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1 | INTRODUCTION

| Caroline E. De Vos? | Patrick Petzsch®® | Karl Kéhrer?3
| Michéle J. Hoffmann®?

Abstract

Urothelial carcinoma (UC) urgently requires new therapeutic options. Histone dea-
cetylases (HDAC) are frequently dysregulated in UC and constitute interesting targets
for the development of alternative therapy options. Thus, we investigated the effect
of the second generation HDAC inhibitor (HDACI) quisinostat in five UC cell lines
(UCC) and two normal control cell lines in comparison to romidepsin, a well character-
ized HDACi which was previously shown to induce cell death and cell cycle arrest. In
UCC, quisinostat led to cell cycle alterations, cell death induction and DNA damage,
but was well tolerated by normal cells. Combinations of quisinostat with cisplatin or
the PARP inhibitor talazoparib led to decrease in cell viability and significant syner-
gistic effect in five UCCs and platinum-resistant sublines allowing dose reduction.
Further analyses in UM-UC-3 and J82 at low dose ratio revealed that the mecha-
nisms included cell cycle disturbance, apoptosis induction and DNA damage. These
combinations appeared to be well tolerated in normal cells. In conclusion, our results
suggest new promising combination regimes for treatment of UC, also in the cisplatin-

resistant setting.

KEYWORDS
bladder cancer, cisplatin, HDACI, quisinostat, talazoparib

therapy including radical surgical resection, (chemo) radiotherapy

Urothelial carcinoma (UC) contributing to more than 90% of bladder
cancers is a frequent malignancy® as the 10th most common newly
diagnosed cancer worldwide.? Treatment options for patients with
UC depend on stage and localisation of the disease while patients
with non-muscle invasive disease receive local therapy. Patients
with muscle invasive and metastatic disease undergo multimodal

and/or systematic treatment. Although the 5-year overall survival
for UC patients approximates 70%, patients with advanced disease
present with an inferior prognosis resulting in a 5-year overall sur-
vival of less than 20%.° Standard systemic chemotherapy for bladder
cancer relies on cisplatin based combination treatment. However,
during the course of the disease, acquired and inherited resistance
to treatment hampers the response rate significantly. Also, immune
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checkpoint inhibitors and antibody drug conjugates recently intro-
duced into UC treatment algorithms improved outcomes only in a
subgroup of patients,“'5 underpinning the need for the development
of new therapies.

TCGA studies with large UC patient tissue cohorts revealed that
epigenetic regulators are particularly frequently mutated.® Other
epigenetic enzymes are aberrantly expressed in UC, indicating that
epigenetic changes contribute to tumour progression’ and may be
valuable therapeutic targets.

Histone deacetylases (HDAC) are epigenetic regulators catalysing
the removal of acetyl groups on histones and non-histone proteins;
they are categorized in four classes. Due to their effect on chromatin
compaction and gene transcription and on their various target pro-
teins, HDACs are involved in different biological processes such as cell
cycle, cell death, differentiation, DNA damage repair.8 Class | HDAC
(HDAC1, 2, 3, 8) are of particular interest as they were found to be
overexpressed in various cancer types, including UC, where they are
associated with high tumour grade.”** We have previously shown that
targeting class | HDAC with pharmalogical inhibitors (HDACI) (e.g. ro-
midepsin) was highly potent compared to pan-inhibition or inhibition of
class Il HDACs and had antineoplastic effect in UC cell (UCC) lines. 1213
HDACi may induce DNA damage, quantifiable by the DNA double
strand break marker yH2AX.2*"1¢ We also reported earlier that rather
HDAC1 and HDAC 2 are better suited targets than HDAC 8 and 3.1%Y7
Since romidepsin targets mainly HDAC1 and 2 we had characterized its
effect on UC cells extensively earlier.'®

In this study, we characterized the impact of the second genera-
tion HDACI quisinostat on UC cells. We were interested to compare
quisinostat with romidepsin, because quisinostat is a highly potent
inhibitor of HDAC1. Differences in isoenzyme specificity may have
different effects and may allow us to understand the functional
role of class | HDACs in UC. In addition, quisinostat presents an im-

18,19 and

proved pharmacodynamic profile compared to romidepsin
antineoplastic effects in various cancer types (breast, liver, mela-
noma, medulloblastoma).*®2° Quisinostat has been investigated in
six clinical studies for both haematological and solid malignancies
(NCT02728492, NCT02948075, NCT00676728, NCT01486277,
NCT00677105, NCT01464112).

