNA only, without the
addition of ssODNs, thereby inducing InDel events around the
Cas9 cut site. The genomic DNA and protein were collected 3
days after guide RNA transfection. We observed an equivalent
guide RNA-Cas9 efficiency (greater than 80% of modified alleles)
with the intron and exon guide RNAs (Supplemental Table 2). As
expected, a larger proportion of frameshift events were observed
with the exon guide RNA compared to the intron guide RNA
(Supplemental Table 2). Consistently, we observed a significant
decrease in ERCC2 full-length protein expression with the exon
guide RNA compared with the intron guide RNA (Supplemen-
tal Figure 3E). We then compared cellular fitness and cisplatin
sensitivity following Mut or WT* editing with either the exon- or
intron-targeting guide RNAs. Intriguingly, we observed similar
cisplatin sensitivity with exon- and intron-targeting guide RNAs
(Figure 3E), suggesting that helicase domain FRCC2 mutations
were sufficient to confer cisplatin sensitivity in the presence or
absence of accompanying WT ERCC2 protein. More broadly,
these results indicate that single allele editing of ERCC2 mutations
is feasible and support our findings obtained using the original
CRISPR-Select assay (Figure 2).

7


https://doi.org/10.1172/JCI186688
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd
https://www.jci.org/articles/view/186688#sd

RESEARCH ARTICLE

The Journal of Clinical Investigation

120 144

0
3

A ERCC2 mutation status B Neoadjuvant C Neoadjuvant OS
Clinical subset (n = 1125) Responders: 1.004
pTO, pTa, pTis, pT1 >
1.001 P=3e-04 % 0.751
0.75 1 1.00 ¥
S 0.504
o
i) 0.75 =
3 0.501 91% || 92% o 2
. 2
0051 72% é:ﬂ 0.50 % 0.25 Log-rank
. »n P=5e-04
0.25 0.00, ] . . ] .
0.001 0 25 5 75 100 125
Time (months
&é\\ @\"‘}\o &Oov 0.00 ( )
& F § ms" Number at risk
Q'
< Keid Qg,c’ ERCC2MUT{77 53 23 7 1 0
&L 4 ERCC2WT04 108 31 8 3 1
ERCC2 MUT (helicase domain) 0 25 50 75 100 125
ERCC2 WT I Non-responder Time (months)
Responder —+— ERCC2MUT —— ERCC2WT
D Metastatic OS E Metastatic F TCGA OS
1.00 Response to Platinum-based treatment
> chemotherapy 1.00 —H——tt ;
F 0751 P=0.36 £
3 1.001 2075
g €
5 0.501 o
T R 0.75{ MEl! %0'50
T 0.25] 3 0504 <025
a Log-rank o= a Log-rank
0.00 IP=0435I ' . ' 005 0.00 'P=0.'017I .
0 50 100 150 200 0 24 48 72 96
Time (months) 0.00 Time (months)
Number at risk § (Ls‘ Number at risk
ERCC2 MUT {30 8 2 0 0 & & ERCC2 MUTj 9 7 4 2 2 f
ERCC2 WT 92 64 15 3 1 & & ERCC2WT{92 41 21 8 4 3
0 50 100 150 200 0 24 48 72 96 120 144

G ERCC2 and TP53 mutation status
Clinical subset (n = 1125)
]
1.00 —
0.75
o
5 0.50
o
0.251
0.00
S or
o ©
o‘b @Qz
&

:

Time (months)

—+— ERCC2MUT —+— ERCC2WT

ERCC2 MUT + TP53 MUT
ERCC2 MUT + TP53 WT
ERCC2 WT + TP53 MUT
ERCC2 WT + TP53 WT

Non-responder

Responder

H Neoadjuvant

Responders: pTO0, pTa, pTis, pT1

Overall P=3.2e-03

Non-responder

Responder

Time (months)

—+— ERCC2MUT —+— ERCC2WT

| Neoadjuvant OS
1.00
>
£0.751
Q
©
Qo
[
& 0.501
IS
2
g 0.251
a0
0.001
0 25 50 75 100 125
Time (months)
Number at risk
ERCC2 MUT + TP53 MUT { 41 28 12 4 0 0
ERCC2 MUT + TP53 WT { 36 25 11 3 1 0
ERCC2 WT + TP53 MUT { 95 46 14 5 2 1
ERCC2 WT + TP53 WT {109 62 17 3 1 0
0 25 50 75 10 125

Time (months)

—+— ERCC2 MUT + TP53 MUT —+— ERCC2 MUT + TP53 WT

—+— ERCC2 WT + TP53 MUT

J Clin Invest. 2025;135(16):e186688 https://doi.org/10.1172/)C1186688

—+— ERCC2 WT + TP53 WT


https://doi.org/10.1172/JCI186688

The Journal of Clinical Investigation

RESEARCH ARTICLE

Figure 4. Clinical outcomes among patients in the neoadjuvant, metastatic, and TCGA cohorts. (A) Percentage of ERCC2-mutant and WT cases in the

3 cohorts (neoadjuvant, metastatic, TCGA). (B) Patients with helicase domain ERCC2 mutantions were more likely to respond to cisplatin-based neoad-
juvant chemotherapy (NAC). Response was defined as pT0, pTa, pTis, and pT1 (Fisher's exact test: P = 3 x 107). (C) Kaplan-Meier plot for OS of patients

in the neoadjuvant cohort stratified by ERCC2 helicase-domain mutation status (Log-rank test: P = 5 x 107). (D) Kaplan-Meier plot for OS of patients in
the metastatic cohort stratified by ERCC2 helicase-domain mutation status (Log-rank test: P = 0.35). (E) Response to chemotherapy in the metastatic
cohort (Fisher's exact tests: P = 0.36). (F) Kaplan-Meier plots for OS of platinum-treated patients in the TCGA cohort stratified by ERCC2 helicase-domain
mutation status (Log-rank test: P = 0.017). (G) Percentage of cases grouped by ERCC2 and TP53 mutation status in the 3 cohorts (neoadjuvant, metastatic,
TCGA). (H) The number of responders and nonresponders to neoadjuvant cisplatin-based chemotherapy, when response was defined as pT0, pTa, pTis, and
pT1 (Fisher's exact test: overall P = 0.003), among cases grouped by ERCC2 helicase-domain mutation and TP53 mutation status. (I) Kaplan-Meier plot for
0S of patients in the neoadjuvant cohort stratified by ERCC2 helicase-domain mutation and TP53 mutation status.

MIBC cases with ERCC2 helicase domain mutations benefit from
cisplatin-based neoadjuvant chemotherapy. To explore if ERCC2 heli-
case-domain mutations may predict cisplatin response in bladder
cancer, we investigated the relationship between ERCC2 heli-
case-domain mutation status (Figure 4A) and patient outcomes in
the assembled bladder cancer cohorts. The neoadjuvant cohort is
comprised of MIBC patients who received cisplatin-based chemo-
therapy followed by radical cystectomy. Cisplatin responders were
defined as those patients with pathologic down staging of tumors
to nonmuscle invasive, node-negative disease (i.e., pT0, pTa, pTis,
or pT1; and NO) at the time of cystectomy, whereas nonresponders
were patients with residual muscle-invasive (pT2) or node-positive
(N1) disease. Among patients with ERCC2 helicase-domain muta-
tions, there was a significant enrichment of responders compared
with nonresponders (Figure 4B, Fisher’s exact test: P = 3 x 107%).
This enrichment persisted if a stricter definition of response (pTO,
pTa, or pTis; and NO) was applied (Supplemental Figure 4A, Fish-
er’s exact test: P = 5.1 x 107). The number of cases with nonheli-
case domain FRCC2 mutations was too low to assess the associa-
tion with response. Patients with helicase-domain ERCC2-mutant
tumors had significantly longer OS compared with patients with
WT ERCC2 or a nonhelicase domain ERCC2 mutation in our neo-
adjuvant cohort (Figure 4C, Log-rank test: P =5 x 104).

