Molecular

Oncology

'-) Check for updates

1o} FEBSPRESS

Improving PARP inhibitor efficacy in bladder cancer
without genetic BRCAness by combination with PLX51107

Jutta Schmitz'?, Anna L. Bartkowiak'?, Michael Rose?**®

, Nora Kolks"?, Patrick Petzsch® (%,

Vandana Solanki’, Anne Stoffel®, Bianca FaRbender®, Leandra Lepping'?, Julka Volkamer'?,
Karl Kohrer®, Marc Seifert®, Tokameh Mahmoudi’”®, Tahlita C. M. Zuiverloon’,

Ginter Niegisch'%®

Do WwN -

and Michele J. Hoffmann'?®

Department of Urology, Medical Faculty and University Hospital Duesseldorf, Heinrich-Heine-University Duesseldorf, Germany

Center for Integrated Oncology (CIO) Duesseldorf, CIO Aachen Bonn Cologne Duesseldorf, Germany

Institute of Pathology, University Hospital, RWTH Aachen University, Germany

Institute of Pathology, University Hospital, University of Ulm, Germany

German Study Group of Bladder Cancer (DFBK e.V.), Germany

Genomics and Transcriptomics Laboratory (GTL), Biological and Medical Research Center (BMFZ), Medical Faculty and University Hospital

Duesseldorf, Heinrich-Heine-University Duesseldorf, Germany

7 Department of Urology, Erasmus MC Cancer Institute, Erasmus University Medical Center Rotterdam, The Netherlands
8 Department of Haematology, Oncology and Clinical Immunology, University Hospital Disseldorf, Germany

9 Department of Pathology, Erasmus University Medical Center Rotterdam, The Netherlands

Keywords

BET inhibitor; biomarker; Bladder cancer;
combination therapy; epigenetics; PARP
inhibitor

Correspondence

M. J. Hoffmann and G. Niegisch,
Department of Urology, Medical Faculty and
University Hospital Duesseldorf, Heinrich-
Heine-University Duesseldorf, Moorenstr. 5,
40225 Duesseldorf, Germany

Tel: +49 211 81 06716

E-mail: michele.hoffmann@med.uni-
duesseldorf.de; guenter.niegisch@med.uni-
duesseldorf.de

Gunter Niegisch and Michéle J. Hoffmann
share senior authorship.

(Received 2 June 2025, revised 5
September 2025, accepted 9 October 2025)

Abbreviations

Advanced urothelial carcinoma (UC) requires new therapeutics beyond
chemo- and immunotherapies. Clinical trials with PARP inhibitors
(PARPi), particularly in Cisplatin-treated UC, yielded limited response.
Biomarker-based patient selection (apart from BRCAness) or combination
treatment may increase efficacy. To identify the most suitable PARPi for
UC, we compared Olaparib with Talazoparib. RNA sequencing of
PARPi-treated UC lines revealed few common targets and a different
impact on immune response. By analysis of experimental and public clini-
cal data, we identified new UC-specific PARPi response predictors SLFNS,
SLFNI11, and OAS1. We investigated a new combination treatment using
PLX51107, an epigenetic BET protein inhibitor, to increase PARPi effi-
cacy. The Talazoparib + PLX51107 combination had a strong synergistic
impact on UC cells and organoids, including Cisplatin-resistant cells,
allowing dose reduction to spare benign cells. Mechanisms of synergism
targeted homologous recombination repair, DNA replication, and apopto-
sis regulation. In conclusion, we suggest Talazoparib treatment of UC to
be highly efficacious on all models examined when combined with
PLX51107. This new combination treatment allows efficient application of

ADC, antibody-drug-conjugate; AE, adverse events; BET, bromodomain and extra-terminal motif protein; BETi, bromodomain and
extra-terminal motif protein inhibitor; BLCA, bladder cancer; CCLE, Cancer Cell Line Encyclopedia; Cl, combination index; DAPI, 40,6-
diamidine-2-phenylindole; DSB, DNA double-strand breaks; ER, endoplasmic reticulum; F1CDx, FoundationOne® CDx; Fa, fraction affected;
HCF, heart fibroblasts; HDACI, histone deacetylase inhibitor; HRR, homologous recombination repair; ICl, immune-checkpoint inhibitor; IFN,
interferon; ISG, interferon-stimulated genes; LTT, cisplatin-resistant UC sublines; NHEJ, non-homologous end-joining; Ola, Olaparib; OS,
overall survival; PARP, poly (ADP-ribose) polymerase; PARPi, PARP inhibitor; PBMC, peripheral blood mononuclear cells; PDO,
patient-derived 3D organoids; PI, propidium iodide; PLX, PLX51107; PROTAC, proteolysis-targeting chimera; gRT-PCR, quantitative reverse
transcription-polymerase chain reaction; RFS, relapse-free survival, RT, room temperature; SSB, DNA single-strand break; Tala, Talazoparib;
TBP, TATA box-binding protein; TCGA, The Cancer Genome Atlas; TMB, tumor mutational burden; UC, urothelial carcinoma; UCC, UC cell

lines.
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Improving PARPi efficacy in bladder cancer cells
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PARPi Talazoparib to all UC patients, independent of Cisplatin pretreat-

ment and genetic BRCAness.

1. Introduction

Urothelial carcinoma of the bladder (UC) is a frequent
cancer type. In 2022, 614 298 new cases were diag-
nosed worldwide and 220 596 deaths were recorded
[1]. Patients with locally advanced muscle-invasive or
metastatic bladder cancer (MIBC) face poor prognosis.
Cisplatin-based chemotherapy has been the standard
of care for decades. Recently, new antibody-based
immunotherapies with immune-checkpoint inhibitors
(ICI) and antibody—drug conjugates (ADC) have been
approved. However, these treatments are very expen-
sive and not all UC patients are fit enough to receive
them. Furthermore, only about 25% of patients
respond to ICI therapy and biomarkers predicting
response to these treatments are missing [2]. Also, with
regard to ADC, recent translational data suggest that
a subgroup of patients may not adequately benefit
from these treatments with regard to target expression
[3]. Thus, improved or new therapeutic approaches are
still urgently needed for rising numbers of UC patients
and those not eligible for current standard care.
Recent data indicate that combination therapies may
be more efficient. Moreover, predictive biomarkers
would be highly valuable for patient stratification and
better-tailored treatment.

PARP inhibitors (PARPI), in clinical application for
breast, ovarian, and prostate cancer, could be one new
treatment option for UC, which is characterized by
pronounced genomic instability with a high number of
genetic alterations and a high tumor mutational bur-
den (TMB). However, in contrast to breast and ovar-
ian cancer, only a small subgroup of UC patients
carries genetic alterations in homologous recombina-
tion repair (HRR) genes (e.g., BRCAI/2, ATM, FANC
genes) [4]. HRR deficiency, also called BRCAness, is
known to produce synthetic lethality with inhibitors of
poly (ADP-ribose) polymerase (PARP) that likewise
interfere with DNA damage repair [5]. PARPI is criti-
cal for DNA single-strand break (SSB) repair as it
remodels chromatin for recruitment of DNA repair
protein complexes. If not repaired, for example, as a
consequence of PARP inhibition, SSB convert to
DNA double-strand breaks (DSB). Depending on the
cell cycle phase, cells can repair DSB either by
template-guided HRR or error-prone nonhomologous
end-joining (NHEJ) [6]. In addition to inhibition of

PARP enzymatic activity, PARPI inhibitors can trap
the enzyme on DNA, which contributes to antineo-
plastic effects. PARP trapping potency differs among
PARPIi, being higher in Talazoparib compared to Nir-
aparib, Olaparib, Rucaparib, or Veliparib [7]. These
differences influence the required drug doses, which
are lower for Talazoparib [8].

Since BRCAness due to HRR deficiency is common
in certain subtypes of breast, ovarian, and prostate
cancers, PARPi like Olaparib belong to the standard
of care for such entities, applied either alone or in
combination [9,10]. Prior to treatment decision, genetic
testing is performed, for example, by the
FoundationOne® CDx (F1CDx) assay analyzing geno-
mic alterations in 324 genes including 17
HRR-associated genes or by OncoPlus [11-13]. In UC,
genetic alterations in HRR genes are uncommon.
Some clinical trials have been performed or are ongo-
ing to investigate the use of PARPi for UC [14,15].
Trials differ in treatment schedule, pretreatment with
Cisplatin of included patients, use of either mono- or
combination therapy (e.g., with ICIs), and inclusion
criteria with regard to analysis of genetic alterations in
DNA repair genes. While some trials indicated a
possible treatment response, especially in rare
BRCAI/2-mutated patients, others do not [16-18]. In
unselected patient cohorts, no advantage for
progression-free survival was seen for the treatment
regime employing Rucaparib or Olaparib [14,19]. Also,
PARPi  mono-treatment in  Cisplatin-pretreated
patients yielded discouraging results [15]. These data
highlight the major issues with PARPi treatment
approaches for UC: (1) Patients may need to be prese-
lected for efficient personalized medicine, but selection
only by HRR gene alterations may not be precise
enough and further UC-specific markers need to be
identified and applied. (2) Overall, combination treat-
ments seem to be more efficient. Thus, new approaches
for more efficient PARPi-based combinations are
needed and the most suitable PARPi for UC needs to
be identified. (3) PARPI resistance mechanisms need to
be explored to reveal new strategies how to prevent or
reverse PARPI resistance, which may extend the suit-
ability of PARPi to HRR-competent patients. Beyond
genetic alterations, such mechanisms could include
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altered expression of resistance factors, especially UC-
specific factors. (4) Since UC patients are often pre-
treated with Cisplatin, new combinations should ide-
ally also be efficient in this setting. All these issues
have been addressed by our study.

