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Cisplatin-based neoadjuvant chemotherapy (NAC) followed by radical cystectomy is rec-
ommended for patients with muscle-invasive bladder cancer (MIBC). It has been shown
that somatic deleterious mutations in ERCC2, gain-of-function mutations in ERBB2, and
alterations in ATM, RB1, and FANCC are correlated with pathological response to NAC
in MIBC. The objective of this study was to validate these genomic biomarkers in pre-
treatment transurethral resection material from an independent retrospective cohort
of 165 patients with MIBC who subsequently underwent NAC and radical surgery.
Patients with ypT0/Tis/Ta/T1N0 disease after surgery were defined as responders.
Somatic deleterious mutations in ERCC2 were found in nine of 68 (13%) evaluable
responders and two of 95 (2%) evaluable nonresponders (p = 0.009; FDR = 0.03). No cor-
relation was observed between response and alterations in ERBB2 or in ATM, RB1, or
FANCC alone or in combination. In an exploratory analysis, no additional genomic alter-
ations discriminated between responders and nonresponders to NAC. No further associ-
ations were identified between the aforementioned biomarkers and pathological
complete response (ypT0N0) after surgery. In conclusion, we observed a positive associ-
ation between deleterious mutations in ERCC2 and pathological response to NAC, but not
overall survival or recurrence-free survival. Other previously reported genomic biomark-
ers were not validated.
ogy. Published by Elsevier B.V. All rights reserved.
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Table 1 – Baseline characteristics and response o
cystectomy

NKI cohort

Responders

Patients (n) 53
Median age, yr (IQR) 71.0 (61.0–7
Male sex, n (%) 40 (76)
cT stage, n (%)
cT1 1 (2)
cT2 27 (51)
cT3 21 (40)
cT4 4 (7)

cN stage, n (%)
cN0 31 (59)
cN+ 22 (41)

CTx regimen, n (%)
Cis/Gem 40 (75)
MVAC 11 (21)
CMV 2 (4)

CTx cycles received, n (%)
2 cycles 2 (4)
3 cycles 10 (19)
4 cycles 39 (74)
>4 cycles 2 (4)

Pathological response, n (%)
ypT0N0 (CR) 40 (75)
ypTis/Ta/T1N0 13 (25)
�ypT2N0 (NR) 0 (0)

Cis/Gem = cisplatin + gemcitabine; MVAC = meth
terquartile range; CTx = chemotherapy; CR = comp
a Responders: ypT0/Tis/Ta/T1N0; nonresponders:
b Differences in the overall cohort between resp

statistical tests were two-sided. No adjustments
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Patient summary: It is currently unknown which patients will respond to chemotherapy
before definitive surgery for bladder cancer. Previous studies described several gene
mutations in bladder cancer that correlated with chemotherapy response. This study
confirmed that patients with bladder cancer with a mutation in the ERCC2 gene often
respond to chemotherapy.
� 2022 European Association of Urology. Published by Elsevier B.V. All rights reserved.
Neoadjuvant cisplatin-based chemotherapy (NAC) followed
by radical cystectomy is recommended for patients with
muscle-invasive bladder cancer (MIBC) [1]. Pathological
response after treatment with NAC is strongly associated
with recurrence-free survival (RFS) and overall survival
(OS) [2]. Currently, clinicians are unable to identify which
patients will benefit from NAC. Genomic biomarkers have
been described to correlate with response to NAC, including
somatic deleterious mutations in ERCC2, gain-of-function
mutations in ERBB2, and alterations in ATM, RB1, and FANCC
[3–7]. However, none of these biomarkers has been vali-
dated in larger independent cohorts and thus they are not
used in clinical practice [1,8].

