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ATM deficiency confers specific therapeutic
vulnerabilities in bladder cancer
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Ataxia-telangiectasia mutated (ATM) plays a central role in the cellular response to DNA damage and ATM al-
terations are common in several tumor types including bladder cancer. However, the specific impact of ATM
alterations on therapy response in bladder cancer is uncertain. Here, we combine preclinical modeling and clin-
ical analyses to comprehensively define the impact of ATM alterations on bladder cancer. We show that ATM loss
is sufficient to increase sensitivity to DNA-damaging agents including cisplatin and radiation. Furthermore, ATM
loss drives sensitivity to DNA repair–targeted agents including poly(ADP-ribose) polymerase (PARP) and Ataxia
telangiectasia and Rad3 related (ATR) inhibitors. ATM loss alters the immune microenvironment and improves
anti-PD1 response in preclinical bladdermodels but is not associatedwith improved anti-PD1/PD-L1 response in
clinical cohorts. Last, we show that ATM expression by immunohistochemistry is strongly correlated with re-
sponse to chemoradiotherapy. Together, these data define a potential role for ATM as a predictive biomarker
in bladder cancer.
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INTRODUCTION
The ataxia-telangiectasia mutated (ATM) gene encodes a serine/
threonine kinase that plays a critical role in maintaining genomic
integrity (1). Following DNA damage, the ATM protein is activated
and is responsible for coordinating DNA repair with cell cycle arrest
and other cellular activities in a cell- and context-dependent
manner (2). Reflecting its central role in the DNA damage response
(DDR), biallelic germline mutations in ATM cause ataxia telangiec-
tasia (AT), a rare inherited syndrome characterized by sensitivity to
DNA-damaging agents, increased cancer predisposition, as well as
immune and neurologic defects (3).

ATM is recurrently lost or mutated in multiple tumor types in-
cluding bladder cancer (4). Tumor ATM loss can result from an

inherited germline ATM mutation accompanied by loss-of-hetero-
zygosity (LOH) of the wild-type (WT) allele, via acquired (somatic)
loss or mutation, or by nongenetic mechanisms (5). Given its crit-
ical role in the DDR, there is substantial interest in targeting ATM
deficiency in cancer. In bladder cancer, several studies have identi-
fied an association between alterations in DNA repair genes and im-
proved response to cisplatin-based chemotherapy (6–9). However,
studies have used different criteria to define DDR gene alterations,
and the specific contribution of ATM versus other DDR genes in
driving this association is unclear.
In addition to driving sensitivity to DNA-damaging agents such

as cisplatin, there is also notable interest in targeting tumor ATM
deficiency using DNA repair–directed agents (10). Poly(ADP-
ribose) polymerase (PARP) inhibitors preferentially target tumors
with homologous recombination (HR) deficiency and are U.S.
Food and Drug Administration–approved in several clinical con-
texts. However, the association among ATM loss, HR function,
and PARP inhibitor sensitivity is not well defined in bladder
cancer or other tumor types and may be context-dependent (11).
Several completed and ongoing PARP inhibitor clinical trials in ad-
vanced bladder cancer have enrolled patients with tumor ATM al-
terations (12–15); however, the trial designs vary markedly and the
total number of ATM-altered cases is low. Therefore, it is currently
uncertain whether an association exists between ATM mutational
status and PARP inhibitor response in bladder cancer.
DNA damage and the ensuing cellular response can lead to

changes in the immune microenvironment and therefore can
affect tumor sensitivity to anti-PD1/PD-L1 agents (16). Several
studies have linked ATM loss or inhibition with immune activation
via both tumor cell–intrinsic and –extrinsic mechanisms (17–19).
In bladder cancer, DDR gene alterations have been associated
with improved anti-PD1/PD-L1 response (20), but the specific
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contribution of ATM alterations to tumor immune contexture and
anti-PD1/PD-L1 response is unclear.
Here, we combine clinical and functional analyses to define the

effect of ATM deficiency on cellular properties and therapeutic sen-
sitivities in bladder cancer. We find that ATM loss is sufficient to
confer increased sensitivity to clinically relevant DNA-damaging
agents and DNA repair–targeted agents including PARP and ATR
inhibitors. We observe changes in immune contexture including an
increase in CD4+ T cells and improved anti-PD1 response in an
ATM-deficient syngeneic preclinical model, but we did not identify
statistically significant differences in anti-PD1/PD-L1 response in
ATM-mutant versus nonmutant clinical cohorts. Last, we per-
formed an ATM immunohistochemistry (IHC) assay on several
cohorts of clinical bladder tumors and found that in a chemoradio-
therapy-treated cohort, ATM IHC is more strongly correlated with
response than ATMmutational status. Together, these data demon-
strate that ATM deficiency is sufficient to confer a DNA repair–de-
ficient phenotype and increase sensitivity to DNA-damaging and
DNA repair–targeted agents in bladder cancer and suggest that
ATM IHC is a more reliable biomarker of functional ATM loss
than ATMmutations identified by sequencing. These data have im-
portant implications for multiple ongoing clinical trials that are in-
vestigating the association between alterations in DDR genes and
clinical response to chemotherapy, chemoradiotherapy, and PARP
inhibitors.

RESULTS
Predicted deleterious ATM alterations are present in a
subset of bladder tumors
We first characterized the frequency of different classes of ATM al-
terations in bladder tumors. The Cancer Genome Atlas (TCGA)
bladder cancer (BLCA) study comprehensively profiled 412
muscle-invasive bladder cancers (MIBCs) (4). Among tumors
with available whole-exome sequencing (WES) data, 46 (11%)
had at least one reported somatic ATM alteration including in-
frame (n = 1), missense (n = 30), truncating (nonsense/frameshift,
n = 10), or splice site mutation (n = 5; Fig. 1A). The presence of a
truncating or splice site mutation was associated with lower ATM
protein levels compared to tumors without an ATM mutation (P =
0.021 and P = 0.053, respectively), whereas the presence of a mis-
sense mutation was not (P = 0.11; Fig. 1B).
The most common class of alteration in the BLCA cohort was

missense mutation. However, the observed missense mutations
were distributed across the ATM gene rather than clustered in spe-
cific locations (Fig. 1C). Similarly, in the TCGA pan-cancer cohort
(n = 10,967 tumors), nearly 500 distinct ATM missense mutations
are observed (fig. S1A), but only seven amino acid positions have
been identified as missense mutational hotspots (fig. S1B) (21).
Given the uncertainty in predicting the functional impact of most
ATM missense mutations, we restricted our subsequent analyses to
cases with missense mutations or other alterations that met strin-
gent filtering criteria and were predicted to be functionally delete-
rious (see Materials and Methods). This approach identified 16
TCGA cases (3.9%) with a predicted deleterious ATM alteration
(Fig. 1D). We used similar methods to analyze available germline
data for the TCGA cohort and identified an additional five cases
with a predicted deleterious germline ATM alteration (three trun-
cating and two missense mutations; Fig. 1D and fig. S2). Therefore,