In the metastatic cohort, there was no significant difference in
OS between patients harboring a helicase-domain ERCC2 muta-
tion compared to patients with WT or nonhelicase domain ERCC2
mutations (Figure 4D, Log-rank test: P = 0.35). For a subset of cas-
es in the Aarhus and UC-GENOME cohorts, response to first-line
chemotherapy and response to chemotherapy, respectively, were
available. In the metastatic subset of the Aarhus cohort, response
to first-line cisplatin-based chemotherapy was measured posttreat-
ment by cross-sectional imaging based on the Response Evaluation
Criteria in Solid Tumors (RECIST) guidelines (12). In the UC-GE-
NOME cohort, response was reported based on investigator assess-
ment (18). Clinical benefit was defined as any patient who had a
complete response (CR), partial response (PR), or stable disease
(SD). In the combined subset of Aarhus and UC-GENOME met-
astatic cases with available chemotherapy response data, we found
no significant associations between EFRCC2 mutation status and
response (Figure 4E, Fisher’s exact test: P = (0.36) or clinical benefit
(Supplemental Figure 4B, Fisher’s exact test: P = 0.18), although
the number of cases was limited.

In TCGA cohort, comparing OS of ERCC2-mutant vs WT
cases, a clear separation was demonstrated when patients were
stratified by receipt of platinum-based chemotherapy (Figure 4F,
Log-rank test: P = 0.017 and Supplemental Figure 4C, Log-rank

J Clin Invest. 2025;135(16):e186688 https://doi.org/10.1172/)C1186688

test: P=0.91). Similar relationships were observed for other clinical
endpoints, including progression-free interval, disease-free interval,
and disease-specific survival (Supplemental Figure 4, D-I).

TP53 is mutated in approximately 50% of all bladder cancer
cases, including approximately 50% of ERCC2-mutant cases (Fig-
ure 4G). Notably, our CRISPR-Select analysis indicated that 7P53
status does not significantly influence the cisplatin sensitivity of
ERCC2-mutant cells. Therefore, we investigated the impact of TP53
mutation status on clinical outcomes following platinum-based
chemotherapy in patients with versus without an ERCC2 heli-
case-domain mutation. In the neoadjuvant cohort, patients with
helicase-domain ERCC2 mutations were enriched in responders
regardless of TP53 mutation status (Figure 4H, Fisher’s exact test:
P = 3.2 x 103 and Supplemental Figure 4J, Fisher’s exact test: P
= 8.2 x 10™). We also investigated the associations of ERCC2 and
TP53 mutation status on OS (Figure 41, Kaplan-Meier curves) and
found that helicase-domain FRCC2 mutation status was associated
with significantly longer OS (Supplemental Table 3, HR = 0.43, P=
0.055), but neither TP53 status (Supplemental Table 3, HR = 1.14,
P =0.6) nor the interaction between ERCC2 and TP53 (Supplemen-
tal Table 3, HR = 0.55, P = 0.4) was associated with OS.

Comparison of CRISPR-Select and computational predictions of
ERCC2. Computational models have emerged that allow fast pre-
diction of the impact of specific mutations on certain protein
functions. CRISPR-Select provides an opportunity to functional-
ly quantify the impact of specific mutations based on endogenous
locus editing. Therefore, we wished to compare the functional
experimental results obtained with CRISPR-Select to various com-
putational predictions of ERCC2 mutation pathogenicity. To identi-
fy functionally important sites in ERCC2, we employed a machine
learning model (24) (thereafter referred to as the Cagiada model),
and a threshold-based approach called FunC-ESMs (25), or Func-
tional Characterization via Evolutionary Scale Models. The Cagia-
da model classifies each variant into one of 4 categories: WT-like,
stable-but-inactive (SBI), total-loss (TL), and variants with WT-like
function but decreased stability. The FunC-ESMs approach is simi-
lar to the Cagiada model conceptually, although it relies on recently
developed protein language models (Methods). The computational
predictions of functionally important sites in ERCC2 by the Cagiada
and FunC-ESMs models are shown in Figure 5A and Supplemen-
tal Figure 5A, respectively. Both heatmaps show that the majority
of variants (55% by the Cagiada model and 85% by FunC-ESMs) in
ERCC2 were predicted to be either SBI or TL variants. According to
the Cagiada model, the number of variants predicted to impair pro-
tein function (SBI variants) is enriched in the HDs (45%) compared
with the nonhelicase domains (28%) of ERCC2 (Figure 5B, Fisher’s
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Figure 5. Comparison of CRISPR-Select and computational predictions of ERCC2. (A) Computational prediction of functionally important sites in ERCC2
using the Cagiada model. The heatmap shows that 2/3 (66%) of ERCC2 variants in the helicase domains are predicted to have a functionally or structurally
detrimental effect, i.e., stable-but-inactive (SBI) (45%) or total-loss (TL) (21%) variants. (B) The bar plot shows the ratio of variants in each class predicted
by the Cagiada model within and outside of the helicase domains (HDs) of ERCC2. The ratio of variants within and outside of the HDs was compared by
the Fisher’s exact test: P = 5 x 107, (C) Comparison of CRISPR-Select functional experimental results using MCF10A TP53-KO0 cells and computational
predictions by multiple functional and variant prediction tools. Values in “D12” and “D12+Cis” columns are showing the mean values of 3 independent

experiments conducted by CRISPR-Select.

exact test: P = 5 x 107%), which is in agreement with the expect-
ed association between functionally damaging missense variants
and the HDs. However, the FunC-ESMs model did not show an
enrichment of SBI variants in the HDs and noticeably appeared to
overestimate the number of SBI variants in ERCC2 (Supplemental
Figure 5B, Fisher’s exact test: P= 0.47). In comparison with CRIS-
PR-Select, the Cagiada model accurately predicted the effect in 10
out of 12 variants (Figure 5C). On the other hand, the FunC-ESMs
method was less accurate and misclassified the control benign vari-
ant, D312N, and 3 out of 4 nonhelicase domain variants (D179H,
F193V and Q758E) (Figure 5C).

In addition to the Cagiada and FunC-ESMs models, we also
employed other prediction tools to assess the pathogenicity of
ERCC2 mutations including AlphaMissense (26), EVE (27), REV-
EL (28), SIFT (29), PolyPhen2 (30), and CancerVar (31). The pre-
dictions of ERCC2 pathogenicity by AlphaMissense are shown in
Supplemental Figure 5C. Although 68% of the total variants in
ERCC2 were predicted to be pathogenic, we observed an enrich-
ment of pathogenic variants in the HDs compared with the nonhe-
licase domains of ERCC2 (79% versus 54%, Supplemental Figure
5D, Fisher’s exact test: P = 8 x 10). A similarly high percentage of
predicted pathogenic variants were obtained by EVE and REVEL
with an enrichment of pathogenic variants in the HDs (Supplemen-
tal Figure 5, E-G).

Next, we compared CRISPR-Select findings with computa-
tional predictions of pathogenicity with a fitness-centered view
(i.e., analogous to cell viability on D12 without cisplatin treatment
in the CRISPR-Select assay). The majority of prediction tools char-
acterized the benign variant (D312N) as benign, except PolyPhen2
and CancerVar, which predicted D312N as “Possibly damaging”
and a variant of “Uncertain significance”, respectively (Figure 5C
and Supplemental Figure SH). For the cancer-associated helicase
domain variants (Figure 5C and Supplemental Figure 5H), the com-
putational tools predicted the variants to be pathogenic. However,
CRISPR-Select did not identify a fitness impact of these variants at
baseline. Rather, only in the presence of cisplatin did CRISPR-Se-
lect identify functional impacts of these helicase-domain missense
variants. Finally, we also interrogated several nonhelicase domain
mutations. The predicted benign impacts of N250T and Q758E by
almost all tested computational methods was in agreement with the
CRISPR-Select assessment (Figure 5C and Supplemental Figure
5H). However, several of these tools labeled the D179H and F193V
mutations as pathogenic (Figure 5C and Supplemental Figure 5SH),
which contrasts with the result from CRISPR-Select that found nei-
ther a fitness impact nor cisplatin treatment impact of these vari-
ants. Thus, while computational analysis provides complementary
insights to precision functional assays, caution should be taken as
these methods do not necessarily account for the complex nature of
the systems they address.

J Clin Invest. 2025;135(16):e186688 https://doi.org/10.1172/)C1186688

Discussion

In this study, we assembled the largest cohort of ERCC2-mutant
bladder cancer cases analyzed to date. The size of the cohort and
the accompanying genomic, clinical, and novel functional data
collected using CRISPR-Select has allowed us to comprehensively
define frequencies and functional impacts of ERCC2 mutations in
bladder cancer.