Although HDACI appeared to be promising therapeutic options
as single agent in bladder cancer in vitro'? and in clinical studies in
haematological malignancies,?! clinical studies testing the effect of

HDACi mocetinostat and vorinostat in patients with UC and other
solid tumours showed elevated toxicity and modest efficiency.??%®
To optimize treatment response to HDACI, potentially reduce dos-
age, and tackle resistance, combination therapies with other epi-
genetic regulators such as DNA methyltransferase inhibitors or
bromodomain inhibitors and with chemotherapy (cisplatin, gemcit-
abine) represent an interesting approach. Combination therapies

12427 and clinical

have indeed shown promising results in preclinica
studies.?®?? Additionally, HDACi have been combined with PARP
inhibitors targeting DNA repair, showing synergistic effect in var-
jous malignancies.’°3% Their synergistic effect with HDACi and
other epigenetic regulators has been attributed to the ability of the
latter to downregulate genes involved in DNA damage repair (such
as BRCA). However, PARP enzymes are involved in other biological
processes (chromatin compaction regulation, transcription regula-
tion), providing supplementary grounds for their combinations with
epigenetic regulators.3+3>

In this study, we evaluated the effect of quisinostat on DNA
damage, cell cycle and death in UCC as compared to romidepsin.
Further, combinations with cisplatin and with the PARP inhibitor
talazoparib were tested to enhance the efficiency of quisinostat in
UCC and their cisplatin-resistant sublines. Putative side effects of
treatment were analysed using benign uroepithelial HBLAK cells
and dermal fibroblasts. Benign cells tolerated treatment, particulary
reduced dosage that could be applied due to synergistic effects of

combined treatment.

2 | MATERIALS AND METHODS
2.1 | Cell culture

Different human UCCs were used to represent the heterogeneity
of UC: VM-CUB1, RT-112, UM-UC-3, J82, SW-1710 and T24. UCCs
were obtained from the DSMZ (Braunschweig, Germany) and Dr.
H.B. Grossmann HB (Houston, USA). Two benign cell lines were
also used as control: HBLAK, a spontaneously immortalized nor-
mal human uroepithelial cell line (Cellntec Advanced Cell Systems)®®
and VHF2 dermal fibroblasts.>” UCC and VHF2 were cultivated in
DMEM (Dulbecco's Modified Eagle Medium, 4.5g/L D-glucose, L-

glutamine, Gibco, Life Technologies Limited) supplemented with

FIGURE 1 Quisinostat affects cell viability of UCC at low doses and has cell line dependent effects on DNA damage, cell death and cell
cycle. (A) Non-linear regression curves for determination of the IC;, values for quisinostat in UM-UC-3, VMCUB-1, SW-1710, RT-112 and
J82. Absorbance values for metabolic activity (MTT) relative to DMSO control (%) was calculated as surrogate for cell viability 72 h post-
treatment. (B) Bar graphs presenting the cell cycle distribution 72h post-treatment with HDACi romidepsin and quisinostat at IC., values.
Results of a representative experiment are shown, n=3. (C) Caspase 3/7 activity in 5 UCCs 72 h post-treatment with HDACi romidepsin
and quisinostat at IC,, values. The results were normalized to the amount of viable cells measured with CellTiterGlo and are presented as
percentage +SD (standard deviation). p-values are indicated as follows: *p <0.05; **p <0.005; ***p <0.0005; n.s., non-significant; n=3. (D)
Western blots showing the apoptopic marker cleaved PARP, total PARP and YH2AX following treatment with romidepsin and quisinostat
after 72hin 5 UCCs. a-tubulin was used as loading control. The respective IC, of the cell lines were used. Romi, romidepsin; Quisi,
quisinostat. (E, F) Immunocytochemistry stainings of yH2AX (green fluorescence), p53BP1 (red fluorescence) and DAPI (blue fluorescence)
or channel overlay (merge). Cells were treated with cell line dependent IC,, dosages of quisinostat (Q) (E, UM-UC-3 12.5nM; F, J82 45nM)
and stained after 16, 24 and 72h compared to DMSO. Images were taken with 25x objective, scale bar indicates 50 pm.
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10% heat inactivated feetal bovine serum (Bio & Sell). HBLAK was
cultivated in CnT Prime epithelial cell culture medium (Cellntec
Advanced Cell Systems) and to detach the cells, accutase (Sigma-
Aldrich) was used.