the overall frequency of predicted deleteriousATM alterations in the
TCGA cohort was 21 of 412 (5.1%; Fig. 1D). Approximately half (10
of 21; 48%) of the tumors with a predicted deleterious ATM alter-
ation had accompanying ATM LOH. There were no differences in
age, sex, or stage at diagnosis between patients with a predicted del-
eterious ATM alteration versus other patients in the TCGA cohort
(fig. S3). Patients with a predicted deleterious ATM alteration had
significantly improved overall survival (OS) and progression-free
survival (PFS) compared to patients with WT ATM tumors or
tumors with ATM variants of uncertain significance (VUS; fig.
S4). Last, we investigated whether alterations in other significantly
mutated genes in TCGA cohort co-occurred or were mutually ex-
clusive with ATM alterations. Using a similar filtering strategy to
identify predicted deleterious alterations, the only gene significantly
co-mutated with ATM after correcting for multiple hypothesis
testing was KDM6A [P = 0.042, Fisher ’s exact test, Benjamini-
Hochberg (BH) correction]. There were no genes with mutations
that were mutually exclusive with ATM alterations. Unlike reports
from some other tumor types, ATM and TP53 alterations were not
mutually exclusive in this cohort (P = 0.21, Fisher’s exact test).
We next analyzed targeted tumor DNA sequencing data from a

cohort of 773 patients with urothelial cancer from the Dana-Farber/
Brigham and Women’s Cancer Center (DFBWCC; table S1) (22).
Applying similar filtering methods as were used for the TCGA
cohort, we identified 29 cases (3.8%) with a predicted deleterious
ATM alteration (Fig. 1E and fig. S5). There were no genes that
were significantly co-altered with ATM in the DFBWCC cohort.
ATM and TP53 alterations were mutually exclusive (P = 0.008,
Fisher’s exact test), but this difference was not significant after mul-
tiple-hypothesis correction (P = 0.24, BH correction). Together,
these analyses indicate that when stringent filtering is applied, the
frequency of predicted deleterious ATM alterations is approximate-
ly 5% in bladder cancer.

ATM loss sensitizes to DNA-damaging agents
To further investigate the impact of ATM loss on bladder tumor
properties, we used CRISPR-Cas9 techniques to delete the ATM
gene in a panel of human and mouse bladder cancer cell lines
(Fig. 2A and fig. S6A). We first tested the impact of ATM loss on
DNA damage signaling. Kruppel-associated box (KRAB)–associat-
ed protein 1 [(KAP1) encoded by the TRIM28 gene] is a primary
target of ATM phosphorylation following DNA damage, and we
found that radiation-induced KAP1 phosphorylation was signifi-
cantly reduced in ATM-deleted bladder cancer cells (Fig. 2B and
fig. S6B). Similarly, radiation-induced phospho-H2AX (γ-H2AX)
foci were significantly lower in ATM-deleted cells compared to
control cells (Fig. 2, B to D, and fig. S6, C to E). Together, these
results demonstrate that ATM loss abrogates normal ATM-mediat-
ed DNA damage signaling in bladder cancer cells.
We next tested the impact of ATM loss on sensitivity to DNA-

damaging agents commonly used to treat bladder cancer. We ob-
served a significant increase in radiation sensitivity across human
and mouse bladder cancer cell lines in vitro and in vivo (Fig. 2, E
to I, and fig. S7, A to D). Similarly, cisplatin sensitivity was also sig-
nificantly higher in all ATM-deleted bladder cancer cell lines com-
pared to WT ATM controls (Fig. 2, J to N, and fig. S7, E to H).
Cisplatin treatment resulted in a larger increase in cleaved PARP
levels in the ATM-deleted cells compared to WTATM cells, consis-
tent with an increase in cisplatin-induced apoptosis (Fig. 2O) (23).
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In a DFBWCC cohort of 131 patients with metastatic urothelial
cancer treated with cisplatin-based chemotherapy, there was a
trend toward longer time to treatment failure and improved OS in
patients with an ATM alteration that met our stringent filtering cri-
teria (P = 0.088 and P = 0.055, respectively; Fig. 2P); however, the
total number of ATM-altered cases was small (n = 4). Together,
these data demonstrate that ATM deficiency is sufficient to drive
increased sensitivity to DNA-damaging agents across multiple
bladder cancer preclinical models.

ATM loss sensitizes to DNA repair–directed agents
Wenext tested the impact of ATM loss on sensitivity to several DNA
repair–targeted agents. PARP inhibitors are approved in several
HR-deficient tumor settings, and we first wished to determine the
impact of ATM loss on HR function in bladder cancer cells. We pre-
viously found that ATM loss does not affect HR function in the DR-
GFP reporter cell line (24), and here, we observed that ATM loss did
not inhibit radiation-induced Rad51 foci formation (Fig. 3, A and B,
and fig. S8A). However, despite the lack of an HR defect noted in

Fig. 1. ATM alterations in bladder cancer. (A) Frequency and classes of somatic ATM alterations in the TCGA-BLCA WES cohort. (B) Tumors with ATM splice sites or
truncating alterations had lower protein levels (as quantified by RPPA) in the TCGA-BLCA cohort (Wilcoxon rank sum test). (C) Distribution of all observed non-synon-
ymous somatic missense mutations in TCGA-BLCA cohort. FAT, FRAP-ATM-TRRAP domain; FATC, FRAP-ATM-TRRAP C-terminal domain. (D) ATM alterations in TCGA-BLCA
WES cohort. (E) ATM alterations in the DFBWCC urothelial tumor cohort. RPPA, reverse phase protein array; DFBWCC, Dana-Farber/Brigham and Women’s Cancer Center.
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either the DR-GFP or Rad51 foci formation assays, we observed a
significant increase in PARP inhibitor sensitivity in all ATM-
deleted cell lines compared to WT ATM parental lines (Fig. 3, C
to G, and fig. S8, B to D). These results suggest that ATM loss sen-
sitizes to PARP inhibition in bladder cancer, but that the mecha-
nism of sensitization is distinct from the mechanism conferred by
loss of canonical HR genes such as BRCA1/2.
ATM and ATR kinases have partially redundant functions in cel-

lular DDR signaling, and there is substantial interest in ATR inhi-
bition as a synthetic lethal strategy to target ATM-deficient tumors
(5). We tested the differential sensitivity of ATM-deleted versusWT
ATM bladder cancer cell lines to the ATR inhibitor berzosertib. In
nearly all ATM-deleted cell lines tested, there was a significant in-
crease in ATR inhibitor sensitivity relative to WTATM cells (Fig. 3,
H to L, and fig. S8, E to H). Last, we tested the sensitivity of ATM-

deleted and WT ATM cells to an inhibitor of DNA protein kinase
(DNA-PK). DNA-PK plays a critical role in end joining repair of
double-strand breaks, and ATM loss sensitizes to DNA-PK inhibi-
tion in some contexts (25, 26). We observed a marked increase in
sensitivity to the DNA-PK inhibitor nedisertib in ATM-deleted
compared to WT ATM bladder cancer cells (Fig. 3M and fig. S8I).
Together, these data suggest that ATM deletion is sufficient to in-
crease sensitivity to multiple DNA repair–directed agents across
bladder cancer preclinical models.