Our cohorts consisted of distinct bladder cancer clinical states.
MIBC patients present with localized (clinical T2-4 NO MO) dis-
ease and are commonly treated in a curative-intent fashion with
NAC followed by radical cystectomy (32). Recently, the addition
of perioperative durvalumab (anti-PD-L1) has been shown to fur-
ther improve survival (33, 34). The frequency of ERCC2 mutations
was 19% in the neoadjuvant cohort, but the actual frequency of
ERCC2 mutations in unselected patients with MIBC is likely to be
somewhat lower, as our neoadjuvant cohort incorporated patients
who were specifically included based on their robust response to
NAC. Supporting this idea, the TCGA cohort is comprised primar-
ily of newly diagnosed MIBC patients, and the ERCC2 mutation
frequency was 9%. The ERCC2 mutation frequency was 11% in the
metastatic cohort, the largest and most clinically heterogeneous
cohort in our study. Taken together, the ERCC2 mutation frequen-
cy in a cohort is likely to depend upon factors including clinical
stage and treatment history. For example, the ERCC2 mutation fre-
quency in a cohort of MIBC patients treated with cisplatin-based
NAC is likely to be higher than in the subset of these same patients
who ultimately develop metastatic disease, since ERCC2-mutant
patients are more likely to have a complete response — and thus
less likely to develop metastatic disease — than patients lacking a
tumor ERCC2 mutation.

In addition to the frequency of ERCC?2 alterations, the associ-
ation between ERCC2 mutations and clinical outcomes also varied
across disease states. There was a significant correlation between
ERCC2 mutations and improved clinical outcomes in the neoadju-
vant cohort. MIBC patients in the neoadjuvant cohort were treat-
ment-naive, and all received cisplatin-based chemotherapy. In addi-
tion, because all patients underwent radical cystectomy following
neoadjuvant therapy, pathological tumor assessment could be used
as a sensitive and direct surrogate of tumor cell sensitivity to cis-
platin-based chemotherapy. Unlike the neoadjuvant cohort, there
was no association between FRCC2 mutation status and clinical
outcomes in the metastatic cohort. Several factors could be con-
tributing to the lack of association, including the greater clinical
heterogeneity among the metastatic patient population as well as
the challenge of using survival as a surrogate for cisplatin sensitiv-
ity, given that additional factors such as overall patient health and
treatment-related toxicity can also impact survival in the metastatic
setting. Finally, metastatic bladder cancer patients are often treated
with multiple lines of therapy, and it is possible that acquired cispla-
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tin resistance mechanisms may overcome or offset the sensitizing
impact of an ERCC2 mutation.

Functionally, ERCC2 is a DNA helicase that couples ATP
hydrolysis with DNA duplex unwinding, and nearly all observed
ERCC2 alterations were missense mutations within 1 of the 2 con-
served HDs. Several mutational hotspots were observed at sites
in both HDs, including N238S, T484M, S44L, and several others
(Figure 1D and Supplemental Figure 1F). It is currently unknown
why these specific missense mutations are more common. As dis-
cussed below, the functional impact of all tested helicase domain
mutations appears to be similarly profound. It is possible that
these recurrent mutations provide an as-yet uncharacterized fitness
advantage; alternatively, the mutations simply arise more frequent-
ly due to a particular localizing aspect of the mutagenic process.
Interestingly, we found that the most frequent missense mutations
caused by C—T and C—G substitutions are consistent with APO-
BEC activity; however, ERCC2 is also impacted by T—C muta-
tions, which are not attributed to APOBEC mutagenesis (Supple-
mental Figure 1J).

Previous efforts from our group and others used comple-
mentation-based approaches to test the functional impact of
specific ERCC2 mutations on NER pathway activity and cispla-
tin sensitivity (5, 13). However, these approaches are limited by
low throughput and nonphysiologic expression of the mutant
alleles. CRISPR-Select was recently developed to address these
and other shortcomings of traditional functional assays (14, 15).
CRISPR-Select is a highly scalable NGS-based approach that
overcomes many of the shortcomings of complementation-based
assays and provides a quantitative and scalable approach to func-
tional analysis of mutant alleles. CRISPR-Select is a particularly
attractive approach for studying DNA repair genes, which are fre-
quently mutated across numerous tumor types, but many of the
observed mutations are of unclear functional relevance. By study-
ing the impact of specific mutations on growth in the presence and
absence of DNA damage, the impact of each mutation on tumor
cell viability as well as DNA repair capacity can be quantified. In
addition, the CRISPR-Select platform can be adapted to study the
impact of gene alterations on specific DNA repair properties such
as y-H2AX foci formation, and others.

We leveraged CRISPR-Select to define the functional impact of
clinically observed ERCC2 mutations. Although none of the clini-
cally observed ERCC2 missense mutations significantly impacted
cell viability in the untreated conditions, all helicase domain muta-
tions resulted in a profound increase in cisplatin sensitivity, as evi-
denced by the near loss of representation of mutant-expressing cells
by 7-12 days following cisplatin treatment (Figure 2D and Supple-
mental Figure 2, D and G). Based on these findings, it does not
appear that there is a gradient effect of different ERCC2 mutations
on cisplatin sensitivity; rather, all prevalent helicase domain muta-
tions provide a similar and profound sensitizing effect. In addition,
we did not detect an impact of TP53 status on the cisplatin-sen-
sitizing effect of ERCC2 helicase domain mutations, which aligns
with clinical data showing no impact of 7P53 status on survival
outcomes in MIBC patients treated with NAC (Figure 4I).

Our initial CRISPR-Select assay introduces the desired mis-
sense mutation by editing one allele while inducing highly efficient
LOH through InDel formation in the second allele (as described
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in Figure 3A) (14). While this approach clearly demonstrated a
cisplatin sensitizing effect of clinically observed ERCC2 HD muta-
tions (Figure 2), it does not fully recapitulate the genetic context of
bladder cancer because most ERCC2-mutant bladder tumors harbor
a heterozygous missense ERCC2 mutation without accompanying
LOH (Supplemental Figure 1G). To address this limitation, we
modified the CRISPR-Select assay by employing an intron-target-
ing gRNA strategy, thereby avoiding disruptive exonic InDels (Fig-
ure 3B). We term this method single allele editing CRISPR-Select,
as it creates a heterozygous missense mutation in one allele com-
bined with an intact (WT) coding region in the second allele. We
applied this approach to several ERCC2 mutations and found that
the sensitizing effect of HD mutations is similar. Thus, our nov-
el single allele editing approach (Figure 3) validated findings from
CRISPR-Select obtained with exonic gRNA (Figure 2) and suggests
that ERCC2 HD mutations may be acting via a dominant-negative
mechanism. More broadly, single allele editing CRISPR-Select has
the potential for numerous future applications, enabling the quan-
titative analysis of mutations in other genes with functional effects
in the heterozygous state.

In addition to directly testing the functional impact of clini-
cally observed ERCC2 mutations using CRISPR-Select, we also
leveraged multiple computational models to predict the pathoge-
nicity and mechanistic consequences of ERCC2 mutations. While
these computational tools cannot incorporate explicit information
about drug sensitivity and are not trained specifically for this task,
they can collectively offer predictions of functional deficiency and/
or instability. Generally, there was agreement among the models,
with at least two-thirds of the mutations in the HDs of ERCC2 pre-
dicted to be pathogenic or detrimental to protein function and/or
structure (Figure 5, A and B, and Supplemental Figure 5, A-G).
However, the comparison between CRISPR-Select experimental
results and these computational outputs often yielded contradicto-
ry results (Figure 5C and Supplemental Figure 5H). We suspect
that the disagreements between experimental and computationally
predicted results, as well as the high ratio of predicted functionally
detrimental or pathogenic variants by the computational models,
may partly stem from conflated signals related to the dual roles of
ERCC2 in transcription and DNA repair, with the latter particularly
key for the cellular cisplatin response. These findings highlight the
importance of functional assays like CRISPR-Select to define the
context-specific effects of ERCC2 and other DNA repair gene muta-
tions that computational predictions alone cannot achieve.