We aimed at developing a combination treatment
for UC based on inhibitors of epigenetic enzymes
which ‘episensitize’ toward PARPi by their global
effect on chromatin compaction and transcriptional
activity. We previously reported that mono-treatment
of UC cell lines (UCC) with PLX51107 (PLX), an
inhibitor of Bromodomain and extraterminal motif
proteins (BETi) induced a BRCAness phenotype and
synergized with PARPi Talazoparib in UMUCS3 cells
without genetic alterations in HRR genes [20]. These
data suggested that epidrug induced BRCAness could
extend PARPI efficacy to the majority of UC patients
that are non-HRR-mutated. As epigenetic readers,
BET proteins like BRD4, bridge histone acetylation
and transcriptional activity [21,22]. BRD4, a main
target of BETi like PLX, has been found overex-
pressed in UC tissues and associated with aggressive
cancer phenotype and poor survival [23,24]. BETi are
being investigated in clinical trials for other cancers,
including the second-generation BETi PLX that was
developed for an improved pharmaceutical
profile [25].

In this study, we describe for the first time a syner-
gism of combined treatment with BETi and PARPI in
Cisplatin-pretreated UC models. We compared the
well-characterized PARPi  Olaparib (Ola) with
second-generation PARPi Talazoparib (Tala) having
higher PARP trapping potency and characterized their
cellular and molecular effects in UCC and our
in-house  established  Cisplatin-resistant  sublines
(LTTs). According to our results, we propose Tala as
the most suitable PARPi for UC [26]. To characterize
the differences in molecular response between both
PARPi, which may also underlie the response of UC
patients to different PARPi in clinical trials, we per-
formed RNA sequencing and identified the unique and
common genes regulated by either PARPi, for exam-
ple, SLFNS5. Analysis of own and public data demon-
strated that HRR genes included in the F1CDx assay
rarely correlated with PARPi response in UCC
demanding for other UC-specific PARP response pre-
dictors. Of the discussed PARPi resistance factors
[27,28], we identified SLFNII as relevant in UC and
newly identified by our own analyses OAS/ as a
PARPi response-predicting factor in UC. Expression
of SLFN5, SLFNI1I, and OASI was also significantly
correlated with the survival of UC patients in the
TCGA cohort.

Improving PARPi efficacy in bladder cancer cells

We found the Tala + PLX combination highly
efficient in all investigated UCC, including the Cisplatin-
resistant cell lines and organoids. Thus, we suggest Tala
as a suitable PARPI for UC, and our combination treat-
ment would also be applicable to Cisplatin-pretreated
patients in an all-comer setting, and predictive bio-
markers might not be urgently required. Due to the
strong synergism, the dosage of the drugs could be
reduced to better spare benign cells. Finally, we identi-
fied mechanisms underlying the synergism of the drug
combination. In conclusion, our study provides impor-
tant data for the improvement of PARPi-based therapy
of UC and the future design of clinical trials.

2. Materials and methods

2.1. Cell culture

Urothelial carcinoma cell lines (UCC) were provided by
the DSMZ (Braunschweig, Germany) and Dr. B. Gross-
man (Houston, TX, USA). The corresponding
Cisplatin-resistant sublines (LTT) were in-house gener-
ated as previously described [26]. As control cells, we
used commercial HBLAK cells (CELLnTEC, Bern,
Switzerland) originating from spontaneously immortal-
ized normal human urothelial cells [29]. THLE-2 cells
were obtained from the ATCC, Heart fibroblasts (HCF)
were obtained from Promocell (Heidelberg, Germany;
#C-12375) and cultured according to the manufacturer.
Cell lines were regularly authenticated in the past
3 years by DNA fingerprint analysis (STR) and checked
for mycoplasma contamination by PCR. All experi-
ments were performed with mycoplasma-free cells.
RRID-IDs: RT112 (RRID:CVCL_1670), T24 (RRID:
CVCL_0554), 182 (RRID:CVCL_0359), HBLAK
(RRID:CVCL_JQ59), 253J (RRID:CVCL_7935),
VMCUBI (RRID:CVCL_1786), UMUC3 (RRID:
CVCL_1783), THLE-2 (RRID:CVCL_3803).

Human bladder tissue for patient-derived 3D orga-
noid (PDO) cultures was obtained from the Erasmus
MC Bladder Cancer Center, Rotterdam, the Nether-
lands, and the Amphia Ziekenhuis, Breda, the
Netherlands. Bladder organoids from biopsies
obtained through TURBT or cystectomy were isolated
at Erasmus MC Bladder Cancer Center, Rotterdam,
the Netherlands, and cultured using methods devel-
oped by Mullenders et al. [30] and as further described
in [31]. The study was approved by the Institutional
Review Board (IRB) of the Erasmus University Medi-
cal Center (MEC-2021-0354), and all patients provided
informed consent.

Peripheral blood mononuclear cells (PBMCs) were
isolated from EDTA blood samples using Pancoll
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gradient (PAN Biotech, Aidenbach, Germany). The
study was approved by the Ethics Committee of the
University Hospital Duesseldorf (2023-2667; 2025-
3381) and participants provided informed consent.
Cells were cultured and treated for 3 days. All proce-
dures performed were in accordance with the Declara-
tion of Helsinki.

BET and PARP inhibitors were purchased from
Hycultec and dissolved in DMSO. 24 h after seeding,
cells were treated with drugs or DMSO as the solvent
control. After 72 h, the viability of UC cell lines and
HBLAK was measured using the MTT assay (Sigma-
Aldrich, St. Louis, MO, USA). For the analysis of
organoid viability after treatment, organoids were
seeded in 50% BME Cultrex Type 2 (Bio-techne, Wies-
baden, Germany) and analyzed after 72 h using Cell
Titer Glo 3D (Promega, Walldorf, Germany). The via-
bility of further control cells (PBMCs, THLE-2, HCF)
was measured using Cell Titer Glo (Promega). For clo-
nogenicity tests, 1000 cells of the DMSO control were
reseeded after 72 h per six wells. The same cell suspen-
sion volume was also reseeded for drug-treated cells.
After culturing for at least 12 days, Giemsa staining
(Merck Millipore, Darmstadt, Germany) was performed
to visualize the long-term effect of BETi and PARPi
and their combinations on cell proliferation.

2.2. Calculation of ICs¢ values, drug synergy, and
statistics

To determine ICsy values, defined concentration ranges
of the drugs were tested on the cell lines, and viability
was determined either by MTT (Sigma-Aldrich, Stein-
heim, Germany) or Cell Titer Glo assay (Promega).
ICs values were calculated using GraphPad Prism.

To determine the synergistic effects of combination
therapies, compounds were applied as mono- and com-
bination treatment at fixed dose ratios based on the
1Cs values (0.125x, 0.25x, 0.5x, 0.75x, 1x, 1.5x,
and 2x ICsg). DMSO-treated cells served as solvent
controls. The combination index (CI) was calculated
using the Chou-Talalay method and CompuSyn soft-
ware [32]. The CI value was used to derive the synergy
(CI < 1), additive effect (CI = 1) or antagonism (CI
> 1) of the combination therapy compared to the sin-
gle drug treatment [33].

The Combenefit tool was used to analyze synergism
on PDO cultures using the Loewe model. The com-
pounds were applied as mono- and combination treat-
ments, while DMSO-treated organoids served as
solvent control. Synergy distribution is color- and
number-coded (blue and values >0: synergy; red and
values <0: antagonism) [34].

J. Schmitz et al.

For dose-response analyses subsequent to siRNA
knockdown, UC cell lines were seeded in 6 wells and
transfected the same day using Lipofectamine RNAi-
MAX (Thermo Fisher Scientific, Dreieich, Germany)
and ON-TARGETplus siRNA SMART pools contain-
ing four different siRNAs (Dharmacon, Lafayette,
CO, USA; SLFNII # L-027164-01; OASI #L-011344-
00; nontargeting #D-0018110-10) at a final concentra-
tion of 10 nM. On the next day, cells were seeded in 96
wells and treated with inhibitor compounds and incu-
bated for 72 h prior to viability measurements and
harvesting RNA for transfection controls.

2.3. Flow cytometry

Cell cycle and cell death analyses were performed as
already described [35]. Adherent and floating cells were
collected 72 h after treatment of the cells with the
respective doses. For cell cycle analysis, cells were
stained with Nicoletti buffer (50 pg-pL™' propidium
iodide (PI), 0.1% sodium citrate, and 0.1% Triton X-
100). Numbers of apoptotic and necrotic cells were
determined after incubation of cells with Annexin V-
FITC (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) in Annexin V binding buffer and PI
(2 pg-mL™"). Flow cytometric analysis was performed
using the Miltenyi MACSQuant® Analyzer and
MACSQuantify software (Miltenyi Biotec GmbH).