ATM loss affects immune contexture and augments anti-
PD1 response in preclinical BC models but is not associated
with anti-PD1/PD-L1 response in BC clinical cohorts
We next sought to investigate the relationship among ATM muta-
tional status, immune contexture, and immune checkpoint

Fig. 2. ATM deficiency results in altered DNA damage signaling and increased sensitivity to DNA-damaging agents in bladder cancer preclinical models. (A)
Immunoblot demonstrating loss of ATM protein in ATM-deleted murine bladder cancer cell lines BBN963 and UPPL1541 (see also fig. S6). (B) Immunoblot demonstrating
a decrease in radiation-induced KAP1 and γ-H2AX phosphorylation in ATM-deleted compared to WT ATM bladder cancer cells. (C) Immunofluorescence images dem-
onstrating a decrease in radiation-induced γ-H2AX foci formation in ATM-deleted compared to WT ATM cells. (D) Quantification of γ-H2AX foci. There is a significant
increase in γ-H2AX foci following radiation in WT ATM cells but not in ATM-deleted cells (**P < 0.01, Student’s t test). (E to I) Cell survival curves for WT ATM and ATM-
deleted human andmouse bladder cancer cell lines following ionizing radiation. There was a significant increase in radiation sensitivity in ATM-deleted cells compared to
WTATM lines across all models (see also fig. S7). (J to N) Cell survival curves for WT ATM and ATM-deleted human and mouse bladder cancer cell lines following cisplatin
treatment. There was a significant increase in cisplatin sensitivity in ATM-deleted cells compared to WT ATM lines across all models. (O) Cisplatin treatment resulted in
higher levels of cleaved PARP in ATM-deleted compared to WT ATM bladder cancer cells, consistent with increased cisplatin-induced apoptosis. (P) Time to treatment
failure (TTF; left) and OS (right) of patients with ATM-mutant and nonmutant DFBWCCmetastatic urothelial cancer treatedwith cisplatin-based chemotherapy. All cell line
data are plotted as the means ± SD (n = 5) unless otherwise specified. Ctr, control; KO, knockout; UT, untreated; Gy, gray; ns, not significant.
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inhibitor (ICI) response in bladder cancer. A previous study iden-
tified an association between DDR gene alterations and improved
response to anti-PD1/PD-L1 therapy in patients with advanced
bladder cancer (20), but the specific impact of ATM deficiency on
immune properties in bladder cancer is unknown.
To directly test the impact of ATM loss on immune contexture

and anti-PD1 response, we leveraged the isogenic BBN963 and
BBN963-ATM-KO mouse bladder cancer models. We established

a cohort of mice bearing BBN963 or BBN963-ATM-KO tumors
and randomized to treatment with an anti-PD1 antibody or
vehicle. Mice were treated with anti-PD1 antibody (10 mg/kg) or
vehicle delivered intraperitoneally (ip) twice weekly for 4 weeks.
BBN963 and BBN963-ATM-KO tumors displayed similar growth
kinetics in vehicle-treated mice. Although anti-PD1 treatment led
to significant growth delay in both models, the growth delay was

Fig. 3. ATM loss drives sensitivity to inhibitors of PARP, ATR, andDNA-PK in bladder cancer preclinicalmodels. (A) Immunofluorescence images showing radiation-
induced Rad51 foci formation in ATM-deleted and WTATM KU19-19 bladder cancer cells. (B) Quantification of radiation-induced Rad51 foci shows no difference in ATM-
deleted compared to WTATM KU19-19 cells. Data are displayed as means ± SD, n = 5, ***P < 0.001 and ****P < 0.0001. (C to G) Cell survival curves for WT ATM and ATM-
deleted human andmouse bladder cancer cell lines following olaparib treatment. Therewas a significant increase in olaparib sensitivity in ATM-deleted cells compared to
WT ATM lines across all models (see also fig. S8). (H to L) Cell survival curves for WT ATM and ATM-deleted human and mouse bladder cancer cell lines following berzo-
sertib treatment. Therewas a significant increase in berzosertib sensitivity in ATM-deleted cells compared toWTATM lines across nearly all models. (M) Cell survival curves
for WT ATM and ATM-deleted bladder cancer cells following nedisertib treatment.
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Fig. 4. ATM loss is sufficient to drive immune changes and improve anti-PD1 response in preclinical bladdermodels but ATMmutations are not associated with
immune properties or anti-PD1 response in clinical bladder cohorts. (A) Growth curves for ATM-deleted andWTATM tumor xenografts. The ATM-deleted tumors had
a larger response to anti-PD1 treatment than WT ATM xenografts (linear regression model). (B) Flow cytometry showed no differences in the number of CD8+ T cells in
ATM-deleted versus WTATM tumors. Data are plotted as the means ± SD, n = 5 tumors. (C) Flow cytometry showed a significantly higher number of CD4+ T cells in ATM-
deleted compared to WTATM tumors, **P < 0.01. (D) Flow cytometry showed significantly fewer FOXP3+ CD4+ T cells in ATM-deleted compared to WTATM tumors, *P <
0.05. (E) Principal components analysis (PCA) of RNA sequencing (RNA-seq) counts from ATM-deleted and WT ATM tumors. (F) RNA-seq–based immune cell fraction
estimation using TIMER revealed a trend toward increased CD4+ T cells in ATM-deleted compared to WT ATM tumors (Student’s t test; BH correction). (G) A gene ex-
pression signature of transforming growth factor–β signaling in fibroblasts was higher in WT ATM tumors than in ATM-deleted tumors. (H) RNA-seq analysis of immune
cell subsets in ATM-mutant versus ATM nonmutant tumors from the TCGA (left) and IMvigor210 (right) bladder cancer cohorts. There were no significant differences in
any immune cell subsets (Wilcoxon rank sum test). (I) Quantification of multiplexed immunofluorescence data from institutional bladder cancer cases showed no differ-
ence in CD8, PD1, or FOXP3 staining between ATM-mutant and nonmutant bladder tumors. (J) OS of patients with ATM-mutant and nonmutant bladder tumors in the
Imvigor210 cohort (Kaplan-Meier method). (K) TTF (left) and OS (right) for ATM-mutant and ATM nonmutant institutional bladder cancer cases following anti-PD1/PD-L1
treatment (Kaplan-Meier method).
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more pronounced in BBN963-ATM-KO tumors (Fig. 4A and fig.
S9, A and B).
To further dissect the impact of ATM loss on immune proper-