Our data demonstrate that clinically observed ERCC2 heli-
case-domain missense mutations strongly sensitize bladder cancer
cells to cisplatin. The potential to use mutations in ERCC2 and
other DNA repair genes to guide therapy decisions is being inves-
tigated in several clinical trials. Alliance A031701 (NCT03609216)
is a Phase II clinical trial in which patients with newly-diagnosed
MIBC are treated with 6 cycles of neoadjuvant gemcitabine plus
cisplatin (GC). Tumor NGS is performed, and patients with a pre-
dicted deleterious alteration in ERCC2 (or any of 8 other DNA
repair genes) who experience a complete clinical response fol-
lowing GC are able to forego standard-of-care radical cystectomy
and instead undergo close surveillance with imaging and cystos-
copy. The trial is on going and has potential to provide support
for biomarker-driven approaches that can maximize cure rates as
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well as patient quality of life. CRISPR-Select and other function-
al approaches can provide critical insights regarding the impact
of mutations on clinically relevant properties of ERCC2 and oth-
er DNA repair proteins, and therefore may ultimately be helpful
in guiding individualized treatment approaches for patients with
bladder cancer or other tumor types.

Methods

Sex as a biological variable

Sequencing samples and clinical information were collected from male
and female patients with bladder cancer. However, sex was not consid-
ered as a biological variable.

Cohorts and patient characteristics

In this study, 2,2012 bladder cancer cases with clinical and/or genomic
information were assembled and analyzed (Supplemental Figure 1A).
The complete data set consists of 675 whole-exome sequencing (WES)
and 1,337 targeted panel sequencing patient-derived tumor samples col-
lected from 8 bladder cancer cohorts.

TCGA cohort

The TCGA cohort contains 412 muscle-invasive, high-grade urotheli-
al tumors (T1 [# = 1], T2-T4a, NO-3, M0-1) analyzed by WES (4).
The TCGA BLCA somatic simple nucleotide variants, allele-specific
copy number segments (ASCAT, Affymetrix SNP 6.0), and clini-
cal data were downloaded using the TCGABiolinks R package (35).
Somatic simple nucleotide variants, such as single-base substitutions
and insertions and deletions (indels), detected by Mutect2, were used
in the downstream analyses. Genes of interest based on their genomic
location were matched to allele-specific copy number segments, and if
the minor copy number of the matched segments dropped to 0, then
a LOH event was registered. The WES normal and tumor bam files
were downloaded from the Genomic Data Commons (GDC) data por-
tal (36) (https://portal.gdc.cancer.gov/). Allele-specific copy number
profiles were also estimated by Sequenza (37) using the bam files as
described previously (38). To determine the LOH status of ERCC2 and
TP53, the consensus between Sequenza and ASCAT was used when
results from both methods were available. When ASCAT results were
not available, then Sequenza was used alone.

The TCGA clinical data containing drug information was used to
identify the subset of patients who received any platinum-based treat-
ment. Clinical outcome endpoints such as OS, progression-free interval
(PFI), disease-free interval (DFI), and estimated disease-specific surviv-
al (DSS) included in the TCGA Clinical Data Resource (39) were used
for survival analysis.

The DFCI-MSKCC cohort

The Dana-Farber Cancer Institute-Memorial Sloan Kettering Cancer
Center (DFCI-MSKCC) cohort consists of whole-exome sequenced
pretreatment tumor and germline DNA from 50 patients with mus-
cle-invasive or locally advanced urothelial carcinoma who received cis-
platin-based neoadjuvant chemotherapy (NAC) followed by cystectomy
(5). Mutation data were downloaded from cBioPortal (40) database
(https://www.cbioportal.org/study/summary?id=blca_dfarber_msk-
cc_2014). The normal and tumor bam files were downloaded from the
Database of Genotypes and Phenotypes (dbGaP) upon request (https://
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www.ncbi.nlm.nih.gov/gap/) using the phs000771 accession code.
Allele-specific copy number profiles were estimated by Sequenza (37) as
described previously (38). Clinical data was provided by collaborators.

Philadelphia cohort

The Philadelphia cohort consists of WES of prechemotherapy tumor
and germline DNA from 48 patients with MIBC who received NAC
followed by cystectomy (9, 16). Somatic single-nucleotide variants iden-
tified by Mutect (41) and computationally filtered from artifacts intro-
duced by oxidative DNA damage during sample preparation (42) were
provided by collaborators. The normal and tumor bam files were down-
loaded from the dbGaP upon request (https://www.ncbi.nlm.nih.gov/
gap/) using the phs000771 accession code. Allele-specific copy number
profiles were estimated by Sequenza (37) as described previously (38).

Aarhus cohort

The Aarhus cohort includes 165 WES samples derived from patients
with bladder cancer receiving chemotherapy (12). Of the 165 cases, 60
patients received NAC before cystectomy, and 105 patients received
first-line chemotherapy upon detection of locally advanced or metastat-
ic disease (98 cases received platinum-based chemotherapy). Somatic
vcf files and copy number estimates described previously (12) were pro-
vided by collaborators. Genes of interest based on their genomic loca-
tion were matched to allele-specific copy number segments determined
by ASCAT, and if the minor copy number of the matched segments
dropped to 0, then a LOH event was registered.

MSK IMPACT cohort

The MSK IMPACT cohort consists of 329 samples derived from 288
individual patients with bladder cancer sequenced by the Memorial
Sloan Kettering-Integrated Mutation Profiling of Actionable Can-
cer Targets (MSK IMPACT) targeted sequencing panel (43). For 286
patients, mutation data including small-scale mutations were reported
in the GENIE (v16.1) public dataset (44) and were used in the down-
stream analysis. Of the 286 patients, 38 patients who received NAC
and had available clinical information were included in the downstream
analysis. The remaining 248 cases were excluded from the downstream
analysis because clinical information was not available.

Indiana cohort

The Indiana cohort contains 88 samples from patients who received
NAC followed by cystectomy and had well-annotated clinical data.
Tumor-only DNA-seq was performed by Myriad Genetics using the
standard analysis, which is used for the commercial MyChoice test-
ing, just on an expanded number of genes. Of the analyzed genes, we
obtained information regarding ERCC2 and TP53 somatic mutation and
LOH status. The reported mutations in ERCC2 and TP53 at the cDNA
level were processed by TransVar (45) to identify their genomic origins
using the hg38 reference genome.

DFCI Oncopanel cohort

The DFCI Oncopanel cohort consists of 769 patients diagnosed with
urothelial cancer with available targeted tumor DNA-seq performed by
the OncoPanel assay (17, 46). When multiple samples were available for
a given individual, then the following sample was prioritized for analysis:
primary origin, more recent panel version, and higher number of detect-
ed variants. 132 cases were treated with platinum-based chemotherapy.
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The UC-GENOME cohort

The Urothelial Cancer — genomic analysis to improve patient out-
comes and research (UC-GENOME) cohort includes 218 patients
with metastatic urothelial cancer (18), of which primary tumors were
collected for the majority of patients (87%) with the remaining sam-
ples from metastatic sites (13%). Most patients had a bladder prima-
ry tumor at initial diagnosis with high-grade and/or invasive disease
(83.5%). Tumor-only targeted DNA sequencing by Caris Life Sciences
was successful for 191 patients. The UC-GENOME mutation data was
obtained from cBioPortal (40) database (https://www.cbioportal.org/
study/summary?id=blca_bcan_hcrn_2022).

ERCC2 and TP53 mutation status

Somatic small-scale variants detected in the samples were annotated by
InterVar (47). Samples with missense or truncating (stopgain, frame-
shift, or nonstop) variants in the helicase domains of ERCC2 were cat-
egorized as ERCC2-mutant cases (ERCC2 MUT), and patients with
ERCC2 mutations outside of the helicase domains or patients without
ERCC2 mutations were annotated as ERCC2 WT cases.

Patients with at least a pathogenic or likely pathogenic mutation
determined by InterVar in 7P53 with or without LOH of the second allele
were categorized as TP53-mutant cases (TP53 MUT). Cases with 7P53
deep deletions were also categorized as TP53 MUT. Patients without the
presence of TP53 pathogenic or likely pathogenic mutations were cate-
gorized as TP53 WT cases, including variants of uncertain significance.