Previously generated cisplatin-resistant sublines J82 LTT, T24
LTT and RT-112 LTT were maintained in cisplatin supplemented

o .... ....

medium as recently described.®® Phase contrast images of quisinos-
tat or DMSO treated cells were taken with the Nikon Eclipse micro-
scope (Nikon) and the NIS elements software.

The identity of the cells is regularly verified by STR (short tan-
dem repeat) analysis, and cells were tested for mycoplasma contam-
ination by PCR.
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FIGURE 2 Normal cells tolerate high dosage of quisinostat and acquire a revertiblesenescence-like phenotype. Bar graphs presenting
metabolic activity as a surrogate for cell viability normalized to DMSO as relative absorbance (%) with increasing doses of quisinostat in

the normal cells HBLAK (A) and fibroblasts VHF2 (B) 72 h post-treatment. Western blots of the DNA double strand break marker yYH2AX,

the apoptopic marker cleaved PARP and total PARP with increasing doses of quisinostat in HBLAK (C) and VHF2 (D) 72 h post-treatment,
romidepsin was used for comparison. a-tubulin was used as loading control. (E) Caspase 3/7 activity in HBLAK 72 h post-treatment with
quisinostat. The results were normalized to the amount of viable cells measured with CellTiterGlo and are presented as percentage +SD
(standard deviation). p-values are indicated as follows: *p <0.05; **p <0.005; ***p <0.0005; n.s., non-significant; n=3. (F) Immunocytochemistry
stainings of YH2AX (green fluorescence), p53BP1 (red fluorescence) and DAPI (blue fluorescence) or channel overlay (merge). HBLAK cells
were treated with either 15, 50nM quisinostat (Q) or DMSO and stained after 16, 24 and 72 h. Images were taken with 25x objective, scale bar
indicates 50 um. (G) B-galactosidase activity visualized with X-gal staining 72 h after treatment with 15and 50nM quisinostat in HBLAK (scale
bar 100pum). (H) B-galactosidase activity measured by FACS in HBLAK 72h after treatment, n=3. (I) 8-galactosidase activity measured by FACS
in HBLAK 72h after treatment compared to wash out (wo) after 24 h and measurement after 72h, n=3.

2.2 | MTT assay

Cells were seeded in 96 well plates and treated with increasing con-
centrations of romidepsin (Selleckchem), quisinostat (Selleckchem),
cisplatin (Neocorp, Hexal), talazoparib (Selleckchem), or combined
treatment. Compounds were dissolved in DMSQO (Sigma Aldrich). In line
with data in literature, we had determined in previous work that robust
effects by HDACi treatment effects can be observed after 72h.}213
Thus, 72h post-treatment, the MTT (3-(4,5-dimethylthiazol2-yl)-2,5-
diphenyltetrazolium bromide) reagent was added (Sigma Aldrich), ab-
sorbance was measured at 595 and 750nm with BioRad iMark reader
(BioRad). Absorbance relative to the DMSO control was calculated (%)
as measurement of metabolic activity as a surrogate for cell viability.
Senolyticum venetoclax (Hycultec; in DMSO) was applied for 72h at
IC;, dosage (HBLAK 0.35uM; 82 6.7 uM) after 72h pre-treatment with
cell line-specific low dose of quisinostat (J82 20nM, HBLAK 7nM).

2.3 | Clonogenicity assay

Cells were treated for 3days with compounds and reseeded at low
density in 6 well plates in triplicates. After 10-15days, colonies were
fixed in methanol and stained with Giemsa.

2.4 | Flow cytometry (FACS)

For cell cycle analysis, cells were resuspended in Nicolletti buffer
(0.1% Triton X100, 0.1% sodium citrate) with 50 pg/mL propidium
iodide (Sigma Aldrich, in PBS) and 100 ug/mL RNase A (100mg/
mL, Qiagen) and incubated at room temperature for 30 min. For
annexin V staining, cells were resuspended in 1 xannexin binding
buffer with annexin V-FITC (Miltenyi Biotec), propidium iodide
(Sigma Aldrich, in PBS) and RNase A (100 mg/mL, Qiagen) and in-
cubated at room temperature for 15min. Samples were then pro-
cessed with the MACSQuant Analyser.