ties, we established a second cohort of BBN963 and BBN963-ATM-
KO tumor–bearing mice. When tumors reached 500 mm3 in size,
mice were euthanized and tumors were harvested with half of the
tumor snap-frozen for RNA sequencing (RNA-seq) and half pro-
cessed into single cells for flow cytometry (fig. S9C). Flow cytomet-
ric analysis showed no difference in the number of CD8+ T cells in
BBN963 versus BBN963-ATM-KO tumors (Fig. 4B); however, there
were significantly more CD4+ T cells in the BBN963-ATM-KO
tumors compared to BBN tumors (Fig. 4C). The increase in
CD4+ T cells in the BBN963-ATM-KO tumors was not driven by
an increase in immunosuppressive CD4+/FOXP3+ cells, which
were significantly lower in BBN963-ATM-KO tumors than in
BBN963 tumors (Fig. 4D).
RNA-seq analysis revealed that BBN963 and BBN963-ATM-KO

tumors were characterized by distinct gene expression profiles
(Fig. 4E; table S2). Using TIMER to infer immune cell subsets, we
observed no differences in CD8+ cells but a trend toward increased
CD4+ cells in the BBN963-ATM-KO tumors compared to the
BBN963 tumors (Fig. 4F and fig. S9E). In addition, BBN963-
ATM-KO samples showed a trend toward increased T cell receptor
(TCR) diversity, which has been associated with improved anti-
PD1/PD-L1 responses in bladder cancer (27), as well as increased
immune score and higher expression of granzyme B (GZMB) and
other genes that have been associated with improved anti-PD1/PD-
L1 response (fig. S9, F to Q). Last, a signature of transforming
growth factor–β signaling in fibroblasts that has been associated
with poor anti–PD-L1 response in bladder tumors was higher in
the BBN963 tumors than in the BBN963-ATM-KO tumors
(Fig. 4G) (28). Together, these data suggest that ATM loss promotes
CD4+ cytotoxic T cell infiltration and increases sensitivity to anti-
PD1 therapy in an immune-competent bladder cancer preclini-
cal model.
We next compared the immune properties of ATM-mutant

versus nonmutant bladder tumors in several clinical cohorts.
Using available RNA-seq data to infer cellular phenotypes, we did
not observe a difference in immune cell populations between ATM-
mutant and nonmutant tumors in the TCGA bladder cohort or in
patients enrolled on IMVigor210 (29), a randomized phase 2 clin-
ical trial of the anti–PD-L1 agent atezolizumab in advanced bladder
cancer (Fig. 4H). Similarly, using a multiplexed immunofluores-
cence (mIF) assay to assess immune markers in bladder tumors
from patients treated at DFBWCC (30), we did not observe differ-
ences in CD8, FOXP3, PD1, or PD-L1 staining between ATM-
mutant versus nonmutant tumors (Fig. 4I). There was also no dif-
ference in OS in ATM-mutant versus nonmutant patients who re-
ceived anti-PD1/PD-L1 therapy in the IMVigor210 cohort (Fig. 4J)
or time to treatment failure or OS in a DFBWCC cohort of 169 pa-
tients with bladder cancer treated with anti-PD1/PD-L1 therapy
(Fig. 4K). Together, these analyses suggest that the presence of a
predicted deleterious ATM alteration is not significantly associated
with immune properties or anti-PD1/PD-L1 response in clinical
bladder cancer cohorts.

ATM immunohistochemistry correlates with ATM mutation
status and chemoradiotherapy response in MIBC
Given the challenge of predicting the functional impact of clinically
observed ATM alterations, several recent efforts in other tumor
types have focused on developing an ATM IHC assay to identify
tumors with loss of ATM protein (31–33). IHC is an attractive
method because it has the potential to identify functional ATM de-
ficiency conferred by a wide variety of genetic or epigenetic alter-
ations, and ATM IHC has been performed in several PARP and
ATR inhibitor trials (11, 34, 35). However, ATM IHC has not
been investigated specifically in bladder cancer. We identified
bladder cancer cases from DFBWCC with available targeted DNA
sequencing and selected a cohort that included tumors with WT
ATM as well as tumors with either ATM missense or truncating
(nonsense/frameshift) mutations (table S3). We then performed
ATM IHC using a commercially available monoclonal antibody
(see Materials and Methods). All ATM IHC cases were reviewed in-
dependently by two pathologists blinded to ATM mutational status
and each case was assigned by consensus as having ATM expression
either retained or lost (Fig. 5A). There was a significant correlation
between ATM mutational status and ATM IHC expression (P =
0.008, two-sided chi-square test; Fig. 5B). Most tumors with WT
or missense mutations in ATM had retained ATM expression,
whereas most tumors with an ATM truncating alteration had loss
of ATM expression.
We next wished to assess whether ATM IHC patterns correlated

with clinical outcomes. Trimodality therapy (TMT) is a curative
treatment approach for MIBC that involves transurethral tumor re-
section followed by concurrent chemoradiotherapy (36, 37). Re-
cently, Kamran et al. (38) performed WES of MIBCs from
patients treated with TMT at the Massachusetts General Hospital
(MGH) and correlated genomic features with clinical outcomes.
Thirteen of 76 (17%) tumors harbored at least one ATM alteration
and four (5.2%) had an ATM alteration that was predicted to be del-
eterious using our stringent filtering criteria (table S4). Tumor
tissue was available for 11 of the 13 ATM-mutant cases and ATM
IHC was performed as described above. Six of 11 ATM-mutant
tumors had retained ATM expression by IHC, while five had
ATM protein loss. Among the four tumors with predicted deleteri-
ous ATM alterations, two had retained ATM expression and two
had loss of expression. Among the 11 MGH cases with ATM
IHC, 5 patients had a bladder cancer event during follow-up
(defined as an incomplete response to induction TMT, an invasive
bladder or metastatic recurrence, or cystectomy for recurrent
disease), whereas 6 patients did not have a bladder cancer event.
There was a significant association between ATM expression and
the likelihood of a bladder cancer event (P = 0.015, Fisher’s exact
test; Fig. 5C), whereas there was no association between any ATM
alteration or a predicted deleterious ATM alteration and a bladder
cancer event (table S4). Modified bladder-intact event-free survival
(mBI-EFS), a composite endpoint defined as lack of invasive
bladder recurrence, pelvic recurrence, metastatic recurrence, cystec-
tomy, or death from bladder cancer, was significantly longer in the
subset of TMT patients with loss of ATM expression than in pa-
tients with retained ATM expression (P = 0.015; Fig. 5D). Together,
these data suggest that loss of ATM expression by IHC is associated
with improved clinical outcomes in patients withMIBC treated with
TMT and that ATM IHC is a stronger correlate of clinical outcomes
than ATM mutational status.
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DISCUSSION
ATM plays a critical role in the DDR in normal cells, but ATM is
recurrently lost or mutated in a subset of bladder and other tumor
types (5). The specific contribution of ATM loss to tumorigenesis
and tumor evolution across cellular contexts is poorly understood;
however, functional ATM deficiency might increase DNA damage
tolerance, thereby avoiding damage-induced cell death while also
promoting protumorigenic changes in the tumor microenviron-
ment (39, 40).
A variety of ATM alterations are present in bladder tumors, and