Mutual exclusivity and cooccurrence analysis

DISCOVER. The Discrete Independence Statistic Controlling for
Observations with Varying Event Rates (DISCOVER) test (19) imple-
mented in the discover R package was used to identify mutually exclu-
sive and cooccurring gene pairs. DISCOVER is based on a null model
that takes into account the overall tumor-specific alteration rates when
deciding whether alterations cooccur more or less often than expect-
ed by chance (19). Alteration matrices in all 3 cohorts (neoadjuvant,
metastatic, and TCGA) were constructed from nonbenign, exonic, and
splicing mutations annotated by InterVar (47) separately for mutations
detected by WES and targeted panel sequencing. Pairwise testing of
mutual exclusivity and cooccurrence of significantly mutated genes (4)
were performed.

Fisher’s exact test. Pairwise mutual exclusivity and cooccurrence
between significantly mutated genes (4) were tested with the Fisher’s
exact test as well using the constructed alteration matrices (Supplemen-
tal Figure 1, D and E). As described by Canisius and colleagues (19),
the Fisher’s exact test is too conservative as a mutual exclusivity test and
anticonservative as a cooccurrence test; however, we decided to report
this analysis too. The Benjamini-Hochberg procedure was used to cor-
rect for multiple testing with a P < 0.01 significance level.

Tumor mutation burden harmonization

TMB was uniformly calculated for each sample as the number of
nonsynonymous mutations in coding regions per megabase (Mb) of
genome covered. For WES samples, 38 Mb was used to approximate
exome size as previously described (48). The DFCI Oncopanel non-
synonymous mutation counts were divided by the number of bas-
es covered in each OncoPanel version: 0.753334 Mb (v1), 0.826167
Mb (v2), and 1.315078 Mb (v3) (49). The MSK IMPACT nonsyn-
onymous mutation counts were divided by 0.896665, 1.016478, and
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1.139322 Mb for the 341-, 410-, and 468-gene panels, respectively
(49). For the MSK-IMPCT 505-gene panel, the target BED file was
used to estimate the covered genome size (1.25964 Mb). For sam-
ples that were sequenced by Caris Life Sciences, TMB was calculat-
ed as the sum of nonsynonymous mutations divided by 1.4 Mb, as
described previously (50). Tumor mutation burden calculated using
different sequencing platforms was harmonized following the pro-
cedure developed by Vokes et al. (49) and briefly summarized in the
Supplemental Methods.

Region-specific mutational signature extraction

In order to examine whether the cancer-associated helicase-domain
ERCC2 mutations can be attributed to the mutagenic APOBEC activity,
we performed a region-specific mutational signature extraction using
the MutationalPatterns (51) R package. Somatic mutations mapped
to the grch38 reference genome in samples with ERCC2 helicase-do-
main mutations were pooled and restricted to the genomic location of
ERCC2. The 96-channel single-base substitution mutational spectrum
was determined. Fitting of previously defined signatures (COSMIC
v3) (52) by a nonnegative least-squares approach was used to estimate
the contribution of signatures previously found in BLCA (SBS1, SBS2,
SBS5, SBS8, SBS3, and SBS40) (52).

Survival analysis

The Kaplan-Meier method was used to estimate the survival curves
with the survival and survminer R packages. The log-rank test was used
to compare the survival curves. The Cox proportional hazards model
was used to model the effects of ERCC2 helicase domain mutation sta-
tus, TP53 mutation status, and their interaction on the OS of patients in
the neoadjuvant cohort.

Computational predictions of ERCC2 pathogenicity

The pathogenicity of variants in ERCC2 was assessed by several differ-
ent methods: AlphaMissense (26), EVE (27), REVEL (28), SIFT (29),
PolyPhen2 (30), and CancerVar (31). Details are provided in the Sup-
plemental Methods.

Functional predictions of ERCC2

To identify functionally important sites in ERCC2, 2 methods were
employed: (1) a machine learning model, referred to as the Cagiada
model (24), and (2) a threshold-based approach called FunC-ESMs
(Functional Characterization via Evolutionary Scale Models) (25).
Details are provided in the Supplemental Methods.

Cell culture

Immortalized human breast epithelial cells expressing doxycycline-in-
ducible Streptococcus pyogenes Cas9 (1Cas9-MCF10A) were a gift
from Roderick L. Beijersbergen, The Netherlands Cancer Institute, and
iCas9-MCF10A TP53 KO cell line was generated as previously described
(53). MCF10A cell lines were cultured in DMEM/F-12, HEPES (Ther-
mo Fisher Scientific, 31330038) supplemented with 5% (v/v) horse serum
(Thermo Fisher Scientific, 26050088), 1% (v/v) Penicillin-Streptomycin
(Gibco, 15140-122), 10 pg/mL insulin (Sigma-Aldrich, 11882), 20ng/
mL epidermal growth factor (EGF) (Peprotech, AF-100-15), 0.5 ug/mL
hydrocortisone (Sigma-Aldrich, HO888), and 100 ng/mL cholera toxin
(Sigma-Aldrich, C8052). The human bladder cancer cell line J82 was a gift
from Pr. Lars Dyrskjet Andersen (Aarhus University). Cells were cultured
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in DMEM (Gibco, 31966-021) and supplemented with 10% FBS (Cytiva,
SV30160.03) and 1% (v/v) Penicillin-Streptomycin (Gibco, 15140-122).
All cells were cultured at 37°C in a 5% CO, humidified incubator.

Proliferation assay

iCas9-MCF10A TP53-WT and TP53-KO cells were seeded in 6-well
plates in triplicates at a density of 50,000 cells/well. The day after, cells
were placed in an IncuCyte S3 Live-Cell Analysis System (Sartorius,
4647) and cultured for 72 hours. Nine images per well were taken every
12 hours. Images were analyzed with the integrated IncuCyte S3 Live-
Cell Analysis Software to obtain cell confluency.

IC,, determination

iCas9-MCF10A TP53-KO and WT cells were seeded in 96-well plates
at a density of 500 cells/well. Cells were treated in triplicates and treat-
ed with different concentrations of cisplatin (0,06 uM; 0,13 uM; 0,25
uM; 0,5 uM; 1 uM; 2uM; 4uM; 8uM, and 16uM) for 96 hours. Next,
nuclei were stained by incubating cells with 10 ug/mL Hoechst 33342
(Thermo Fisher Scientific, H3570) for 1 hour at 37 °C. Imaging was
performed in an Olympus ScanR inverted widefield microscope, and
analysis was carried out using ScanR Analysis V2.8 software. IC, con-
centration was established using nonlinear regression analysis with a
sigmoidal four-parameter logistic (4PL) curve.

CRISPR-select

CRISPR-Select cassette design and experiments were performed as pre-
viously described (14). For N238S intron guide RNA editing, an asym-
metric donor with a longer homology arm on the 3’ side was designed to
increase knock-in efficiency. Lists of all guide RNAs, ssODNs repair tem-
plates, and primer sequences used are given in Supplemental Tables 4-6.

Nucleofection

For J82 bladder cancer cell lines, CRISPR-Select cassettes and Cas9 were
delivered by nucleofection using the SE Cell Line 4D-Nucleofector X Kit
S (Lonza, V4XC-1032). Briefly, 250 pmol of each crRNA and tracrRNA
were incubated for 10 minutes at RT. Next, 62 pmol of Alt-R Strepto-
coccus pyogenes Cas9 Nuclease V3 (IDT, 1081059) was added to the
crRNA:tracrRNA complexes and incubated for 10 minutes at RT. One
million cells were resuspended in 20 pL of electroporation solution and
added to the mix followed by 120 pmol of each Mut and WT* ssODN.
The cell suspension was transferred to a nucleocuvette and electroporated
in a Lonza 4D-Nucleofector X Unit using the CM137 program.

Guide RNA transfection and Western blot

To assess the impact of intron guide RNA and exon guide RNA on
ERCC2 protein level, cells were transfected with a nontargeting, intron,
or exon guide RNA. In comparison with the CRISPR-Select experi-
ments, no ssODNs were added, thereby introducing InDels around the
Cas9 cleavage site. Three days after transfection, cells were harvested for
genomic DNA and protein. Genomic DNA was prepared as previous-
ly indicated for CRISPR-Select experiments. For protein analysis, cells
were lysed with RIPA buffer and treated with Benzonase for 30 minutes
on ice. Proteins were migrated using SDS-PAGE and then transferred
on a nitrocellulose membrane and incubated overnight with ERCC2
(1:500, 10818-1-AP) or vinculin (1:10,000, V9131). Horseradish perox-
idase—linked secondary antibodies were used (Vector Laboratories) and
the signal visualized by chemiluminescence (Chemidoc Biorad).