2.4. Protein analysis

Immunoblot analysis was performed with whole cell
extracts as described in [36]. Protein extracts were iso-
lated 72 h after treatment. The antibodies used for tar-
get detection were PARPI1 (Invitrogen #436400;
1:1000), cleaved PARP (Cell Signaling, Danvers, MA,
USA #9541; 1:500), SLFN11 (Cell Signaling #34858),
OASI (Cell Signaling #14498), BIRCS (Cell Signaling
# 2808), BCL2 (Cell Signaling #15071), FANCD?2
(Cell Signaling #16323), and o-Tubulin (Sigma-
Aldrich, Steinheim, Germany #B512; 1:50000). The
Rabbit Anti-Mouse HRP (Dako, Santa Clara, CA,
USA #P0260; 1:1000) and the Goat Anti-Rabbit HRP
(Dako #0448; 1:2000) were used as secondary anti-
bodies. Targets were visualized using SuperSignal™
West Femto (Thermo Fisher Scientific, Darmstadt,
Germany). Band intensities were quantified using the
densitometry tool of the Image Lab software (Bio-
Rad, Feldkirchen, Germany).

Immunocytochemistry was performed as previously
described [37]. In brief, cells were seeded on coverslips
and treated for 72 h. Cells were fixed with formalde-
hyde, permeabilized, and incubated in blocking
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solution. Staining was performed by incubating in pri-
mary antibody solution (yH2AX: Cell Signaling
#80312, 1:100; RADSI: Millipore #ABE257, 1:500)
overnight at 4 °C, followed by a one-hour incubation
with the secondary antibody (Goat Anti-Mouse IgG
(H + L) Alexa Flour 488: Thermo Fisher #A-11029,
1:250; Goat Anti-Rabbit IgG (H + L) Alexa Flour
594: Thermo Fisher #A-11012, 1:500) at room temper-
ature (RT). Nuclei were counterstained with DAPI
(40,6-diamidine-2-phenylindole)  before =~ mounting
(Dako, Santa Clara, CA, USA). Fluorescence micros-
copy and image analysis were performed at the
Advanced Light Microscopy Core Facility (Ad-Light),
Medical Faculty of the Heinrich-Heine-University,
Diisseldorf. Images were acquired on a confocal laser
scanning microscope LSM880, Axio Observer (Zeiss,
Oberkochen, Germany) equipped with a Plan-
Apochromat 40x/1.4 NA DIC M27 oil objective
(Zeiss), using 8x line averaging at 16-bit depth, a pixel
dwell time of 2.06 ps, and a pixel size of 0.13 pum.
Fluorochromes were excited sequentially with 405 nm,
488 nm, and 543 nm lasers, and emission was collected
between 410 nm — 513 nm, 493 nm — 630 nm, and
548 nm — 697 nm, respectively.

Image analysis was performed on a HP Z8 Fury GS
Workstation (256GB, NVIDIA RTX AS5000 GPU)
using Zen 2 (blue edition, version 3.11.105.05000) and
Intellesis machine learning microscopy software
(Zeiss). Prior to segmentation, channels were denoised
separately using the Void2Void algorithm (number of
epochs: 40, batch size: 64, window size: 5, masking
ratio 0.0070). Region classes were segmented individu-
ally on denoised images using separate segmentation
models allowing for the identification of nuclei,
yH2AX, and RADS51. Models were trained in single
channel mode using 33 basic features without postpro-
cessing. Each image was analyzed for object count and
total fluorescence area.

2.5. RNA expression analysis

For the analysis of gene expression, UCC were har-
vested 72 h after treatment. RNA was extracted using
the RNeasy mini kit according to the manufacturer’s
instructions (Qiagen, Hilden, Germany). 1.5 pg of
RNA was converted into cDNA using the Maxima H
Minus Reverse Transcriptase (Thermo Fisher Scien-
tific, Darmstadt, Hessen, Germany). Quantitative
reverse transcription—polymerase chain reaction (qRT-
PCR) was measured with the Luna® Universal qPCR
Master Mix (New England Biolabs, Frankfurt, Ger-
many) using a two-step temperature profile according
to the manufacturer’s instructions on the LightCycler

Improving PARPi efficacy in bladder cancer cells

96° platform (Roche, Grenzach-Wyhlen, Germany).
Only for ERCCI, the SYBR PCR Master Mix (Qia-
gen, Hilden, North Rhine-Westphalia, Germany) and
a three-step temperature profile were used. As a refer-
ence, the housekeeping gene TATA box binding pro-
tein (TBP) was included in the analysis. The primer
sequences are listed in Table S1.

3’-RNA sequencing was performed by the BMFZ
core facility of the Heinrich-Heine-University as
described previously [38]. Briefly, total RNA samples
were quantified (Qubit RNA HS Assay, Thermo
Fisher Scientific, MA, USA) and quality measured by
capillary electrophoresis using the Fragment Analyzer
and the ‘Total RNA Standard Sensitivity Assay’ (Agi-
lent Technologies, Inc., Santa Clara, CA, USA).
Library preparation was performed according to the
manufacturer’s protocol using the Lexogen® QuantSeq
3’ mRNA-Seq Library Prep Kit FWD with UMTI’s.
The Input mount was 200 ng total RNA. Bead-
purified libraries were normalized and finally
sequenced on the NextSeq 2000 system (Illumina Inc.,
San Diego, CA, USA) with a read setup of 1 x 100
bp. The BCL Convert Tool (version 3.8.4) was used to
convert the bcl files to fastq files as well for adapter
trimming and demultiplexing.

CLC Genomics Workbench (version 23.0.5, Qiagen,
Venlo, the Netherlands) was used for data analyses of
fastq files. Reads of all probes were adapter trimmed
and quality trimmed (using the default parameters:
bases below Q13 were trimmed from the end of the
reads, ambiguous nucleotides maximal 2). For mapping
the Homo sapiens (hg38; GRCh38.107) (July 20, 2022),
genome sequence was used. After grouping of samples
(three biological replicates) according to their respective
experimental condition, the statistical differential
expression was determined using the CLC Differential
Expression for RNA-Seq tool (version 2.8, Qiagen,
Venlo, the Netherlands). Resulting P-values were cor-
rected for multiple testing by FDR and Bonferroni cor-
rection. A corrected P-value of <0.05 was considered
significant. The CLC Gene Set Enrichment Test (ver-
sion 1.3, Qiagen, Venlo, the Netherlands) was done
with default parameters and based on the GO term
‘biological process’ (H. sapiens; May 01, 2021). For dif-
ferential gene expression the cut-off was set to 1.5-fold.
Results were submitted to GEO NCBI (GSE285648).

Further analysis and data visualization were per-
formed using Microsoft Excel and GraphPad Prism.
Venn diagrams were prepared with the online tool
VENNY 2.0 [39]; available at: https://bioinfogp.cnb.csic.
es/tools/venny/index2.0.2.html venny.php. GO group
analysis was performed using the online tool DAVID
[40].
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Public bladder cancer (BLCA) data sets from the
Cancer Genome Atlas (TCGA) [41] network including
RNASeqV2 data (level 3) of tumor and normal tissue
samples were used. RNASeqV2 data from BLCA
tumor samples and associated clinicopathological data
can be explored and downloaded using the cBio Can-
cer Genomics Portal (http://cbioportal.org) [42,43].

2.6. Statistical analysis

We used GraphPad Prism to determine significance
between the DMSO control and the different treat-
ments using indicated statistical tests with subsequent
correction for multiple comparisons. Asterisks denote
P-values which were considered significant; *P < 0.05,
**pP <0.01, ***P <0.001.

Survival curves for recurrence-free survival (RFS)
and overall survival (OS) were calculated using the
Kaplan—Meier method with log-rank statistics using
IBM SPSS software version 27.0.1.0 (SPSS Inc., Chi-
cago, IL, USA). OS and RFS were measured from
surgery until death or relapse (local/distant) and were
censored for patients without evidence of death and
tumor recurrence at the last follow-up date.

3. Results

3.1. Cisplatin-resistant LTT cells are more
sensitive to BETi PLX51107 than parental UCC

Previously, we had characterized the cellular and
molecular impact of mono-treatment with the next-
generation BETi PLX on the two UCC UMUC3 and
VM-CUBI compared to benign HBLAK cells
and found initial evidence for treatment synergism
when combined with PARP inhibition in UMUC3
[20]. Since we were seeking to develop a combination
therapy with efficacy in the real-world Cisplatin-
pretreated setting, we performed dose-response ana-
lyses for eight further UCC, namely four in house-
generated Cisplatin-resistant LTT sublines (in order of
resistance from top to bottom with difference in ICs,
values between LTTs and parentals: RT112-225 pwm,

J. Schmitz et al.

253J-79.4 um, T24-78.5 pm, J82-17.1 um, Fig. 1A) and
their Cisplatin-naive parental UCC (T24, J82, RT112,
253 J) as well as the benign HBLAK cell line in this
study. ICsq values for the BETi were in the low micro-
molar range (0.8-3.2 uwm), with the exception of J§2
and UMUCS3 cells that appeared to be rather insensi-
tive (ICso 31.1 pm and 8.8 uwm, respectively; Fig. 1A,
Fig. S1A). Intriguingly, all Cisplatin-resistant LTT
sublines were significantly more sensitive compared to
their parental cell lines (2-12-fold lower ICsy values)
suggesting a therapeutic window. HBLAK cells were,
however, also sensitive toward the BETi.