the observed mutational frequency in a cohort can vary markedly

based on the criteria used to nominate alterations. Approximately
12% of cases in the bladder cancer TCGA cohort have at least one
ATM alteration, including missense, nonsense, or splice site muta-
tions as well as in-frame or frameshift insertions/deletions (indels).
While splice site, nonsense, or frameshift mutations are likely to
result in the loss of a functional ATM protein, many of the missense
mutations—particularly those outside the kinase domain—may not
affect ATM function. To maximize the likelihood of identifying
only those alterations most likely to affect protein function, we
used stringent filtering criteria and found that only 5% of tumors
in the TCGA cohort and 4% of tumors in a separate institutional

Fig. 5. Correlations among ATM mutational status, ATM IHC expression, and chemoradiotherapy response. (A) Representative photomicrographs of urothelial
carcinoma and corresponding ATM IHC demonstrating loss of ATM expression (top row) or retained expression (bottom row). In tumors with ATM loss, non-neoplastic
cells (e.g. endothelial cells and fibroblasts) retain ATM expression and serve as an internal positive control. (B) Correlation between ATM mutational status and ATM IHC
pattern in a cohort of bladder tumors from the DFBWCC. Most tumors with WT ATM or an ATM missense mutation have retained ATM staining by IHC, whereas most
tumors with an ATM nonsense or frameshift mutation have ATM loss by IHC. (C) Correlation between ATM IHC pattern and bladder cancer events in the MGH cohort. (D)
Modified bladder-intact event-free survival (mBI-EFS) in MGH cases with ATM protein expression retained versus lost (Kaplan-Meier method). There was significantly
longer mBI-EFS in patients with loss of ATM expression. MGH, Massachusetts General Hospital.
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bladder cancer cohort harbored an ATM alteration that was likely to
result in loss of ATM function. Clinical studies, including several
completed and ongoing clinical trials, have used different criteria
to define ATM alterations, and it is likely that these differences
may contribute to heterogeneity in findings across studies. We
suggest using stringent filtering criteria to maximize the potential
to nominate only those ATM alterations most likely to lead to func-
tional deficiency.
As an alternative approach to inferring ATM functional status in

bladder tumors, we also applied an ATM IHC assay to directly
assess ATM protein expression. There was a correlation between
the mutation class identified by tumor sequencing and the IHC
pattern: Most tumors withWTATM or an ATMmissense mutation
had retained ATM staining, whereas most tumors with truncating
ATM alterations had loss of ATM staining. However, there were
clear exceptions to this association, as some tumors with WT
ATM or an ATM missense mutation had a loss of ATM protein ex-
pression by IHC, suggesting that alternative mechanisms such as
epigenetic silencing may result in loss of ATM protein in a subset
of bladder tumors. Analysis of larger cohorts with WT and mutant
ATM cases will be required to further define this relationship.
The ability to reliably identify ATM alterations resulting in func-

tional ATM deficiency is of notable clinical interest because ATM
deficiency may be therapeutically targetable. Given ATM’s central
role in the DDR, ATM-deficient tumors may have increased sensi-
tivity to DNA-damaging agents including cisplatin and radiation.
We find that ATM loss is sufficient to alter DNA damage signaling
and drive increased cisplatin and radiation sensitivity in multiple
preclinical human and mouse bladder cancer models, and sensitiv-
ity has also been observed in other non-bladder cancer preclinical
models (24, 41, 42). However, clinical sensitivity to DNA-damaging
agents has been more difficult to demonstrate, likely reflecting the
heterogeneity of clinical cohorts and treatment regimens as well as
differences in ATM mutation–calling approaches as discussed
above. Nonetheless, we identified a trend toward improved out-
comes in ATM-mutant cases in a cohort of patients with plati-
num-treated advanced bladder cancer. In addition, a recent study
of patients with advanced cancer receiving palliative radiation did
demonstrate increased local control of irradiated sites in patients
with ATM-mutant tumors (43), thus providing important clinical
evidence that ATM alterations may be associated with increased ra-
diation sensitivity.
TMT is a curative treatment approach for MIBC and is support-

ed by long-term safety and efficacy data (36, 37, 44). Cisplatin is one
of the preferred concurrent chemotherapy agents delivered with ra-
diation as part of TMT, and our preclinical cisplatin and radiation
sensitivity data presented here support ATM loss as a predictor of
increased sensitivity to cisplatin-based chemoradiotherapy regi-
mens. In addition, in a clinical cohort of TMT-treated patients,
functional ATM deficiency as identified by loss of ATM protein ex-
pression by IHC was more strongly associated with TMT outcomes
than ATMmutational status alone. This is the first demonstration of
an association between ATM functional status and TMT outcomes,
and future studies are needed to validate this finding in larger
cohorts as well as further explore the relationship among ATMmu-
tational status, ATM IHC pattern, and clinical outcomes in patients
with MIBC treated with TMT or other approaches.
An alternative bladder-sparing treatment option for MIBC is

currently being investigated in several ongoing phase 2 clinical

trials (45). MIBC patients with tumor DDR gene alterations who
experience a complete clinical response (cCR) to cisplatin-based
neoadjuvant chemotherapy forego standard-of-care radical cystec-
tomy and instead undergo close surveillance. Interim analyses of
two of these trials have been reported and did not find an associa-
tion between ATM alterations and increased likelihood of cCR (46,
47). Potential explanations for the lack of signal include differences
in methods used to nominate ATM alterations, the limited follow-
up to date, and the small number of ATM-mutant cases. Additional
follow-up and secondary analyses, perhaps including ATM IHC,
may be useful in further investigating the association between
ATM status and outcomes in these MIBC clinical trials.
PARP inhibitors are approved for use in several clinical settings

and are under active investigation in bladder cancer. We observed a
marked increase in PARP inhibitor sensitivity in multiple ATM-
deleted preclinical bladder cancer models. However, this increase
in PARP inhibitor sensitivity was not accompanied by features fre-
quently associated with HR deficiency such as loss of radiation-
induced Rad51 foci, suggesting that PARP inhibitor sensitivity con-
ferred by ATM loss is mediated via different mechanism(s) than
sensitivity conferred by loss of canonical HR genes such as
BRCA1/2. Preclinical studies have identified toxic levels of nonho-
mologous end joining (NHEJ) as one potential mechanism of PARP
inhibitor sensitivity in ATM-deficient cells (48), but the role of toxic
NHEJ or other mechanisms in clinical cohorts remains to be deter-
mined. Two recent clinical trials [BAYOU (14) and ATLANTIS
(15)] identified the activity of PARP inhibitors in subsets of
bladder cancer patients with presumed HR deficiency based on al-
terations in one or more of a panel of putative HR genes. ATM was
included in the HR gene list in both trials, but the number of ATM-
altered cases was very low, making it difficult to meaningfully assess
the relationship between ATM status and clinical PARP inhibitor
sensitivity. Additional data from ongoing and planned bladder
cancer PARP inhibitor trials are needed.
ATR and DNA-PK are related DDR kinases that also play key