For the senescence staining, the Senescence Event Senescence
Green Flow Cytometry assay kit (ThermoFischer Scientific) was used

according to the manufacturer's instructions. The Viobility 405/452

fixable dye (Miltenyi Biotec) was added. Phase contrast images were
taken with the Nikon Eclipse microscope (Nikon); the NIS elements

software was used.

2.5 | Caspase 3/7 assay

After 72 h of treatment in 6 wells plates, cells were detached and
suspensions were placed in a 96 well plate in triplicates. An equal
volume of the caspase3/7 glo reagent (Promega) was added and
samples were incubated at room temperature protected from light
for 1h. In parallel, Cell Titer Glo reagent (Promega) was added to
a second plate with the same samples and incubated for 10 min at
room temperature in the dark to assess cell viability and normalize
the results. Luminescence was measured with the Wallac Victor
1420 Multilabel counter (Wallac oy). Caspase 3/7 glo lumines-
cence results were normalized to the Cell Titer Glo luminescence
results.

2.6 | Protein analyses

Histones were isolated by acid extraction®’ as previously described.
Proteins were extracted from cells with RIPA buffer (Cell Signaling
Technology) suplemented with protease inhibitor cocktail (Sigma
Aldrich) and phosphatase inhibitor cocktail 3 (Sigma), sonicated 3
times 10s at 40% amplitude and centrifuged at 12,000g for 10 min
at 4°C. Proteins and histones concentration was assessed by Pierce
BCA protein assay kit (ThermoFischer).

For western blots, 20 g of proteins or 2 g of histones were dena-
turated in 4x rotiload at 95°C for 5min and loaded on polyacrylamide
gels. Nitrocellulose membranes were blocked in 5% milk TBS-T. Primary
antibodies: anti-yH2AX (80312S, D7T2V, 1/1000, Cell Signalling), anti-
cleaved-PARP (9544, D214, 1/500, Cell Signalling), anti-PARP (9532,
46D11, 1/1000, Cell Signalling), anti-a-tubulin (T5168, clone B512,
1/50000, Sigma Aldrich). After washing with TBS-T, membranes were
incubated with secondary HRP-coupled antibodies (polyclonal rabbit
anti mouse immunoglobulin/HRP 1/2000, polyclonal goat anti-rabbit
Immunoglobulin/HRP1/1000, Dako).
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FIGURE 3 Quisinostat synergises with the DNA damage agent cisplatin and the PARP inhibitor talazoparib in UM-UC-3 and J82. (A, C)
MTT assay curves of the single and combined treatments with cisplatin and talazoparib 72 h post-treatment (+ standard deviation SD), n=4;
(B, D) Chou Talalay analysis of the combinations quisinostat/cisplatin (C) and quisinostat/talazoparib (D), Cl, Combination Index, Fa, Fraction
affected, Cl=1: additive effect; Cl >1: antagonistic effect; Cl <1 synergistic effect. (E, F) Caspase 3/7 activity assay of the combined
treatments at low dose ratios in J82 and UM-UC-3 72 h post-treatment. The results were normalized to the amount of viable cells measured
with CellTiterGlo and are presented as percentage +SD (standard deviation). p-values are indicated as follows: *p <0.05; **p <0.005;
***p<0.0005; n.s. non-significant; n=3. Quisi, quisinostat; Cis, cisplatin; Tala, talazoparib; IC, Inhibitory concentration 50; Cl, combination
index; Fa, fraction affected. (G, H) Western blots showing the apoptopic marker cleaved PARP (cl. PARP) and total PARP in UM-UC-3 and
J82 treated with IC,. (0.5 x1C,) dosage of quisinostat, cisplatin, talazoparib, and combined treatment after 72 h. a-tubulin was used as
loading control. (I, J) Western blots showing the DNA damage marker yH2AX in UM-UC-3 and J82 treated with 1C25 (0.5xIC,,) dosage of

quisinostat, cisplatin, talazoparib, and combined treatment after 72 h. a-tubulin was used as loading control.