3.2. Talazoparib is a more potent PARP inhibitor
than Olaparib for UCC

Next, we aimed at the identification of the most suit-
able PARPi for a combination treatment approach
with PLX. Initially, we performed dose-response ana-
lyses for the well characterized and clinically used
PARPi Ola for 10 UCC and benign HBLAK cells.
I1C5q values of UCC for Ola ranged in the intermediate
to high micromolar range (5.0-92.7 um; Fig. 1B,
Fig. S1A). RT112 cells appeared resistant toward Ola.
Cisplatin-resistant LTT sublines were again more sen-
sitive tolerating between 12% and 77% lower Ola con-
centrations compared to their parentals.
Unfortunately, the ICsq value of benign HBLAK cells
was significantly lower compared to most cancer cell
lines.

In contrast to Ola, LTTs were no more sensitive
than their parental lines to the second-generation
PARPi Tala, but ICsy values for all lines were
much lower in the nanomolar range (200—600 nM).
This finding and the difference between the two
PARPi may be significant considering the poor
results of clinical trials with PARPi including
Cisplatin-pretreated patients. I1Cso dosage of benign
HBLAK cells was in the same range as that of
most UCC (Fig. 1B, Fig. S1A). Thus, Tala was
more potent and less toxic. Again, the RT112 cell
line pair was the only exception being rather resis-
tant to Tala with ICsy values in the high

Fig. 1. BET inhibitor PLX51107 synergizes with PARP inhibitors Olaparib and Talazoparib allowing dose reduction. (A, B) Color-coded tables
based on half-lethal ICso dosages for BET inhibitor (BETi) PLX51107 (PLX) (A) as well as PARP inhibitors (PARPi) Olaparib (Ola) and
Talazoparib (Tala) (B) show differences in dose-response between parental RT112, T24, J82, and their corresponding Cisplatin-resistant
sublines (LTTs) 72-h post-treatment. HBLAK served as a benign uroepithelial control cell line. ICsq values for Cisplatin demonstrate Cisplatin
resistance of LTT models. (C, D) Chou-Talalay analysis of the combinations PLX51107 + Olaparib (C) and PLX51107 + Talazoparib (D) with
fixed ratios of ICsq demonstrated synergism; Cl, Combination Index; Fa, fraction affected, Cl = 1: additive effect; Cl >1: antagonistic effect;
Cl <1: synergistic effect. (E) Combenefit analysis of synergism for the PLX51107 + Talazoparib combination on bladder cancer patient-
derived 3D organoid cultures. Synergism is indicated by the blue to turquoise color of matrix fields for the indicated dosages. Example
microscopy images are displayed. 10x objective, scale bar depicts 100 pm.
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micromolar range (25.5 and 52.8 pm). RT112 cells Since protein-degrading proteolysis targeting chi-
were thus poorly responding to mono-treatment mera (PROTAC) is considered to be less toxic due to
with either PARPI. fewer off-target effects, we also tested the response
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toward the PARP1 PROTAC SK-575. However, we
found SK-575 being rather toxic for benign HBLAK
cells compared to UCC (ICso dosage: HBLAK 0.6 um,
T24LTT 1.5 pum, J82LTT 2.7 pum), Notably, treatment
with the ICsy dosage did not result in complete degra-
dation of the PARPI protein (Fig. SIB, Fig. S8F,G).
We thus did not investigate the PROTAC in further
treatment combinations.

3.3. Combined treatment with PLX and PARPi
synergizes in cisplatin-resistant LTT and UCC

Next, we analyzed cellular responses to combined
treatment with the BETi PLX and either Ola or Tala.
Fixed ratios of the ICs, dosage of PLX and the
PARPi were combined and used for treatment of six
cell lines, three LTTs, and their parental UCC. Results
from viability assays were evaluated for synergistic
effects according to the Chou-Talalay method calculat-
ing the affected fraction (Fa) of dead cells vs. the com-
bination index (CI). Combination with Ola revealed
that for every analyzed cell line, some dosage points
resulted in synergistic effects corresponding to a CI
value <1 (Fig. 1C). No large differences were observed
between LTT and their parental cells. Instead, the
extent of synergism was cell line- and particularly
dose-dependent. In J82LTT and T24, synergistic
effects were rather limited to certain dosage combina-
tions. Strikingly, both RT112 and RTI112LTT cells
were the most sensitive to the combination even
though they tolerated high Ola dosages in the
mono-treatment underlining that ICsy dosage from
mono-treatments does not presage the response to the
combined treatment.

The combination of PLX with Tala resulted in
stronger and much more robust synergism across all
cell lines and independent of dosage (Fig. 1D), sug-
gesting the Tala combination is generally more potent
in UC, including the Cisplatin-resistant setting. These
results suggest that the combination could also be effi-
cient in Cisplatin-pretreated patients that did not
clearly benefit from PARPi mono-treatment in clinical
trials. Specifically, J82 cells that were rather insensitive
to PLX mono-treatment responded very strongly to
the combination treatment. We had observed similar
results earlier for UMUC3 cells that tolerated high
PLX dosage in the mono-treatment but responded
strongly to the combined treatment with Tala [20].
Thus, also ICsg dosages from PLX mono-treatments
cannot be used as a predictor for response to the com-
bination treatment. Due to the strong synergism of
PLX and Tala across all tested cell lines in the clinical
application, an all-comer treatment approach could be

J. Schmitz et al.

reasonable without assessing predictive response
markers.

In addition, synergistic effects are advantageous as
they should allow to achieve a significant effect on
cancer cells with reduced dosages that diminish toxic-
ity to benign cells. Since synergism between PLX and
Ola appeared to be dose-dependent and benign
HBLAK cells were sensitive to this combination, we
performed extended dose-response analyses of two
LTT cell lines (RT112 and T24) for synergistic effects
with further nonfixed ratios of ICsq dosages. We inves-
tigated whether nonequivalent dosages could be more
beneficial yielding increased synergism and reduced
normal toxicity (Fig. SIC). Indeed, we observed that a
reduction to 0.75x ICs5y Ola combined with 0.25x 1Cs,
PLX instead of 1x ICsy was highly potent in
RTI12LTT. Viability of T24LTT was significantly
reduced by applying 0.75x ICsy Ola in combination

Likewise, nonfixed ratios were analyzed for the com-
bination of PLX and Tala for two LTT cell lines
(Fig. S1D). An even more reduced dosage of 0.5x
ICso Tala and 0.25x ICsq PLX remained highly potent
in both LTT lines and reduced the viability of
T24LTT cells more strongly than the Ola combination
treatment, again pointing at Tala as the better PARPi
for combination treatment.

To demonstrate synergism in a more in vivo-like
model, we treated PDO cultures (cisplatin-resistant
(#8C) and cisplatin sensitive (#9T) models) with a
matrix of reduced dosage combinations. Again, we
could confirm synergism in such models (Fig. 1E).
Images of treated cultures indicated apoptosis
induction.

When we applied the above-mentioned reduced
dosages for 2D cell lines as mono- and combination
treatment to benign HBLAK cells, the Tala and PLX
combination was better tolerated than the Ola
and PLX combination. About 0.5x ICsy of T24LTT
and T24 was below the Tala ICsy dosage of HBLAK.
Also, reduced PLX dosage with 0.25x ICsy ranged
below or near the ICsy of benign cells (Fig. SI1E).
Thus, also with regard to normal toxicity, the combi-
nation with Tala was superior to Ola. Accordingly,
these reduced dosages (summarized in Table S2) were
used to further characterize the cellular and molecular
effects of combined BETi/PARPi treatment on two
LTTs and their parental lines. Since J82 cells toler-
ated 10- to 20-fold higher BETi PLX dosages than
the other cell lines, we investigated the PLX + Tala
combination for the T24 and the J82 reduced dos-
ages. To further investigate normal toxicity, we
applied the reduced dosages of these two UCCs
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mainly containing different PLX amounts (T24:
0.4 pm, J82: 7.8 um; difference for Tala was only
200 nm) on other benign cell models. To analyze
hematological toxicity, we treated PBMCs from dif-
ferent donors (Fig. S2A-C). Dose-response curves
revealed that average ICsy, values of PBMCs were
higher than for cancer cells, particularly for Tala
(Fig. S2A,B). Concurringly, reduced dosages were tol-
erated well. Combined treatment with the T24 dosage
resulted in 89% vital PBMCs (Fig. S2C).

To investigate further cell types from tissues that
may be affected in vivo, we investigated heart fibro-
blasts (HCF; Fig. S2D) and epithelial liver cells
(THLE-2; Fig. S2E). Compared to the reduction of
vitality of the according UC cell line (T24 blue and
J82 purple bars), HCF cells tolerated the T24 dosage
well and even the higher J82 dosage with >75% vital-
ity. Also, liver cells responded much less than the can-
cer cells. Expectedly, the higher J82 dosage reduced
viability more strongly.

3.4. Combination treatment with reduced
dosages reduced proliferation and induced
apoptosis

We applied flow cytometry to analyze the treatment
effects on cell cycle and cell death. Cell cycle profiles
of combination-treated cells resembled those of Ola
mono-treated cells, accumulating in G2/M phase
(Fig. 2A). Clonogenic assays with lower doses dem-
onstrated reduced toxicity of PLX mono-treatment,
but a strong inhibitory long-term effect of combined
treatment for all four investigated cell lines
(Fig. 2B). Annexin V/PI staining demonstrated a
strong increase in apoptotic cells elicited by the
combination in all cell lines except RT112 parental
cells (Fig. 2C). Concurringly, PARPI1 cleavage as an
indicator of apoptosis could be detected by western
blot analysis, particularly in LTT sublines (Fig. 2D,
Fig. S8A,B).