roles in DNA damage signaling. Multiple ATR and DNA-PK inhib-
itors are in various phases of clinical development in biomarker-se-
lected and unselected populations. A randomized phase 2 clinical
trial in advanced bladder cancer did not show benefit to the addi-
tion of the ATR inhibitor berzosertib to gemcitabine and cisplatin
in a biomarker unselected population (49). Tumors with ATM de-
ficiency may be more dependent on ATR signaling for survival, and
ATM loss is one of the biomarkers under investigation in ATR clin-
ical trials (10). We observed a marked increase in sensitivity to both
ATR and DNA-PK inhibition in ATM-deficient models, consistent
with increased dependence on these related DDR kinases for surviv-
al. Focusing clinical investigations on patients with tumor ATM loss
or other biomarkers of ATR/DNA-PK inhibitor sensitivity may
maximize the opportunity to observe the activity of these agents
in bladder cancer.
ICIs have transformed the treatment landscape of advanced

bladder cancer, but optimal predictive biomarkers of ICI sensitivity
in bladder cancer have not been defined. Tumor mismatch repair
deficiency (MMRd)/microsatellite instability (MSI) is associated
with increased ICI response rates and pembrolizumab (anti-PD1)
is approved for use in MMRd/MSI tumors across histologic sub-
types. Alterations in DNA repair genes beyond the MMR pathway
have also been associated with ICI response, although the data are
less robust. In one study, advanced bladder cancer patients with a

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Zhou et al., Sci. Adv. 9, eadg2263 (2023) 22 November 2023 9 of 15



mutation in at least one gene across a panel of DDR genes had
longer PFS following ICI treatment than patients lacking a DDR
gene mutation (20). Although ATM was included in the DDR
gene list, only four patients had a predicted deleterious ATM alter-
ation. Our ATM-deleted syngeneic model was modestly more sen-
sitive to anti-PD1 therapy than its WT ATM counterpart and had
higher levels of infiltrating cytotoxic CD4+ T cells, which have been
associated with immune-mediated cytotoxicity and ICI response in
bladder cancer (50). However, despite these differences in the pre-
clinical models, we did not observe differences in immune contex-
ture or clinical outcomes by ATM status in several cohorts of
patients with bladder cancer treated with ICIs. A recent study
using a network-based approach found that ATM alterations were
associated with improved ICI response and outcomes only among
tumors with high TMB (51), which may explain the lack of associ-
ation observed in the non-TMB stratified cohorts analyzed in this
study. Therefore, although ATM loss is sufficient to drive changes in
immune contexture and improve ICI response in isogenic preclin-
ical systems, a predicted deleterious ATM alteration does not appear
to be sufficient to significantly increase ICI sensitivity in clinical set-
tings, likely due to the increased tumor and treatment heterogeneity
that exists in clinical cohorts compared to preclinical systems.
In summary, our preclinical and clinical analyses inform the link

between ATM biology and clinical translation in bladder cancer.
First, the mutational landscape of ATM in bladder cancer is
complex, but only alterations that result in loss of function are
likely to confer an ATM-deficient phenotype; therefore, the criteria
used to categorize ATM alterations in clinical cohorts can substan-
tially affect the apparent association between ATM alterations and
relevant clinical phenotypes. Second, complete loss of ATM protein
in well-defined isogenic bladder cancer preclinical models is suffi-
cient to induce sensitivity to a variety of clinically relevant drug
classes including DNA-damaging agents, DNA repair–targeted
agents, and anti-PD1 agents. However, clinical tumors are far
more heterogeneous, and therefore, the association between ATM
loss of function and clinical sensitivity to these agents remains to
be determined. The best opportunity to identify an association
between ATM loss and therapeutic effect will require stringent cri-
teria to identify true loss-of-function ATM alterations in a clinical
cohort treated with one or more agents that directly target ATM de-
ficiency, such as cisplatin-based chemoradiotherapy.

MATERIALS AND METHODS
Experimental design
The objective of this study was to combine genomic, clinical, and
preclinical (in vitro and in vivo) approaches to define the biological
impact and clinical relevance of ATM alterations in bladder cancer.

TCGA cohort analyses
TCGA-BLCA WES tumor and matched normal BAM files were
downloaded from the GDC data portal (https://portal.gdc.cancer.
gov/; release number 12.0). Germline variants were called via
GATK (version 3.8) HaplotypeCaller using the GRCh38 reference
genome. Somatic variant calls generated by the MuTect2 pipeline
were downloaded from the GDC data portal (https://portal.gdc.
cancer.gov/; release number 12.0) in VCF formatted files. Germline
and somatic variants that did not pass the default filters of MuTect2
were removed to filter out likely false positive calls. Germline and

somatic mutations were annotated by ANNOVAR (52), and the
pathogenicity of the variants was assessed by InterVar (version
2.2.2) (53). InterVar classifies variants into five categories:
“Benign,” “Likely Benign,” “Uncertain Significance,” “Likely Patho-
genic,” and “Pathogenic.” Germline and somatic mutations were
classified as pathogenic if InterVar labeled them as “Likely Patho-
genic” or “Pathogenic” or ClinVar (54) evidence suggested that they
are likely pathogenic or pathogenic. Germline and somatic muta-
tions were classified as variants of uncertain significance if both In-
terVar and ClinVar annotated the mutations as “Uncertain
Significance.”
Reverse phase protein array data were downloaded with the

TCGAbiolinks R package. The available samples (n = 343) were
divided into four groups according to their somatic ATM alteration
status and class (splice site n = 5, truncating n = 10, missense n = 24,
no somatic alteration n = 304). The Wilcoxon test was used to
compare the protein levels of ATM in each ATM-altered group to
the group without somatic mutations in ATM. No correction was
performed for multiple testing.
Mutual exclusivity and co-occurrence between somatic patho-

genic gene mutations were tested using Fisher’s exact test. Pairwise
testing was performed between ATM and each gene that was listed
among the significantly mutated genes in the TCGA-BLCA cohort
(4). The BH procedure was used to correct for multiple testing.
The Kaplan-Meier method was used to estimate the survival

curves after dividing the patients into two groups: patients with
pathogenic ATM mutations (ATM MUT) and patients with WT
ATM or ATM variants of uncertain significance (ATM VUS).
The log-rank test was used to compare the survival curves. Cox’s
proportional hazards model was used to calculate the hazard
ratios and to adjust for covariates such as age at diagnosis, sex,
and race.
TIMER2.0 was used to estimate immune cell abundance in the

TCGA-BLCA cohort based on expression levels of predetermined
marker genes for each of the following immune cell phenotypes:
B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages,
and myeloid dendritic cells (55). Wilcoxon rank sum test was
used to compare ATM-mutant andWTATM samples and generate
two-sided P values.