J Clin Invest. 2025;135(16):e186688 https://doi.org/10.1172/)C1186688

RESEARCH ARTICLE

Statistics

Figures and statistical analyses were generated using GraphPad Prism
Software or R (version 4.2.2 or 4.1.0). CRISPR-Select experiments
were carried out in triplicates and 2-tailed ¢ tests were performed. Dif-
ference between the expected and observed frequencies in categorical
data was compared using a y? test. Differences between groups were
analyzed using Fisher’s exact test. Survival distributions of 2 groups
were compared using Log-rank tests. The Wilcoxon rank-sum test was
used to compare continuous distributions between groups. P values of
0.05 or less were considered significant unless stated otherwise. Figure
2A and Figure 3, A and B were generated using BioRender (https://
www.biorender.com/).

Study approvals
MSK IMPACT cohort. Tumor specimens and clinicopathologic infor-
mation were collected from patients who consented to IRB-approved
protocol no. 12-245.

Indiana cohort. Patient material and clinical information were collect-
ed from patients who consented to IRB-approved protocol no. 43377386.

Aarhus cohort. Informed written consent to take part in future
research projects was obtained from all patients, and the specific project
was approved by the National Committee on Health Research Ethics
(#1706291).

DFCI oncopanel cohort. Tumor specimens and clinicopathologic
information were collected from patients who consented to IRB-ap-
proved protocol nos. 11-104 or 17-000.

Data availability

The DFCI-MSKCC (5), Philadelphia (9, 16), Aarhus (12), DFCI Onco-
panel (17), UC-GENOME (18) and TCGA (4) cohorts have been pub-
lished previously. The Indiana and MSK IMPACT data are available
upon reasonable request addressed to the corresponding authors. Com-
putational functional prediction data generated by the Cagiada and
FunC-ESMs models for this article is available on GitHub: https://
github.com/KULL-Centre/_2024_borcsok_ ERCC2 (Commit ID:
8168ab2.).

Author contributions

JB, CSS, KWM, and ZS conceptualized the project. JB, DG, DDS, and
CM developed the methodology. LD, GI, BJG, HZK, and MNA pro-
vided resources. JB, DG, DD, CM, NJ, and MC performed the investi-
gation. JB, DG, DDS, and CM were responsible for visualization. CSS,
ZS, KWM, and KLL supervised the project. JB, CSS, KM, ZS, DG,
and DDS wrote the original draft of the manuscript. JB, CSS, KWM,
ZS, DG, DDS, NJ, LD, DRS, KLL, BG, and GI edited the manuscript.

Acknowledgments

Results shown here are based, in part, from data generated by The
Cancer Genome Atlas Research Network: https://www.cancer.
gov/ccg/research/genome-sequencing/tcga. Results presented in
the current publication are based, in part, on the use of study data
downloaded from the dbGaP website, under phs000771.v2.pl
accession code (https://www.ncbi.nlm.nih.gov/projects/gap/
cgi-bin/study.cgi?study_id=phs000771.v2.p1). We thank Thor-
kell Gudjonsson and Peiquan Huang for helpful discussions in the
development of single allele editing CRISPR-Select. This work
was supported by grants from Sygeforsikring Danmark (2021-0339

= [


https://doi.org/10.1172/JCI186688
https://www.biorender.com/
https://www.biorender.com/
https://github.com/KULL-Centre/_2024_borcsok_ERCC2
https://github.com/KULL-Centre/_2024_borcsok_ERCC2
https://www.cancer.gov/ccg/research/genome-sequencing/tcga
https://www.cancer.gov/ccg/research/genome-sequencing/tcga
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000771.v2.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000771.v2.p1
https://www.jci.org/articles/view/186688#sd

RESEARCH ARTICLE

to CSS), the Danish Cancer Society (R167-A10921-B224 to CSS,
R324-A18102 to CM, and R340-A19380 to JB), and the Novo
Nordisk Foundation (PRISM; grant NNF180C0033950 to KLL).
‘We acknowledge access to computational resources provided by a
grant from the Carlsberg Foundation (CF21-0392). This work was
supported by NCI (ROICA272657 to KWM). DG has received
funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant
agreement No. 945322 (LEAD). This work was supported by
the Breast Cancer Research Foundation (BCRF-23-159 to ZS),
Kreeftens Bekempelse (R325-A18809 and R342-A19788 to ZS),
Department of Defense through the Prostate Cancer Research
Program (W81XWH-18-2-0056 to ZS), Det Frie Forskningsrad
Sundhed og Sygdom (2034-00205B to ZS), NIH P01 CA228696-
01A1 to ZS. This research was supported by the University of
Massachusetts, Boston — Dana-Farber/Harvard Cancer Center
U54 Partnership Grant (UMass Boston: 2 U54 CA156734-12;

The Journal of Clinical Investigation

DF/HCC: 2 U54 CA156732-12 to ZS). The authors would like
to acknowledge the American Association for Cancer Research
and its financial and material support in the development of the
AACR Project GENIE registry, as well as members of the consor-
tium for their commitment to data sharing. Interpretations are the
responsibility of study authors.

Address correspondence to: Kent W. Mouw, Department of Radia-
tion Oncology, Dana-Farber Cancer Institute, Harvard Institute of
Medicine Building, Room 328, 4 Blackfan Circle, Boston, Massachu-
setts 02215, USA. Phone: 617.582.9356; Email: kent mouw@dfci.
harvard.edu. Or to: Zoltan Szallasi, Translational Cancer Genomics
Group, Danish Cancer Institute, Strandboulevarden 49, DK-2100
Copenhagen, Denmark. Email: zs@cancer.dk. Or to: Claus Stor-
gaard Serensen, University of Copenhagen, Biotech Research &
Innovation Centre, Ole Maalgesvej 5, Copenhagen 2200, Denmark.
Phone: 45.3532.5678; Email: claus.storgaard@bric.ku.dk.

1. Grossman HB, et al. Neoadjuvant chemotherapy 13.Li Q, et al. ERCC2 helicase domain mutations org/10.1101/2024.05.21.595203. Posted on
plus cystectomy compared with cystectomy alone confer nucleotide excision repair deficiency and bioRxiv June 22, 2025.
for locally advanced bladder cancer. N Engl J Med. drive cisplatin sensitivity in muscle-invasive blad- 26. Cheng J, et al. Accurate proteome-wide missense
2003;349(9):859-866. der cancer. Clin Cancer Res. 2019;25(3):977-988. variant effect prediction with AlphaMissense. Sci-

2. International Collaboration of Trialists, et al. 14. Niu Y, et al. Multiparametric and accurate func- ence. 2023;381(6664):eadg7492.

International phase III trial assessing neoadjuvant tional analysis of genetic sequence variants using 27. Frazer J, et al. Disease variant prediction with
cisplatin, methotrexate, and vinblastine chemo- CRISPR-Select. Nat Genet. 2022;54(12):1983-1993. deep generative models of evolutionary data.
therapy for muscle-invasive bladder cancer: long- 15. Bose M, et al. Precision screening facilitates Nature. 2021;599(7883):91-95.

term results of the BA06 30894 trial. J Clin Oncol. clinical classification of BRCA2-PALB2 binding 28. Ioannidis NM, et al. REVEL: an ensemble method
2011;29(16):2171-2177. variants with benign and pathogenic functional for predicting the pathogenicity of rare missense

3. Mouw K. DNA repair pathway alterations in effects. J Clin Invest. 2025;135(12):e181879. variants. Am J Hum Genet. 2016;99(4):877-885.
bladder cancer. Cancers (Basel). 2017;9(4):28. 16. Plimack ER, et al. Defects in DNA repair genes 29. Ng PC. SIFT: Predicting amino acid changes

4. Robertson AG, et al. Comprehensive molecular predict response to neoadjuvant cisplatin-based that affect protein function. Nucleic Acids Res.
characterization of muscle-invasive bladder can- chemotherapy in muscle-invasive bladder cancer. 2003;31(13):3812-3814.
cer. Cell. 2017;171(3):540-556. Eur Urol. 2015;68(6):959-967. 30. Adzhubei IA, et al. A method and server for

5. Van Allen EM, et al. Somatic ERCC2 mutations 17. Zhou Y, et al. ATM deficiency confers specific predicting damaging missense mutations. Nat
correlate with cisplatin sensitivity in muscle-in- therapeutic vulnerabilities in bladder cancer. Sci Methods. 2010;7(4):248-249.
vasive urothelial carcinoma. Cancer Discov. Adv. 2023;9(47):eadg2263. 31.LiQ, et al. CancerVar: an artificial intelligence—
2014;4(10):1140-1153. 18. Damrauer JS, et al. Collaborative study from empowered platform for clinical interpreta-

6. Marteijn JA, et al. Understanding nucleotide exci- the Bladder Cancer Advocacy Network for the tion of somatic mutations in cancer. Sci Adv.
sion repair and its roles in cancer and ageing. Nat genomic analysis of metastatic urothelial cancer. 2022;8(18):eabj1624.