Reduced PLX + Tala dosages were likewise applied.
Profiles of combination-treated cells resembled again
those of PARPi mono-treated cells. PLX unresponsive
J82 cells responded exceptionally strong to the com-
bined treatment and displayed significant increased
numbers in G/2 M compared to the mono-treatments
(Fig. 2E). Clonogenic assays demonstrated significant
growth-inhibitory impact on all four investigated cell
lines (Fig. 2F). Apoptosis induction was significantly
increased by combined treatment compared to mono-
treated cells in all four cell lines (Fig. 2G). Accord-
ingly, PARPI cleavage was detected (Fig. 2H, Fig.
S8C,D).

Improving PARPi efficacy in bladder cancer cells

3.5. Identification of UC-specific PARPi response
marker

Since we had observed that some UCC responded
rather poorly to Ola and that RT112 cells were resis-
tant toward both PARPi, we were seeking to identify
UC-specific PARPi response factors. One set of
markers that is commonly used for decision taking, for
example, for treatment of prostate cancer patients with
PARPi is included in the Foundation One® CDx
genetic analysis companion diagnostic assay. Thus, we
compared public data for UC and breast cancer on
mutational background and expression of the 17
HRR-associated genes included in this assay (BRCAI,
BRCA2, BRIPI, FANCA, FANCC, FANG, FANCL,
MRE!LI, NBN, PALB2, POLDI, RAD51, RADS5IB,
RADS5IC, RAD5ID, RAD5S4L, XRCC2; Figs S3, S4)
and Ola response using cBioPortal. Breast cancer cell
lines commonly harbored genomic alterations like
mutations and particularly deep deletions or amplifica-
tions. Apart from the BRCA genes (BRCAI alterations
in 22% of cases, BRCA2 29%) seven other genes car-
ried alterations in >10% of cases (Fig. S3). Concur-
ringly, many cell lines had low ICs, values for
Olaparib. In contrast, in TCGA UC tissues, alterations
of HRR genes were infrequent; BRCA2 was the only
gene altered in more than 10% of cases (12%, BRCA1
6%; Fig. S4A). Thus, PARPi mono-treatment would
be expected to be only efficacious in a small group of
UC patients harboring genetic HRR alterations, in
accordance with observations in clinical trials [14,15].
HRR genes were also less frequently altered in UC cell
lines; BRCAI, MREII, and RAD5IB were most fre-
quently affected (11%, 13%, 11%; Fig. S4B). Concur-
ringly, a number of UCC had high ICs, values for
Ola, also genetically wild-type RT112 cells, which were
also resistant in our dose—response analyses. However,
cell lines with genetic alterations in individual HRR
genes, also the BRCA genes, had not necessarily low
ICso values for Ola. Thus, public data confirmed our
results on PARPi unresponsiveness of RT112 cells and
that PARPi mono-treatment may only be suitable for
a small subgroup of UC requiring biomarker stratifica-
tion that is not only based on HRR genes. Further,
our results on dose response of 10 UCC toward Ola
and Tala demonstrate that differences in PARPi
response not only rely on genetic background. While
T24 and J82 had intermediate 1Cs, for Ola, these were
similarly sensitive to Tala as other UCC. To consider
not only genetic alterations but also gene expression—
which is the analyte used for molecular subtyping—we
correlated our own expression data of six HRR genes
(BRCAI, BRCA2, FANCD2, RADS5I, RADS5IB,
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Fig. 2. Combination treatment inhibited cell cycle, long-term proliferation and induced apoptosis. (A) 72-h post-treatment with reduced mono
or combined dosages of cell line specific IC5o of PLX51107 (PLX) and Olaparib (Ola) cell cycle distribution was measured in RT112, T24 and
Cisplatin-resistant sublines (LTT) by flow cytometry compared to DMSO solvent control and averaged over three independent experiments.
Significance for G2/M is denoted in comparison to DMSO, ***P < 0.001, **P < 0.01 (mean + SEM; one-way ANOVA, Tukey's test). (B)
Giemsa staining of the colony formation assay in RT112, T24 and LTTs after treatment with PLX + Ola (n = 3). (C) Induction of apoptosis via
Annexin V staining and flow cytometry averaged over three independent experiments is displayed. Significance for late apoptotic cells is
denoted in comparison to DMSO, **P < 0.01, *P < 0.05 (mean + SEM; one-way ANOVA, Tukey's test). (D) Cleaved PARP1 (cl. PARP1) and
total PARP1 (D) were determined by western blotting in RT112, T24, and LTTs after combination treatment of PLX + Ola at reduced
dosage. a-Tubulin was detected as a loading control (n = 3). (E) 72-h post-treatment with reduced mono or combined dosages of cell line
specific ICsq of PLX and Talazoparib (Tala) cell cycle distribution was measured in J82, T24 and corresponding LTTs by flow cytometry
compared to DMSO solvent control and averaged over three independent experiments. Significance for G2/M is denoted in comparison to
DMSO, ***P < 0.001, *P < 0.05 (mean + SEM; one-way ANOVA, Tukey's test). (F) Giemsa staining of the colony formation assay in J82,
T24, and LTTs after treatment with reduced dosages of PLX + Tala (n = 3). (G) After 72-h treatment with reduced PLX + Tala dosages,
induction of apoptosis was determined via Annexin V staining and flow cytometry averaged over three independent experiments.
Significance for late apoptotic cells is denoted in comparison to DMSO, ***P < 0.001, **P < 0.01 (mean + SEM; one-way ANOVA, Tukey's
test). (H) Cl. PARP1 and total PARP1 were determined by western blotting in J82, T24 and LTTs. a-Tubulin was detected as a loading

control (n = 3).

RAD5IC) with dose response of our cell lines
(Fig. S5). Positive correlations between low expression
and low ICsy values would be expected. However, we
did not find significant positive correlations for Ola
with the investigated HRR genes (Fig. S5A). Instead,
Tala response correlated strongly positive with expres-
sion of BRCAI (Pearson r=0.80, P=0.01) and
FANCD?2 (Pearson r =090, P=0.01; Fig. S5B).
Obviously, further UC-specific PARPi response factors
in addition to those in the Foundation One® CDx
HRR panel are needed as predictive biomarkers for
response to PARPi mono-treatment.

For other cancer types, putative PARPi resistance
factors have been discussed in the literature. Genetic
or expression loss of SLFNII, WRN, SMARCALI,
EZH2 or of a functional shieldin complex
(SHLD1/2/3, REV7/MAD2L2, RIFI, TP53BPI) may
underlie PARPI resistance. Loss of PTEN, MREII, or
specific members of the ABC drug transporter family
may contribute to PARPi sensitivity [28]. Our analysis
of public data revealed that all mentioned genes are
rarely affected by genetic alterations in TCGA UC tis-
sues (Fig. S6A). UCC that were rather resistant to Ola
(Scaber, RT4, RT112) harbored alterations in MREII,
ABCAIl, ABCG2, MAD2L2, and WRN (Fig. S6B).
MREII expression was increased in Ola-resistant
UCC, while the expression of several other genes was
rather reduced (Fig. S6C). Correlating the expression
of the genes mentioned above with Ola response using
cBioPortal, we found a significant negative association
only for SLFN11, suggesting that low SLFNII expres-
sion corresponds to high ICsy values for Ola (Pearson
r=—-0.52, P=0.0049; Fig. 3A). Concurringly, our
western blot analysis revealed that PARPi-resistant
RT112 did not display SLENI11 protein (Fig. 3B, Fig.

S8E). Intriguingly, SLFN11 was induced by the Tala
combination treatment, but not by the Ola combina-
tion (Fig. 3C).

To further validate SLFNI! as a prediction marker,
we performed siRNA knockdown of SLFN/1 (Fig. 3D)
and subsequently measured dose response to mono-
treatments (Fig. 3E-G). As a control and as expected,
the response to PLX remained unchanged. Concurring
with the above correlation data, we found that SLFN1I
knockdown rendered T24 and J82 more resistant toward
both PARPi and particularly strong to Tala treatment
(Fig. 3F). ICsy values for Ola shifted 2-3.6-fold (T24
and J82, respectively), while Tala values shifted
26.1-37.2-fold (T24 and J82, respectively). Thus,
SLFN11 abundance may predict the response to PARPi
mono-treatment in UC. Further validation in clinical
trials with sufficiently high patient numbers is needed.