IMvigor210 cohort analyses
IMvigor210 was a single-arm phase 2 study investigating atezolizu-
mab in patients with metastatic urothelial cancer (NCT02108652
and NCT02951767) (28). Patients had tumor tissue harvested
within 2 years before study entry which was used for correlative
studies including RNA-seq (for immune cell infiltration assess-
ment) and targeted tumor DNA sequencing with the Foundatio-
nOne panel (Foundation Medicine, Cambridge, MA). A total of
275 patients had both RNA-seq and DNA sequencing data available
and were used for the correlative analyses. ATM mutational status
was determined from FoundationOne data using the same approach
as was applied to tumor DNA from the TCGA cohort described
above. For survival analysis, the Kaplan-Meier method was used
and Cox-proportional hazards were estimated as above. Covariates
included in the analysis were immune phenotype and tumor muta-
tional burden (non-synonymous mutations per megabase).
TIMER2.0 was used as above to estimate immune cell abundance.
TheWilcoxon rank sum test was used to compare ATM-mutant and
WT samples and generate two-sided P values.
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Institutional datasets and analyses
The DFBWCC cohort consisted of 773 patients diagnosed with ur-
othelial cancer with available targeted tumor DNA sequencing per-
formed using the OncoPanel assay (22, 56). Tumor specimens and
clinicopathologic information were collected from patients who
consented to Institutional Review Board (IRB)–approved protocol
nos. 11-104 or 17-000. Samples were filtered to include bladder ur-
othelial carcinomas and upper tract urothelial carcinomas, and
primary biopsy sites were used when multiple sequenced samples
were available from a single patient. ATMmutational status was de-
termined from OncoPanel data using the same approach as was
applied to tumor DNA from the TCGA cohort described above.
The Kaplan-Meier method and Cox-proportional hazards model
were used as above. Covariates included for the ICI cohort were
the number of prior lines of systemic therapy, tumor mutational
burden, and therapy (single agent ICI versus combination). Covar-
iates for the platinum cohort were a number of lines of prior system-
ic therapy and the type of platinum agent (cisplatin versus
carboplatin).
The MGH cohort consisted of 76 patients with MIBC treated

with curative-intent TMT with available WES and clinical data
(38). IHC was performed on all ATM-mutant cases with available
formalin-fixed, paraffin-embedded (FFPE) tumor tissue. This study
was approved by the Mass General Brigham IRB (protocol no.
2008P001128) and conducted in accordance with recognized
ethical guidelines. mBI-EFS is defined as muscle-invasive recur-
rence, locoregional progression, distant metastasis, radical cystec-
tomy for either cancer recurrence or toxicity, or death from
bladder cancer.

Cell culture and ATM KO cell lines
The BBN963 and UPPL1541 murine bladder cancer cell lines were
gifts from theWilliamKim laboratory (57). BBN963 andUPPL1541
were cultured and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% L-glutamine, and 1% penicillin-streptomycin. Human
bladder cancer cell lines T24 and 5637 were purchased from Amer-
ican Type Culture Collection and KU19-19 was purchased from
DSMZ. The cell lines were cultured in RPMI 1640 media supple-
mented with 10% FBS, 1% L-glutamine, and 1% penicillin-strepto-
mycin. All cell lines were grown at 37°C in a 5% CO2 incubator.
The Alt-R CRISPR-Cas9 System (IDT Technologies) was used to

delete the ATM gene in mouse and human bladder cancer cell lines.
CRISPR RNA (crRNA) oligonucleotides targeting ATM are listed in
table S5. Cas9 nuclease was purchased fromHorizonDiscovery. The
crRNAwas annealed with ATTO 550 tracrRNA, and ribonucleopar-
ticles were then assembled by adding Cas9. RNPs were delivered
into cells using electroporation-based nucleofection (Lonza
system). Flow cytometry was used to sort ATTO 550 positive
single cells 24 hours following nucleofection. Single cells were ex-
panded and clonal populations were screened by immunoblot to
identify clones with complete loss of expression of the ATMprotein.

Reagents
Chemical, single guide RNA, and antibody details are provided in
table S5.

Immunoblotting
Cells were trypsinized with Tryp-LE Express (Gibco), washed with
phosphate-buffered saline (PBS), and lysed with radioimmunopre-
cipitation assay buffer (Pierce) supplemented with protease inhibi-
tors cocktail (Roche), phosphatase inhibitors (phosSTOP, Roche),
and phenylmethylsulfonyl fluoride (Cell Signaling Technology).
Cells were then sonicated and centrifuged. The supernatant was iso-
lated and protein concentration was quantified using the Bio-Rad
Protein Assay. The protein lysate was then denatured in Laemmli
buffer (Bio-Rad) supplemented with reducing agent NuPAGE (In-
vitrogen) and heated at 95°C for 10 min. Samples were loaded into 3
to 8% gradient gels and run for 1 to 3 hours at 90 to 110 V on ice.
Gels were then transferred to 0.22-μm polyvinylidene fluoride
membrane (Millipore) for 2 to 3 hours at 90 V on ice. Membranes
were blocked with 5% bovine serum albumin (BSA)/tris-buffered
saline with Tween 20 and incubated with primary antibody,
rinsed in PBS, and exposed to secondary antibody (see table S5
for antibody details). Membranes were developed using enhanced
chemiluminescent substrate (PerkinElmer) and imaged using an
Amersham Imager 600.

Rad51 foci formation
Glass coverslips were placed into wells of a 12-well plate and cells
were plated in the wells. The following day, cells were treated with
10 grays (Gy) using a cell irradiator (Rad Source Technologies).
Thirty minutes and 24 hours after irradiation, the glass slides
were transferred to a new plate and fixed in 4% paraformaldehyde
for 20 min, and then permeabilized for 5 min on ice using 0.2%
Triton X-100 in 1% BSA/PBS. Cells were then blocked in 1%
BSA/PBS for 1 hour at room temperature and incubated with an
anti-Rad51 antibody (Cell Signaling Technology, clone d4b10,
catalog no. 8875) overnight at 4°C. A fluorescence-conjugated
anti-Rabbit secondary antibody was added and slides were incubat-
ed in the dark at 4°C for 1 hour. Last, the glass coverslips were
mounted on slides with ProLong Gold Antifade reagent with 40,6-
diamidino-2-phenylindole (DAPI; Invitrogen). Fluorescent images
were obtained using a Zeiss microscope and were quantified using
ImageJ software.