Here, we set out to validate these genomic biomarkers in
an independent multicenter retrospective cohort. Pretreat-
ment tissue from five centers was sequenced at The Nether-
lands Cancer Institute (NKI cohort; n = 117) or Vancouver
Prostate Centre (Vancouver cohort; n = 48; Supplementary
Fig. 1). All patients were diagnosed with MIBC (cT2–
4aN0M0 and/or cT1–4aN1–3M0) by transurethral resection
(TUR) and were treated with at least two cycles of cisplatin-
f 165 patients with muscle-i

a

Nonresponder

64
5.0) 71.0 (61.0–77.3

38 (59)

0 (0)
19 (30)
26 (40)
19 (30)

40 (63)
24 (37)

41 (64)
23 (36)
0 (0)

2 (3)
13 (20)
46 (72)
3 (5)

0 (0)
0 (0)
64 (100)

otrexate + vinblastine + doxor
lete response; NR = nonrespon
�ypT2N0.
onders and nonresponders. Fis
were made for multiple hypo
based NAC, followed by radical cystectomy. The primary
endpoint of this study was pathological response, defined
as ypT0/Tis/Ta/T1N0 after surgery [2,9]. Seventy of 165
patients (42%) were categorized as responders. Pathological
complete response after surgery, defined as ypT0N0, was
used as a secondary endpoint and was observed in 51 of
165 patients (31%).

Baseline age, gender, chemotherapy regimen, and num-
ber of chemotherapy cycles did not differ between the
response groups; however, cT stage at baseline was higher
in the nonresponder group (Table 1). Furthermore, baseline
cT stage and chemotherapy regimen differed between the
cohorts (Supplementary Table 1). Tumor DNA extracted
from TUR samples obtained before NAC was sequenced
using a targeted capture-based panel for the NKI cohort
and whole-exome sequencing for the Vancouver cohort.
Somatic variants of ERCC2, ERBB2, ATM, RB1, and FANCC
were inferred from population databases (Supplementary
material). Mutations were predicted to be functional (dele-
terious or gain-of-function) using the OncoKB, ClinVar, SIFT,
FATHMM, and PolyPhen-2 annotation databases (Supple-
nvasive bladder cancer treated with neoadjuvant chemotherapy and radical

Vancouver cohorta p valueb

s Responders Nonresponders

17 31 –
) 61.2 (56.0–66.0) 65.5 (58.3–73.0) 0.2

15 (88) 24 (77) 0.08
0.04

0 (0) 0 (0)
2 (12) 4 (13)
7 (41) 20 (65)
8 (47) 7 (22)

0.6
10 (59) 12 (39)
7 (41) 19 (61)

0.16
14 (82) 28 (90)
3 (18) 3 (10)
0 (0) 0 (0)

0.8
0 (0) 2 (6)
6 (35) 7 (23)
10 (59) 17 (55)
1 (6) 5 (16)

13 (76) 0 (0)
4 (24) 0 (0)
0 (0) 31 (100)

ubicin + cisplatin; CMV = cisplatin + methotrexate + vinblastine; IQR = in-
se.

her’s exact test for binary predictors, t test for numerical predictors. All
thesis testing. Significant associations are highlighted in bold.
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mentary material). There was high concordance between
the observed and The Cancer Genome Atlas (TCGA) muta-
tion rates (Supplementary Table 2).

After filtering, deleterious mutations in ERCC2 were
found in nine of 68 (13%) evaluable responders and two of
95 (2%) evaluable nonresponders (p = 0.009; Fig. 1A). We
found relevant gain-of-function mutations in ERBB2 in nine
of 69 (13%) evaluable responders and five of 95 (5%) evalu-
able nonresponders (p = 0.09; Fig. 1A). Of the 70 responders,
27 (39%) had at least one alteration in ATM, RB1 or FANCC
compared to 25/95 (26%) nonresponders (p = 0.13;
Fig. 1A). Nine of the 11 patients (82%) with a deleterious
mutation in ERCC2 had a pathological response after NAC
treatment, compared to 62/154 patients (40%) without
any relevant ERCC2 mutations (Supplementary Table 3).
After correction for multiple hypothesis testing (three
hypotheses), ERCC2 mutations were significantly enriched
in the responder group (false discovery rate [FDR] = 0.03;
Fig. 1A). The association remained after adjustment for cT
stage in a multivariable logistic regression model
(pERCC2 = 0.008, pcT2 = pcT3 = pcT4 > 0.9) and when patients
who received fewer than three NAC cycles were excluded
(Supplementary Fig. 2). Baseline clinical differences
between the ERCC2 mutant and wild-type groups were
not identified (Supplementary Table 3).