Next, we used our own data on gene expression dif-
ferences between PARPi-resistant RT112 and other
PARPi-responsive UCC to identify further candidates
for PARPi response biomarkers in UC. These were
then correlated with Ola response of UCC using cBio-
Portal. We found significant positive correlations
between good Ola response and expression of OAS/
(Pearson r=0.67, P=6.17¢-3) (Fig. 3H). Thus,
increased OAS1 levels may correlate with PARPI resis-
tance. Concurringly, less responsive UCC—particularly
RT112, displayed high OASI protein levels in western
blots, while other UCC were negative (Figs S7A,
S8H). Further, 0AS1 was very strongly downregulated
by both PARPi combinations in all cell lines contribut-
ing to synergism (Fig. S7B). siRNA knockdown of
OAS] slightly sensitized cells to PARPi; Tala 1Cs
of T24 0ASI knockdown cells was 200 nm lower com-
pared to control cells (Fig. S7C,D).
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Fig. 3. Analyses of new urothelial carcinoma-specific biomarkers for PARP inhibitor response. (A) Public results (cBioPortal) from
dose-response analyses of urothelial carcinoma cell lines (UCCs) for Olaparib (Ola) were correlated with gene expression data for SLFN71.
Pearson coefficient (R) and P-value are denoted. (B) SLFN11 protein level was determined in indicated UCC by western blotting. a-Tubulin
was detected as a loading control (n = 3). (C) Expression changes of SLFNT17 after treatment were detected by gRT-PCR. TBP was
measured as a housekeeping gene and used for normalization. Fold change expression (log,) was calculated vs DMSO control (set to 0).
Significance is denoted in comparison to DMSO **P < 0.01 (mean + SEM; n = 3; two-way ANOVA, Tukey's test). (D) siRNA knockdown
efficacy was confirmed by qRT-PCR for SLFN77 compared to non-targeting control, ***P < 0.001 (mean + SEM; n = 3; two-way ANOVA,
Tukey's test). (E-G) Subsequent dose response was determined for PLX51107 (E), Talazoparib (F), and Olaparib (G). Normalized viability to
DMSO control was plotted against logarithmic concentration (mean + SEM; n = 3). (H) Public results (cbioportal) from dose-response
analyses of UCCs for Ola were correlated with gene expression data for OAS7T. Pearson coefficient (r) and P-value are denoted. (I, J)
Kaplan—-Meier survival curves show overall survival (OS) of bladder cancer patients from the TCGA BLCA cohort with high OAS7T mRNA
expression (>median expression; red curve) compared to low OAST mRNA expression (Smedian expression; blue curve) for all tumors (l) as
well as classified by pT (J) based on TCGA BLCA data sets. (K, L) Kaplan-Meier plots illustrate OS in relation to combinatorial expression
patterns of OAST and SLFN117 for all tumors (K) as well as classified by pT (L) using TCGA BLCA data sets.
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Thus, we propose OASI as a further UC-specific
predictor for PARPi response that also seems to
underlie treatment synergism. By analyzing publicly
available TCGA data of UC patients, we also found
0AS1 expression significantly correlated with patients’
outcomes (Fig. 31J). Overall, high OASI expression
correlated significantly with longer OS across all tumor
samples (P < 0.001, median OS: 2641 + 899 days,
95%-CI 879 to 4403 days) compared to those with low
expression (median OS: 739 + 92 days, 95%-CI 560 to
918 days). Stratifying this data set by tumor stage
revealed that high OASI expression was significantly
associated with better OS in stage pT3/4 tumors
(P <0.01). Interestingly, nonparametric Spearman
rank correlation demonstrated a slight but significantly
inverse correlation between OASI and SLFNII
mRNA expression (r: —0.109, P = 0.027) in the TCGA
BLCA data set suggesting a putative mechanistic link
between both affecting PARPi response (Fig. 3K,L).
Among patients with low SLFNII expression, survival
was significantly strongly dependent on OASI expres-
sion levels (P = 0.024), with low OASI expression cor-
relating with the best prognosis of all 4 groups.
Patients with advanced UC with high SLFNII and
low OASI expression would face poorer prognosis
(Fig. 3L, orange curve), but might be sensitive to
PARPi mono-treatment according to our data. Thus,
we propose to analyze the predictive power of 0ASI
potentially in close association with SLFNII in clinical
trials for PARPi treatment of UC.

3.6. Olaparib and Talazoparib have unique
downstream targets in UC

We further sought to identify genes that were UC-
specifically regulated by PARPi and to elucidate differ-
ences in molecular response to either PARPi that might
also underlie the response of patients toward the different
mono-treatments. To this end, we performed RNA
sequencing of Ola- and Tala-treated T24 and
T24LTT cells. We found comparable numbers of up-
and downregulated genes in T24 cells treated with Tala or
Ola (Fig. 4A.B), but its Cisplatin-resistant LTT subline
responded with a lower number of differentially expressed
genes after either treatment. The lowest number of genes
was deregulated by Ola in T24LTT (Fig. 4C,D).

Low numbers of genes were commonly affected by
the two PARPi. About 215 genes were commonly
induced by both PARPi in T24, while 51 were com-
monly downregulated (Fig. 4A,B; Tables S3, S4).
Overlap between PARPi in T24LTT was much smaller
(Fig. 4C,D). However, seven genes were commonly

Improving PARPi efficacy in bladder cancer cells

induced by both PARPi in both cell lines, namely,
SLFNS5, SATI, FST, IFIT2, ILIB, INHBA, and
TNFAIP3. GO enrichment analysis of commonly
PARPi-induced genes in T24 (n = 215) revealed enrich-
ment mostly for processes related to immune response,
cytokines, cGAS-STING signaling, and cell stress.
Further processes involved regulation of migration,
signal transduction, and proliferation (Fig. 4E). Since
cGAS-STING activation is currently discussed to be
advantageous for improved response to ICI treatment,
we performed qRT-PCR validation for cGAS-STING
signaling components (Fig. 4F). Indeed, we could
prove that Tala mono-treatment induced expression of
all six investigated components, particularly strong in
T24 cells (0ASI, IFITI, ISHGI1S5, IFNp, IL6, and
CCLY5). Since basal expression levels were higher in
J82 cells compared to T24 (Fig. S7E), these cells could
not further increase expression that much. Interest-
ingly, expression of cGAS-STING components was
reduced by the PLX+Tala combination treatment.

Since Tala appeared to be the better combination
partner for PLX, we investigated further UCC (J82,
J82LTT, RTI112) after Tala treatment by RNA
sequencing. SLFN5, SATI, and CDKNIA were
induced by Tala in all five investigated cell lines (T24,
T24LTT, J82, JS2LTT, RT112) and thus seem to be
UC-specific Tala response marker (Table S5). Intrigu-
ingly, PARPi-resistant RT112 cells displayed the most
genes regulated by Tala exclusively in this cell line
(Table S5). Induced genes were enriched for apoptosis
regulators and downregulated genes for DNA replica-
tion, cell division, and cell cycle checkpoints.

The qPCR validation of the commonly PARPi
induced CDKNI1A, SLFN5, and SATI genes con-
firmed that all were strongly induced by Tala treat-
ment and even further increased by the
combination treatment in LTTs and parental cells
(Fig. 4G). Thus, these common PARPi regulated
genes also underlie the synergism of the Tala com-
bination and contribute to increased DNA damage,
cell cycle arrest, and death. Analysis of public
TCGA data demonstrated that SLFN5 predicted
OS (P =0.005) and RFS (P =0.034) in pT1/2 blad-
der tumors (Fig. S6D), that is, increased SLFN35
expression was associated with an unfavorable
prognosis (mean OS: 1727 days and mean RFS:
1858 days) compared to bladder cancers character-
ized by low SLFN5 expression (mean OS:
2756 days and mean RFS: 2978 days).

Comparison of genes regulated in T24 cells by Ola
or Tala also revealed some genes that were uniquely
altered by either PARPi (Table S4). Interestingly,
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Fig. 4. Molecular response of urothelial carcinoma cell lines toward PARP inhibitors was characterized by RNA sequencing. (A-D)
Significantly differentially expressed genes (FC > 1.5, Bonferroni adjusted P < 0.05) for either indicated condition were compared using
Venn diagrams (Venny 2.0) to identify commonly and uniquely up- (red) and downregulated (blue) genes between both PARP inhibitors
(PARPI) in the T24 cell line pair. (E) 215 commonly upregulated genes by both PARPI in T24 cells were subjected to gene ontology (GO)
analysis (DAVID tool) to assign cellular processes that were significantly affected. Bubble plot gives the number of genes enriched for the
indicated processes (count); color code denotes false discovery rate (FDR) adjusted P-value. Interrelated processes are marked by the same
color for process names. (F) Results of gRT-PCR validation for cGAS-STING signaling components 24 h and 72 h after indicated treatment.
TBP was measured as a housekeeping gene and used for normalization. Fold change expression (log,) was calculated vs DMSO control (set
to 0). Significance is denoted in comparison to DMSO, ***P < 0.001, *P < 0.05 (mean + SEM; n = 3; two-way ANOVA, Tukey's test). (G)
Results of gRT-PCR validation for three genes commonly induced in all UCCs by indicated treatment condition. TBP was measured as a
housekeeping gene and used for normalization. Fold change expression (log,) was calculated vs DMSO control (set to 0). Significance is

denoted in comparison to mono-treatments, ***P < 0.001, *P < 0.05 (mean + SEM; n = 3; two-way ANOVA, Tukey's test).

3.7. Mechanisms underlying synergism of
combination treatment

Having observed earlier that PLX induced DSB [20],
we investigated whether mono-treatment also induced
DSB in Cisplatin-pretreated cell lines and the effect of
the combination treatment by immunocytochemistry
staining and subsequent Al-based quantification
(Fig. 5A,B). PLX and even more Tala mono-treatment
induced yH2AX foci both in LTTs and parental cells.
Combination treatment resulted in increased numbers
of DSB foci, particularly in T24 and T24LTT. Also,
the numbers of RADS5I1 foci were increased by Tala
mono-treatment and the combination (Fig. 5C). Inter-
estingly, the amount of colocalized yH2AX and
RAD?5I1 foci was reduced by combination treatment in
J82 and J82LTT suggesting that cells were not able to
recruit RADSI1 extensively enough to sites of DSB for
repair which may contribute to the particular syner-
gism observed in the J82 cell line pair (Fig. SD).
Instead, RADS5]1 rather accumulated in a few large foci
in the nucleoli.