In vitro drug and radiation sensitivity assays
Clonogenic survival assays were used to evaluate drug and radiation
sensitivity. Briefly, 3000 to 5000 cells were plated per well into six-
well plates, and on the following day, cells were treated with drugs or
irradiated. The cells were then allowed to grow for 7 to 10 days and
then fixed with 10% formalin for 30 min and stained with a 1%
crystal violet (CV) solution for 30 min. Plates were imaged using
an Amersham Imager 600 instrument. One milliliter of 1% SDS sol-
ution was then added to each well to solubilize the CV, and the so-
lutions were quantified at 570 nm on a microplate reader (BioTek).
Survival was calculated as the absorbance at a given dose or concen-
tration relative to the absorbance of untreated samples. Data were
plotted and analyzed using GraphPad Prism.

Xenograft experiments
All experiments were performed in accordance with the Dana-
Farber Cancer Institute (DFCI) IACUC guidelines at the DFCI
Longwood Center Animal Resource Facility under an approved pro-
tocol. Eight mice were randomized into each of four groups: (i)
BBN963 untreated, (ii) BBN963-ATM-KO untreated, (iii) BBN963
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irradiated, and (iv) BBN963-ATM-KO irradiated. Five million
BBN963 or BBN963-ATM-KO cells in 75 μl of PBS were mixed
with 75 μl of Matrigel (Corning), and then injected into the
flanks of 6-week-old C57BL/6 mice (Jackson Laboratory) subcuta-
neously. Radiation treatments were performed using a small animal
radiation research platform (Xstrahl Inc). Mice were anesthetized
with isoflurane and imaged by computed tomography. Image-
guided radiation therapy was performed with a field size designed
to completely encompass the xenografted tumor while minimizing
exposure to adjacent normal structures. Each mouse was treated
with three fractions of 4 Gy over 5 to 6 days. Tumor volume was
measured every 2 or 3 days. InVivoPlus anti-mouse PD1 (CD279)
(Bio-X-cell, clone J43, #BP0033-2) was delivered via intraperitoneal
injection at a dose of 10 mg/kg twice per week for 4 weeks. Mice
began treatment when the average tumor volume reached 150
mm3. Tumor volumes were measured twice per week using a
digital caliper and growth curves were generated using GraphPad
Prism 7. A linear regression model was used to compare the anti-
PD1 treatment effect in ATM-KO and WT ATM groups.

Flow cytometry and immunophenotyping
Tumors were harvested, minced, and then digested with enzyme
cocktail [DMEM medium with collagenase/hyaluronidase (1 mg/
ml; STEMCELL), 10 mM Hepes, 2% FBS, and deoxyribonuclease
(0.1 mg/ml; STEMCELL)] for 45 min at 37°C. Digested samples
were filtered through a 70-μm pore cell strainer (Fisherbrand).
Single-cell suspensions were centrifuged at 350g for 5 min and
washed in pre-cooled flow buffer (PBS with 2% FBS). Samples
were incubated with RBC Lysis Buffer (BioLegend) at room temper-
ature for 5 min, washed with flow buffer, and centrifuged. Cell
pellets were resuspended in 1% BSA/PBS and 1.5 million cells
were aliquoted to tubes for staining. Single-cell suspensions were
incubated with Fc block (1:500; anti-CD16/CD32 antibody; BioLe-
gend) for 10 min at 4°C and samples were stained with fixable via-
bility dye eFluor780 (Invitrogen) before staining with markers.
UltraComp eBeads Compensation Beads (Invitrogen) were
stained with one-tenth concentration of antibody as tumor cells
and used for compensation. Tumor cells stained with a single fluo-
rescence-conjugated antibody were used for gating and confirming
compensation. See table S5 for antibody details. Surface antibodies
were incubated with samples on ice for 30 min and antibodies for
intracellular markers were incubated with samples for 40 min after
fixing and permeabilization (eBioscience). Samples were washed
and suspended with a flow buffer, and flow cytometry data were ob-
tained using a BD LSRFortessa analyzer (BD Biosciences) with data
analysis using FlowJo 10 software.

RNA sequencing
Snap-frozen tumors were sent to Novogene (Durham, NC) for RNA
extraction and sequencing (20 million reads per sample). The Next-
flow RNA-seq pipeline (58) (nf-core/rnaseq; version 3.9) was used
to perform quality control, and STAR aligner and Salmon (59) were
used for quantification. Counts were normalized using the median
of ratios method and differential expression analysis was performed
with DESeq2 (60). A general assessment of full profiles was per-
formed using principal components analysis. Immune cell fractions
as well as immune and stroma scores were derived using TIMER
(61) and ESTIMATE (62) algorithms. TCR receptor diversity was
calculated on the basis of RNA-seq results using MiXCR (version

4.1.2; MiLaboratories Inc) (63). Calculated scores and fractions
were compared between groups using Student’s t tests. P values
were corrected using the BH method. Raw and processed sequenc-
ing files will be deposited in GEO.

Multiplex immunofluorescence
ImmunoProfile is a mIF assay performed at the Center for
Immuno-Oncology at DFCI. A 5-μm-thick section from the FFPE
tumor was mounted on a glass slide and stained for PD-L1, PD1,
FOXP3, CD8, cytokeratin (AE1/AE3), and DAPI (nuclear counter-
stain). Slides were then scanned at 20× using a Vectra Polaris
imaging platform and regions of interest (ROIs) were defined for
each image. Within each ROI, quantitative image analysis was per-
formed using InForm Image Analysis software (PerkinElmer/
Akoya) to phenotype and score cells based on a signal from each
marker. Cell count was calculated per ROI and averaged (unweight-
ed) across ROIs, reported as count per millimeter squared ± SE. The
statistical significance of differential cell-type enrichment between
groups was estimated with the Wilcox rank sum test.

ATM immunohistochemistry
Bladder cancer cases with banked FFPE tumor tissue were reviewed
by a pathologist to identify the block with the highest tumor density.
IHC was performed on 5-μm-thick FFPE tissue sections from
bladder cancer cases using an anti-ATM antibody (dilution:
1:100; Abcam, Cambridge, UK, clone Y170, catalog no. ab32420)
following EDTA antigen retrieval. Staining was performed using
the Leica BOND-III automated staining platform and the Leica Bio-
systems BOND Polymer Refine Detection kit. Positive control slides
were stained in parallel. ATM IHC slides were reviewed indepen-
dently by two pathologists blinded to the clinical and genomic
data. A consensus interpretation of ATM expression as retained
or lost was assigned for each case. Loss of ATM expression was
defined as a complete lack of staining for ATM in the tumor cell
nuclei. Retained ATM expression was defined as positive staining
for ATM (moderate to strong intensity). Adjacent nonneoplastic
endothelial cells and fibroblasts were used as an internal posi-
tive control.

Statistical analyses
Genomic, clinical, and functional data were analyzed as de-
tailed above.
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