Rev Mol Cell Biol. 2014;15(7):465-481. Nat Commun. 2022;13(1):6658. 32. Vale C. Neoadjuvant chemotherapy in inva-

7. Nieto Moreno N, et al. Transcription-coupled 19. Canisius S, et al. A novel independence test for sive bladder cancer: a systematic review and
nucleotide excision repair and the transcriptional somatic alterations in cancer shows that biology meta-analysis. Lancet. 2003;361(9373):1927-1934.
response to UV-induced DNA damage. Annu Rev drives mutual exclusivity but chance explains 33. Hussain SA, James ND. The systemic treatment
Biochem. 2023;92(1):81-113. most co-occurrence. Genome Biol. 2016;17(1):261. of advanced and metastatic bladder cancer. Lancet

8. Kim J, et al. Somatic ERCC2 mutations are asso- 20. Sangster AG, et al. Mutually exclusive muta- Oncol. 2003;4(8):489-497.
ciated with a distinct genomic signature in urothe- tion profiles define functionally related genes 34. Powles T, et al. Perioperative durvalumab with
lial tumors. Nat Genet. 2016;48(6):600-606. in muscle invasive bladder cancer. PLoS One. neoadjuvant chemotherapy in operable bladder

9.Liu D, et al. Clinical validation of chemotherapy 2022;17(1):e0259992. cancer. N Engl J Med. 2024;391(19):1773-1786.
response biomarker ERCC2 in muscle-invasive 21. Compe E, Egly J-M. TFIIH: when transcrip- 35. Colaprico A, et al. TCGAbiolinks: an R/Biocon-
urothelial bladder carcinoma. JAMA Oncol. tion met DNA repair. Nat Rev Mol Cell Biol. ductor package for integrative analysis of TCGA
2016;2(8):1094-1096. 2012;13(6):343-354. data. Nucleic Acids Res. 2016;44(8):e71.

10. Groenendijk FH, et al. ERBB2 mutations char- 22. Supek F, et al. To NMD or not to NMD: non- 36. Grossman RL, et al. Toward a shared vision
acterize a subgroup of muscle-invasive bladder sense-mediated mRNA decay in cancer and other for cancer genomic data. N Engl J Med.
cancers with excellent response to neoadjuvant genetic diseases. Trends Genet. 2021;37(7):657-668. 2016;375(12):1109-1112.
chemotherapy. Eur Urol. 2016;69(3):384-388. 23. O’Toole C, et al. Ultrastructure, karyology and 37. Favero F, et al. Sequenza: allele-specific copy

11. Christensen E, et al. Early detection of metastatic immunology of a cell line originated from a number and mutation profiles from tumor
relapse and monitoring of therapeutic efficacy by human transitional-cell carcinoma. Br J Cancer. sequencing data. Ann Oncol. 2015;26(1):64-70.
ultra-deep sequencing of plasma cell-free DNA in 1978;38(1):64-76. 38. Borcsok J, et al. Detection of molecular signatures
patients with urothelial bladder carcinoma. J Clin 24. Cagiada M, et al. Discovering functionally of homologous recombination deficiency in blad-
Oncol. 2019;37(18):1547-1557. important sites in proteins. Nat Commun. der cancer. Clin Cancer Res. 2021;27(13):3734-3743.

12. Taber A, et al. Molecular correlates of cispla- 2023;14(1):4175. 39. Liu J, et al. An integrated TCGA pan-cancer clin-
tin-based chemotherapy response in muscle 25. Cagiada M, et al. Decoding molecular mech- ical data resource to drive high-quality survival
invasive bladder cancer by integrated multi-omics anisms for loss-of-function variants in the outcome analytics. Cell. 2018;173(2):400-416.
analysis. Nat Commun. 2020;11(1):4858. human proteome [preprint]. https://doi. 40. Cerami E, et al. The cBio cancer genomics

16

J Clin Invest. 2025;135(16):e186688 https://doi.org/10.1172/)C1186688


https://doi.org/10.1172/JCI186688
https://doi.org/10.1056/NEJMoa022148
https://doi.org/10.1056/NEJMoa022148
https://doi.org/10.1056/NEJMoa022148
https://doi.org/10.1056/NEJMoa022148
https://doi.org/10.1200/JCO.2010.32.3139
https://doi.org/10.1200/JCO.2010.32.3139
https://doi.org/10.1200/JCO.2010.32.3139
https://doi.org/10.1200/JCO.2010.32.3139
https://doi.org/10.1200/JCO.2010.32.3139
https://doi.org/10.1200/JCO.2010.32.3139
https://doi.org/10.3390/cancers9040028
https://doi.org/10.3390/cancers9040028
https://doi.org/10.1016/j.cell.2017.09.007
https://doi.org/10.1016/j.cell.2017.09.007
https://doi.org/10.1016/j.cell.2017.09.007
https://doi.org/10.1158/2159-8290.CD-14-0623
https://doi.org/10.1158/2159-8290.CD-14-0623
https://doi.org/10.1158/2159-8290.CD-14-0623
https://doi.org/10.1158/2159-8290.CD-14-0623
https://doi.org/10.1038/nrm3822
https://doi.org/10.1038/nrm3822
https://doi.org/10.1038/nrm3822
https://doi.org/10.1146/annurev-biochem-052621-091205
https://doi.org/10.1146/annurev-biochem-052621-091205
https://doi.org/10.1146/annurev-biochem-052621-091205
https://doi.org/10.1146/annurev-biochem-052621-091205
https://doi.org/10.1038/ng.3557
https://doi.org/10.1038/ng.3557
https://doi.org/10.1038/ng.3557
https://doi.org/10.1001/jamaoncol.2016.1056
https://doi.org/10.1001/jamaoncol.2016.1056
https://doi.org/10.1001/jamaoncol.2016.1056
https://doi.org/10.1001/jamaoncol.2016.1056
https://doi.org/10.1016/j.eururo.2015.01.014
https://doi.org/10.1016/j.eururo.2015.01.014
https://doi.org/10.1016/j.eururo.2015.01.014
https://doi.org/10.1016/j.eururo.2015.01.014
https://doi.org/10.1200/JCO.18.02052
https://doi.org/10.1200/JCO.18.02052
https://doi.org/10.1200/JCO.18.02052
https://doi.org/10.1200/JCO.18.02052
https://doi.org/10.1200/JCO.18.02052
https://doi.org/10.1038/s41467-020-18640-0
https://doi.org/10.1038/s41467-020-18640-0
https://doi.org/10.1038/s41467-020-18640-0
https://doi.org/10.1038/s41467-020-18640-0
https://doi.org/10.1158/1078-0432.CCR-18-1001
https://doi.org/10.1158/1078-0432.CCR-18-1001
https://doi.org/10.1158/1078-0432.CCR-18-1001
https://doi.org/10.1158/1078-0432.CCR-18-1001
https://doi.org/10.1038/s41588-022-01224-7
https://doi.org/10.1038/s41588-022-01224-7
https://doi.org/10.1038/s41588-022-01224-7
https://doi.org/10.1172/JCI181879
https://doi.org/10.1172/JCI181879
https://doi.org/10.1172/JCI181879
https://doi.org/10.1172/JCI181879
https://doi.org/10.1016/j.eururo.2015.07.009
https://doi.org/10.1016/j.eururo.2015.07.009
https://doi.org/10.1016/j.eururo.2015.07.009
https://doi.org/10.1016/j.eururo.2015.07.009
https://doi.org/10.1126/sciadv.adg2263
https://doi.org/10.1126/sciadv.adg2263
https://doi.org/10.1126/sciadv.adg2263
https://doi.org/10.1038/s41467-022-33980-9
https://doi.org/10.1038/s41467-022-33980-9
https://doi.org/10.1038/s41467-022-33980-9
https://doi.org/10.1038/s41467-022-33980-9
https://doi.org/10.1186/s13059-016-1114-x
https://doi.org/10.1186/s13059-016-1114-x
https://doi.org/10.1186/s13059-016-1114-x
https://doi.org/10.1186/s13059-016-1114-x
https://doi.org/10.1371/journal.pone.0259992
https://doi.org/10.1371/journal.pone.0259992
https://doi.org/10.1371/journal.pone.0259992
https://doi.org/10.1371/journal.pone.0259992
https://doi.org/10.1038/nrm3350
https://doi.org/10.1038/nrm3350
https://doi.org/10.1038/nrm3350
https://doi.org/10.1016/j.tig.2020.11.002
https://doi.org/10.1016/j.tig.2020.11.002
https://doi.org/10.1016/j.tig.2020.11.002
https://doi.org/10.1038/bjc.1978.164
https://doi.org/10.1038/bjc.1978.164
https://doi.org/10.1038/bjc.1978.164
https://doi.org/10.1038/bjc.1978.164
https://doi.org/10.1038/s41467-023-39909-0
https://doi.org/10.1038/s41467-023-39909-0
https://doi.org/10.1038/s41467-023-39909-0
https://doi.org/10.1101/2024.05.21.595203
https://doi.org/10.1101/2024.05.21.595203
https://doi.org/10.1126/science.adg7492
https://doi.org/10.1126/science.adg7492
https://doi.org/10.1126/science.adg7492
https://doi.org/10.1038/s41586-021-04043-8
https://doi.org/10.1038/s41586-021-04043-8
https://doi.org/10.1038/s41586-021-04043-8
https://doi.org/10.1016/j.ajhg.2016.08.016
https://doi.org/10.1016/j.ajhg.2016.08.016
https://doi.org/10.1016/j.ajhg.2016.08.016
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1126/sciadv.abj1624
https://doi.org/10.1126/sciadv.abj1624
https://doi.org/10.1126/sciadv.abj1624
https://doi.org/10.1126/sciadv.abj1624
https://doi.org/10.1016/S0140-6736(03)13580-5
https://doi.org/10.1016/S0140-6736(03)13580-5
https://doi.org/10.1016/S0140-6736(03)13580-5
https://doi.org/10.1016/S1470-2045(03)01168-9
https://doi.org/10.1016/S1470-2045(03)01168-9
https://doi.org/10.1016/S1470-2045(03)01168-9
https://doi.org/10.1056/NEJMoa2408154
https://doi.org/10.1056/NEJMoa2408154
https://doi.org/10.1056/NEJMoa2408154
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1056/NEJMp1607591
https://doi.org/10.1056/NEJMp1607591
https://doi.org/10.1056/NEJMp1607591
https://doi.org/10.1093/annonc/mdu479
https://doi.org/10.1093/annonc/mdu479
https://doi.org/10.1093/annonc/mdu479
https://doi.org/10.1158/1078-0432.CCR-20-5037
https://doi.org/10.1158/1078-0432.CCR-20-5037
https://doi.org/10.1158/1078-0432.CCR-20-5037
https://doi.org/10.1016/j.cell.2018.02.052
https://doi.org/10.1016/j.cell.2018.02.052
https://doi.org/10.1016/j.cell.2018.02.052
https://doi.org/10.1158/2159-8290.CD-12-0095
mailto://kent_mouw@dfci.harvard.edu
mailto://kent_mouw@dfci.harvard.edu
mailto://zs@cancer.dk
mailto://claus.storgaard@bric.ku.dk