We also had previously identified factors underlying
PLX response in UCC. We demonstrated that PLX
mono-treatment altered levels for regulators of cell
cycle, apoptosis, and DNA damage response and
induced a BRCAness-like HRR-deficient phenotype,
so that induced DSB could be less efficiently repaired
[20]. Thus, we measured whether altered expression of
such factors might also contribute to the synergistic
effects of the combination treatment. We found that
anti-apoptotic factors like BCL2 and BIRCS (Survivin)
were particularly downregulated in cell lines respond-
ing strongly to the combination treatment that were
insensitive to a mono-treatment like RTI112 (poor
responder to PARPi) and J82 (poor responder to
BETi) (Fig. 6A). On the protein level, we found rele-
vant reductions, too (Fig. 6B, Figs S7F, S8I,J). These
results indicate that the reduction of anti-apoptotic
factors may underlie strong synergistic effects.

We further measured the expression of six genes
involved in HRR. FANCD2 was the only gene that
was strongly downregulated across all cell lines by
both combinations, thus contributing also mechanisti-
cally to treatment synergism. A very robust reduction
could also be observed at the protein level (Fig. 6B,
Fig. S7F). The other five HRR genes were not strongly
reduced or rather induced by combination treatment
(Fig. 6A).

Similarly, the DNA repair factors PARP2, ERCCI
as well as POLE2 and MCMS5 involved in DNA repli-
cation were downregulated in all cell lines (Fig. 6A).
POLE2 and MCMS5 are particularly interesting, as
their downregulation by combination treatment con-
tributes to blocked replication [44,45] which renders
cells sensitive to PARPI [46].

4. Discussion

In this study, we addressed the clinical need for addi-
tional UC-specific biomarkers to increase PARPI treat-
ment efficacy by more tailored treatment and for
combination treatment approaches to increase efficacy.
Clinical trials so far detected genomic alterations in
HRR gene panels interrogated by clinically approved
assays like Oncoplus or FoundationOne® CDx as well
as the expression of SLFNII. Alternatively, appropri-
ate combination treatment may increase efficacy. Clini-
cal trials for UC currently investigate combination
approaches with newly approved UC therapies such as
ICI or Enfortumab vedotin, an ADC. Olaparib, Ruca-
parib, Niraparib, and Talazoparib were used in clinical
trials for UC, the first three also as a mono-therapy.
Talazoparib was studied in combination with ICI
[14,19]. In other solid cancers, particularly breast,
ovarian, and prostate cancer, also combinations with,
for example, anti-angiogenic compounds or other
kinase inhibitors are investigated [19].

We developed a new highly efficient PARPi-based
combination treatment for UC that is also potent after
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Fig. 5. Combination treatment induced DNA double strand breaks remained unrepaired. (A, B) yH2AX (green) and RAD51 (red) were
antibody stained for detection of DNA double-strand breaks (DSB). DAPI (blue) was used to counterstain nuclei. DMSO served as the
solvent control. Channel overlay of the three channels is shown in the merge column on the left of each panel, while colocalization of
yH2AX and RAD51 is shown on the right. The indicated treatment with reduced dosages of PLX51107 (PLX), Talazoparib (Tala), a
combination of PLX and Tala, and DMSO as the solvent control was applied for 72 h to J82 and J82LTT (A) and T24 and T24LTT (B). The
white square in the merged picture shows the zoomed-in cell. 40x objective, scale bar depicts 20 um in the overview image and 5 um in
the cropped images of representative cells. (C) Al-supported quantification of yH2AX and RAD51 foci per nucleus area is displayed.
Significance is denoted in comparison to DMSO, ***P < 0.001, **P < 0.01, *P < 0.05 (mean + SEM; n = 8; one-way ANOVA, Tukey's test).
(D) Artificial intelligence-supported quantification of yH2AX and RAD51 colocalization is displayed as a bubble plot. The size of bubbles
denotes the amount of yH2AX foci; the localization of the bubble on the x-axis denotes the extent of their colocalization with RAD51 foci

needed for repair. Different cell lines are color coded as usual (mean values; n = 8).

pretreatment with Cisplatin. Cellular responses of
selected UC cell lines toward different PARPi as a
mono-treatment had been studied earlier. Bhattacharjee
et al. [47] determined the effects of five different PARPi
on proliferation and cell death induction of UMUCS3,
T24, and benign SV-HUCI cells. Rucaparib and Veli-
parib had high ICs, values in the intermediate micro-
molar range rendering them rather unsuitable.
Niraparib and Talazoparib were the most effective com-
pounds for single-drug treatment in vitro. Simultaneous
treatment with Cisplatin reduced cell survival in vitro
and in vivo. In clinical trials, unselected Cisplatin-
pretreated patients did not respond significantly toward
PARPi mono-treatment [15,19]. Other authors investi-
gated the response of four Cisplatin-naive UC cell lines
(UMUC3, T24, RTI112, 5637) toward Olaparib and
Talazoparib to combine with Palbociclib, a CDK4/6
inhibitor [48]. However, to our knowledge, Cisplatin-
pretreated UC cells have not been investigated for
response toward PARPi in vitro, yet. Therefore, we
investigated our own Cisplatin-resistant cell models
(LTTs) compared to their parental UC cell lines. We
chose to compare the next-generation, highly potent
PARPi Talazoparib with the earlier approved PARPi
Olaparib that is already widely studied in clinical trials.
All LTT lines had lower ICsy values for Olaparib com-
pared to their parentals. Such differences were not
observed for Talazoparib, which was, however, gener-
ally more potent. RT112LTT and parental cells present
an exception by being highly resistant toward both
PARPi and thus suitable as a model to study PARPi
resistance mechanisms in UC in order to identify new
UC-specific factors for PARPi response.

Toxicity to benign HBLAK cells was stronger for
Ola than for Tala. In clinical trials for UC, the safety
profile of PARPi was comparable with toxicities
reported for other cancer types. Severe adverse events
(AE) were rare [14]. However, in the BISCAY study,
investigating the combination of Ola and the ICI Dur-
valumab, 40% of HRR-selected patients stopped treat-
ment due to Ola-induced toxicity [49].

We found ICs, values of Olaparib much higher
compared to Talazoparib in agreement with data by
others [47,48]. Differences in PARP trapping activity
are discussed as one reason for this difference [7].
Notably, Talazoparib has the least off-target effects on
kinases, but Olaparib the most, which could also con-
tribute to differences in efficacy, as well as altered gene
expression [50] since PARP1 has also been suggested
as a regulator of transcription [51]. However, since no
data on effects of different PARPi on the transcrip-
tome in UC are published in the GEO data repositor-
ium of the NCBI, yet, we performed RNA sequencing
of UC cells treated either with Ola or Tala. This anal-
ysis revealed huge differences in gene expression effects
between the two PARPi and only a small number of
genes commonly affected by both PARPi. Genes
uniquely induced by Ola in T24 were enriched for
innate immune responses, particularly antigen presen-
tation, which could be advantageous for combined
treatment with ICI. PD-L1 was only induced by Tala
in T24, but not in the other investigated UCC.

Among genes commonly regulated by both PARPi
in T24, the 215 commonly induced genes were mainly
enriched mainly for cell stress and immune response
processes and included various cytokines and factors
associated with defense to bacteria or viruses, espe-
cially cGAS-STING and interferon signaling. Induc-
tion of cGAS-STING signaling by Talazoparib was
validated in this study. These factors may contribute
to the beneficial effects of combining PARPi with ICI
in UC patients [19]. One idea rationalizing the combi-
nation of PARPi with ICI is the induction of neoanti-
gens improving recognition by T cells. Increased DNA
damage could also result in the accumulation of cyto-
solic DNA thereby triggering cGAS-STING signaling
which also stimulates innate immune responses [52].
For breast and pancreatic cancer cells, induction of
PD-L1 expression by PARPi in vitro was reported
[53,54], but does not appear to occur regularly in UC
according to our data. Published data suggest a rela-
tion between PD-L1-negative tumors and a BRCAness
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Fig. 6. Validation of factors underlying synergism of combination treatment. (A) gRT-PCR validation of genes after indicated treatment
conditions with PLX51107 (PLX) and Olaparib (Ola) or Talazoparib (Tala) in indicated cell line pairs. TBP was measured as a housekeeping
gene and used for normalization. Fold change expression (log,) was calculated vs. DMSO control (set to 0). Significance is denoted in
comparison to DMSO *#**P < (0.001, **P < 0.01, *P < 0.05 (mean = SEM; n = 3; two-way ANOVA, Tukey's test). (B) Treatment-induced
changes of BCL2, BIRC5, and FANCD2 were further validated on the protein level by western blotting. Band intensities were quantified
densitometrically using Image Lab Software (Bio-Rad) and normalized to a-Tubulin as loading control and DMSO as solvent control. Fold
change expression (logy) was calculated vs. DMSO control (set to 0). Results of three independent experiments were averaged.
Significance is denoted in comparison to DMSO, ***P < 0.001, **P < 0.01, *P < 0.05 (mean + SEM; n = 3; two-way ANOVA, Tukey's
test). Example western blot images are displayed in Fig. S7.
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phenotype. Intriguingly, deletion of PD-L1, but not its
blockade by ICI, resulted in elevated DNA damage
levels in BRCAI1 wild-type models and improved
growth control by PARPi in some cell models, but not
all cell models. Such results may explain why poor
response toward PARPi cannot be generally improved
by combination with ICI therapy in vivo [55], again
highlighting the need for biomarkers predicting PARPi
sensitivity prior to the application of such combination
therapies. PD-L1 may be taken into account as a
marker since it is anyway recorded prior to ICI ther-
apy, but needs further validation in large patient
cohorts for use in combination therapy.