By contrast, alterations in ERCC2, ERBB2, or any one of
ATM, RB1, or FANCC were not associated with a pathological
Fig. 1 – Somatic mutations in the ERCC2, ERBB2, ATM, RB1, and FANCC genes i
chemotherapy. (A) Overview of relevant mutations for each patient. Details for v
in the Supplementary material. The left panel shows results for patients with yp
chemotherapy (responders), and the right panel shows results for nonrespond
relevant mutation relative to the total number of eligible patients for that spec
alteration in any one of ATM, RB1, or FANCC are indicated in the last row. The 5-y
and without (red) a mutation in ERCC2. The p values indicate statistical significa
mut = mutant; Not available = gene coverage <20 reads.
complete response (ypT0N0) after correcting for multiple
hypothesis testing (FDRERCC2 = 0.09, FDRERBB2 = 0.07, FDR
ATM/RB1/FANNC = 0.07; Supplementary Fig. 3).

The median follow-up for patients using reverse censor-
ing was 7.2 yr. The 5-yr OS rate for patients with and with-
out mutations in ERCC2 was 75% (95% confidence interval
[CI] 50–100%) and 52% (95% CI 45–62%), respectively
(p = 0.19; Fig. 1B). The corresponding 5-yr RFS rates were
65% (95% CI 39–100%) and 49% (95% CI 42–59%; p = 0.17;
Fig. 1C). Thus, while the Kaplan-Meier curves appear to sep-
arate according to ERCC2 mutation status, we could not
demonstrate a statistical difference for either OS or RFS,
possibly because of the low frequency of ERCC2 mutations.

Following earlier analyses by Plimack and colleagues [6],
we assessed copy number alterations (CNAs) for ATM, RB1,
and FANCC via shallow whole-genome sequencing for
patients from the NKI cohort (n = 117; Supplementary
material). CNAs for the Vancouver cohort could not be con-
fidently assessed owing to a lack of germline data. We found
seven CNAs in ATM, RB1, and/or FANCC in all evaluable
patients. Together with the previously described mutations,
22/53 (42%) responders had at least one alteration in ATM,
RB1, or FANCC, in comparison to 20/64 (31%) nonresponders
(p = 0.052; Supplementary Fig. 4).

In a further exploratory analysis, mutations frequently
occurring in MIBC were assessed for their correlation with
response to NAC (Supplementary Fig. 5). This analysis
n patients with muscle-invasive bladder cancer treated with neoadjuvant
ariant calling and inference of somatic and functional variants are provided
T0N0 (light blue; n = 51) or ypTis/Ta/T1N0 (yellow; n = 19) after neoadjuvant
ers (orange; n = 95). Percentages represent the number of patients with a
ific gene for responders (left) and nonresponders (right). Patients with an
r (B) overall survival and (C) recurrence-free survival for patients with (blue)
nce for a log-rank test. NKI = patients from the NKI cohort; wt = wild type;
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included FGFR3, which was previously associated with neg-
ative outcome after chemotherapy (Supplementary Fig. 6)
[10]. No association with response was identified after cor-
rection for multiple hypothesis testing (Supplementary
Fig. 5).

There are several limitations to this study. The genomic
data were obtained via different sequencing technologies
at different centers, leading to potential biases in the muta-
tion frequency. Furthermore, we lacked germline data and
somatic variants were filtered with the help of population
databases to remove benign germline variants. As germline
DNA is often unavailable, this approach is common practice
and was also used in the original studies for ERBB2 and ATM/
RB1/FANCC [4,6]. Multiple definitions of response have been
used in previous studies, so there is heterogeneity among
studies. Complete pathological response (ypT0N0) and
pathological downstaging (ypT0/Tis/Ta/T1N0) are com-
monly used. The long-term clinical outcome is favorable
in both groups, although patients with ypT0/TisN0 status
may have a modest survival benefit over patients with
ypT0/Tis/Ta/T1N0 disease [2,9].

In summary, we attempted to validate mutations in
ERCC2, ERBB2, ATM, RB1, and FANCC as predictive markers
of pathological response in a cohort of 165 patients treated
with NAC. We confirmed a positive association of deleteri-
ous mutations in ERCC2 with pathological response (ypT0/
Tis/Ta/T1N0), but not with complete response (ypT0N0),
OS, or RFS. Prospective evaluation of ERCC2 mutations as a
biomarker for response to NAC is needed to confirm our
results.
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