The Journal of Clinical Investigation

4

4

4

—_

2.

w

portal: an open platform for exploring multidi-
mensional cancer genomics data. Cancer Discov.
2012;2(5):401-404.

. Cibulskis K, et al. Sensitive detection of somatic

point mutations in impure and heterogeneous can-
cer samples. Nat Biotechnol. 2013;31(3):213-219.
Costello M, et al. Discovery and characterization
of artifactual mutations in deep coverage targeted
capture sequencing data due to oxidative DNA
damage during sample preparation. Nucleic Acids
Res. 2013;41(6):e67.

. Cheng DT, et al. Memorial Sloan Kettering-in-

tegrated mutation profiling of actionable cancer
targets (MSK-IMPACT): a hybridization cap-
ture-based next-generation sequencing clinical
assay for solid tumor molecular oncology. J Mol
Diagn. 2015;17(3):251-264.

J Clin Invest. 2025;135(16):e186688 https://doi.org/10.1172/)C1186688

44.

45.

46.

47.

48.

49.

André F, et al. AACR Project GENIE: powering
precision medicine through an international con-
sortium. Cancer Discov. 2017;7(8):818-831.

Zhou W, et al. TransVar: a multilevel variant
annotator for precision genomics. Nat Methods.
2015;12(11):1002-1003.

Sholl LM, et al. Institutional implementation of
clinical tumor profiling on an unselected cancer
population. JCI Insight. 2016;1(19):e87062.

Li Q, Wang K. InterVar: clinical interpretation of
genetic variants by the 2015 ACMG-AMP guide-
lines. Am J Hum Genet. 2017;100(2):267-280.
Chalmers ZR, et al. Analysis of 100,000 human
cancer genomes reveals the landscape of tumor
mutational burden. Genome Med. 2017;9(1):34.
Vokes NI, et al. Harmonization of tumor muta-
tional burden quantification and association

RESEARCH ARTICLE

with response to immune checkpoint blockade
in non-small-cell lung cancer. JCO Precis Oncol.
2019;3(3):1.

50. Sha D, et al. Tumor mutational burden as a pre-

dictive biomarker in solid tumors. Cancer Discov.
2020;10(12):1808-1825.

51. Manders F, et al. MutationalPatterns: the one stop

shop for the analysis of mutational processes.
BMC Genomics. 2022;23(1):134.

52. Alexandrov LB, et al. The repertoire of muta-

tional signatures in human cancer. Nature.
2020;578(7793):94-101.

53. VofRgrone K, et al. Enzyme family-centred

approach identifies helicases as recurrent hemizy-
gous tumour suppressor genes [preprint]. https://
doi.org/10.1101/2024.08.13.607019. Posted on
bioRxiv August 14, 2024.

- [


https://doi.org/10.1172/JCI186688
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1038/nbt.2514
https://doi.org/10.1038/nbt.2514
https://doi.org/10.1038/nbt.2514
https://doi.org/10.1093/nar/gks1443
https://doi.org/10.1093/nar/gks1443
https://doi.org/10.1093/nar/gks1443
https://doi.org/10.1093/nar/gks1443
https://doi.org/10.1093/nar/gks1443
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1158/2159-8290.CD-17-0151
https://doi.org/10.1158/2159-8290.CD-17-0151
https://doi.org/10.1158/2159-8290.CD-17-0151
https://doi.org/10.1038/nmeth.3622
https://doi.org/10.1038/nmeth.3622
https://doi.org/10.1038/nmeth.3622
https://doi.org/10.1172/jci.insight.87062
https://doi.org/10.1172/jci.insight.87062
https://doi.org/10.1172/jci.insight.87062
https://doi.org/10.1016/j.ajhg.2017.01.004
https://doi.org/10.1016/j.ajhg.2017.01.004
https://doi.org/10.1016/j.ajhg.2017.01.004
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1200/PO.19.00171
https://doi.org/10.1200/PO.19.00171
https://doi.org/10.1200/PO.19.00171
https://doi.org/10.1200/PO.19.00171
https://doi.org/10.1200/PO.19.00171
https://doi.org/10.1158/2159-8290.CD-20-0522
https://doi.org/10.1158/2159-8290.CD-20-0522
https://doi.org/10.1158/2159-8290.CD-20-0522
https://doi.org/10.1186/s12864-022-08357-3
https://doi.org/10.1186/s12864-022-08357-3
https://doi.org/10.1186/s12864-022-08357-3
https://doi.org/10.1038/s41586-020-1943-3
https://doi.org/10.1038/s41586-020-1943-3
https://doi.org/10.1038/s41586-020-1943-3
https://doi.org/10.1101/2024.08.13.607019
https://doi.org/10.1101/2024.08.13.607019