To analyze in more detail the molecular effect of the
better PARPi Tala, we extended RNA Seq analysis to
more UCC and LTT. Only a few genes, CDKNIA,
SATI, and SLFNS5, were commonly induced by Tala-
zoparib in all cell lines and may thus be UC-specific
Tala response markers. Some were not mentioned ear-
lier in any PARP response context, yet. Induction of
CDKNIA, encoding the cell cycle inhibitor p21<™!,
could belong to a general response toward replication
stress and DNA damage and is likely to contribute to
the observed G2 arrest. p21 induction by Olaparib has
also been reported in U20S and breast cancer cells
[56,57]. SATI is a rate-limiting enzyme for the acetyla-
tion of the polyamines spermine and spermidine, which
regulate replication, translation, and chromatin con-
densation. SATI also functions in the transcriptional
regulation of BRCAI and further regulators of DNA
repair, cell cycle, and mitosis [58]. It was described as
critical for the growth of glioma, elevated in high-
grade tumors, and associated with poor outcomes. Our
analysis of TCGA data did not reveal a significant
association with patient prognosis. There is one study
on SATI function in UC suggesting relevance for Cis-
platin resistance [59]. While SLFN11 is known to regu-
late replication stress and HRR, its paralog SLFNS5
rather functions as a transcriptional corepressor in
interferon signaling and could dampen the antineoplas-
tic response of the immune system [60]. Only recently,
a function of SLFNS5 in DNA repair was reported,
namely regulation of higher-order chromatin topology
in response to DNA damage. Its loss impairs NHEJ
[61]. Since SLFN5 was induced in all our cell lines in
response to Tala, it might be part of a cellular attempt
to increase NHEJ capacity for DNA repair. The only
published study so far on the relation between SLFN35
and PARPi reported that loss of SLFN5 promoted
PARPI resistance in BRCA 1-deficient U20S cells [61].
Thus, lack of SLFN5 and SLFNII seems to promote
PARPI resistance, while—according to our data—their
induction is associated with a favorable response to

Improving PARPi efficacy in bladder cancer cells

PARPi. Notably, SLFN5 was frequently increased and
correlated with worse prognosis in various cancers, for
example, pancreatic ductal adenocarcinoma, glioma,
colorectal adenocarcinoma, and gastric cancer
[60,62,63]. Likewise, we found high levels of SLFN5 to
be correlated with shorter survival of UC patients
within the TCGA cohort. SLFNS5 was also found asso-
ciated with immune responses affecting immune check-
points, immune cell infiltration and may thus be
involved in tumor immune evasion [63,64]. Further
findings with regard to solid cancer types have recently
been reviewed [65], but SLFNS has not been studied in
UC, yet. We report here for the first time on a poten-
tial functional relevance of SLFNS for patient progno-
sis and PARPi response in UC, also with regard to
combined treatment with immunotherapies in clinical
trials.

Seeking to identify treatment response biomarkers
for PARPi in UC, our results suggest that patient
stratification by HRR gene status only may not be suf-
ficient for UC patients and inclusion of further bio-
markers may be required. According to our analyses,
PARPi resistance factors (shieldins, etc.) discussed in
the literature appeared not to be important in UC,
except for SLFN11. SLFNI11 is recruited during repli-
cation stress to induce an irreversible replication block,
and its loss is associated with PARPi resistance in
other cancer types [46]. Since we found PARPi-
resistant RT112 not to display any SLFNI11 protein,
but also not to carry genetic alterations of SLFNII,
our data revealed that also loss of expression by epige-
netic regulation instead of genetic loss may contribute
to PARPiI resistance. Expression loss can be epigeneti-
cally regulated, for example, by DNA hypermethyla-
tion of its promoter [66]. DNA methylation alterations
as a mechanism of PARPI resistance have been studied
very recently in ovarian cancer [67]. SLFNII relevance
for PARPi resistance could be functionally validated
in the present study by siRNA knockdown. Further
validation of PARPI response prediction is needed in
large patient cohorts. Other discussed resistance fac-
tors are loss of p53BPI and SHLDI/2 of the shieldin
complex, for example, in breast cancer [27], which
occurs rarely in UC according to analyses. Likewise,
PARPI and PARG mutations suggested as resistance
mechanisms [68] also do not apply to UC.

Instead, we identified OASI1 as a UC-specific predic-
tor for PARPi response that also correlated with
patient survival. While high OAS! expression corre-
lated with PARPI resistance, expression was strongly
reduced by our combination treatments and may con-
tribute to synergism. OASI belongs to the interferon-
stimulated genes (ISG) and binds transcription factor
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IRF1 to enhance the innate immune response and
restrict viral replication [69]. Physiologically, ISGs are
associated with cGAS-STING signaling in the
response to cytosolic DNA that usually originates
from infections but also from treatments damaging
DNA, like our combination treatment. Upregulation
of ISGs is known to contribute to resistance against
DNA-damaging therapies [70]. A pan-cancer analysis
of public data for OASI revealed, however, differences
between cancer types and various functions.
Expression in UC was in general increased which
could contribute to poor response toward PARPi
mono-treatment in some clinical trials. Concurringly,
we observed a slight reduction of ICsq values after
siRNA knockdown of OASI. OASI upregulation was
also reported to diminish the benefits of tumor-
infiltrating lymphocytes on patient survival and to con-
tribute to immunotherapy resistance [71]. A relation
with immune infiltration was confirmed by other in
silico analyses of lung and bladder cancer data [72,73].
Reduction of OASI expression by our combination
treatment would therefore be favorable for immuno-
therapy. We observed an inverse relationship between
0OAS1 and SLFN11, so that both markers should be
investigated together in future clinical trials.

Apart from biomarker discovery, the development of
synergizing combination therapies is another approach
to increase the efficacy of PARPi. Among epigenetic
inhibitors, mainly the combination of PARPi with
DNA methylation inhibitors has been investigated in
clinical trials [51]. In vitro, other combinations with
HDAC: [74] or BETi, particularly the first-generation
BETi JQI1 and Olaparib, have been studied in cell lines
from breast, ovarian, and prostate cancer [75]. Syner-
gism with Talazoparib was found for JQI1 in multiple
cancer cell lines of different origin regardless of BRCA
status and in in vivo xenograft models, but has not been
investigated for UC [76]. These authors also generated
PARPi-resistant cell models that could be sensitized
again by BET inhibition. Together with our results on
UC, such data indicate that clinical issues with poor
response toward PARPi mono-treatment can be over-
come by combination with a BETi in the majority of
cases and according to our data also in the setting fol-
lowing Cisplatin pretreatment.

From our previous analyses, we knew that our
benign control cells were sensitive to the first genera-
tion BETi JQI1 [77]. Therefore, we investigated
PLX51107 as a new BETi considered having better
toxicity profiles [25]. We had previously characterized
the cellular and molecular effect of PLX mono-
treatment on benign controls and UCC that could sen-
sitize to PARPi [20]. The results of our current study

J. Schmitz et al.

demonstrate that the BETi PLX indeed synergizes with
both investigated PARPi, but particularly strong
with Tala. Synergism was achieved in UCC and also
in LTTs that were regularly pretreated with Cisplatin
and likewise in respective bladder cancer PDO models.
We found that strong synergistic effects allowed dose
reduction of both compounds which still induced cell
death in cancer cells but affected diverse benign con-
trol cells less. We demonstrated that combination
treatment induced DNA damage, which could not be
regularly repaired since we observed a reduction of
discrete RADSI repair foci in the vicinity of yH2AX.
Since HRR activity was shown to correlate with
RADS51 foci formation [9,78], it appears to be
impaired by the combination. Our molecular analyses
revealed that the expression of some HRR genes was
reduced by treatment. Reduction of HRR genes by
different BETi (JQI and GSKS525762A) has been
reported, for example, in breast and ovarian cancer
cells sensitizing to Olaparib [79,80]. We found
FANCD?2 to be the most strongly downregulated gene
by both combinations in all UCC. Since BRCA2 and
FANCD?2 colocalize at DNA damage sites and cells
with FANCD2 mutations display reduced HRR rates
[81], we conclude its strong downregulation by both
combinations contributes to observed HRR deficiency
and underlies treatment synergism. FANCD?2 func-
tions in response to replication stress may also be rele-
vant [82]; it interacts with MCM replicative helicases
that further recruit RPA and PCNA [46]. Our combi-
nation treatment also significantly reduced MCMS5 and
POLE? suggesting also impact on DNA replication.
Further, we found downregulation of anti-apoptotic
factors like to contribute to synergism of combination
treatment.

5. Conclusions

With our study, we suggest new predictive biomarker
candidates SLFNS5, SLFNI11, and OAS1 for PARPi
response in UC that need further validation in cohorts
of clinical trials. With the combination of the BETi
PLX51107 and the PARPi Talazoparib, we developed
a new highly efficient combination treatment for tar-
geted therapy of UC. Treatment synergism allows dose
reduction thus limiting toxicity to normal cells. The
novel combination treatment was efficient in all inves-
tigated cell models, including otherwise PARPi-
resistant and Cisplatin-pretreated cells; the latter is a
frequent setting in UC patients. Thus, this combina-
tion treatment would be suitable as an all-comer
approach and may alleviate the need for biomarkers
for prediction of response to PARPI.
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