2.7 | Immunofluorescence stainings

Immunocytochemistry stainings for yH2AX and p53BP1 were per-
formed as described perviously.16 Images were taken by means of
Zeiss Axio Observer Z1 microscope using the 25x objective. Images
were processed using ZEISS ZEN 3.9 software.

2.8 | Apoptosis array

The proteome profiler array—human apoptosis array kit (R&D
Systems, Inc.) was used. UM-UC-3 and J82 were treated for 24h
and for 72h with IC,, dosage of quisinostat; DMSO treatment was
used as control. Cells were detached and counted for a cell sus-
pension concentration of 1x 10’ cells/mL in lysis buffer. Protein
concentration was assessed with the Pierce BCA protein assay
(ThermoFisher Scientific) and 350 pg of proteins were used for the
assay. Arrays and samples were subsequently processed according
to the manufacturer's recommendation. For quantification, the in-
tensity of the signal for each dot was assessed with the Image Lab
Software (BioRad).

29 | IL-6ELISA

Secreted IL-6 was measured in cell culture supernatants using
Lumit® IL-6 (Human) Immunoassay (Promega) according to the man-
ufacturer's instructions by means of Wallac Victor 1420 Multilabel
counter (Wallac oy). Supernatants of quisinostat treated cells were
collected 3 and 7 days after treatment. As a control, ionizing radia-
tion was applied once and supernatants collected after 3days. Cells
were radiated once with 20Gy (at 175kV and 15mA, for 20min)
using Gulmay RS225 x-ray system (X-Strahl).

2.10 | Statistical analysis

Graphpad was used for data visualization and statistical analysis.
IC,, values were determined by non-linear regression analysis in
GraphPad. p-values were determined to evaluate significance of the

differences between groups. The CompuSyn software was used to

assess synergism between drugs.*® Fraction affected (Fa) was cal-
culated from the percentage of viable cells (%) as 1-(%/100). Based
on the combination index (Cl), drugs were qualified as synergistic (Cl
<1), additive (Cl=1) or antagonistic (Cl >1).

3 | RESULTS

3.1 | Quisinostat affects cell viability, cell cycle and
death in the low nanomolar range

Dose response analysis of UCCs for quisinostat was performed
(Figure 1A). Inhibitory concentration 50 (IC,,) approximated 10nM
in VM-CUB1, UM-UC-3, SW-1710 and RT-112 and was higher in J82,
where it reached 40.9nM. These values were higher than the IC,,
obtained for romidepsin (1.7-5.8nM) (Figure S1A,B). IC., dosages
respective to the cell lines led to an increase in the acetylated form
of histone H3 (Figure S1C,D), confirming the effect of the HDACi at
IC;, on histone acetylation.

Since HDAC:i are known to cause a G2/M cell cycle arrest in UCC,
the effect of quisinostat on cell cycle was analysed (Figure 1B). In
J82, SW-1710 and to a lesser extent VM-CUBJ1, the administration
of romidepsin and quisinostat led to an increase in the proportion
of G2/M cells. In UM-UC-3, while there were more cells in G2/M
phase after treatment with romidepsin, quisinostat did not seem to
affect cell cycle distribution. In RT-112, both HDACi did not affect
cell cycle distribution. Concerning cell death, romidepsin and quisi-
nostat led to an increase in the proportion of necrotic and apoptopic
cellsin UM-UC-3,VM-CUB1, J82, RT-112 and SW-1710 (Figure S1E).
Caspase 3/7 activity was increased in UM-UC-3 and J82 after treat-
ment with romidepsin and quisinostat, so was the apoptopic marker
cleaved PARP in these cell lines (Figure 1C,D). Again in RT-112, nei-
ther an increase in caspase 3/7 activity nor cleaved PARP was ob-
served upon treatment with the HDACi suggesting this cell line to be
rather unresponsive to quisinostat. To identify apoptopic proteins
involved in the effect of quisinostat, an apoptosis array was done
for UM-UC-3 and J82 after 24 and 72 h treatment with cell-line spe-
cific IC5 values of quisinostat (Figure S2A-E). With the exception of
the phosphorylated forms of p53 which were unexpectedly lower in
both cell lines after treatment, other proteins displayed rather subtle

changes. While Fas was only reduced after 72h, HTRA2 was only
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FIGURE 4 Combinations of quisinostat and cisplatin or talazoparib disrupt the cell cycle in UM-UC3 and J82 at reduced dosage and
affect long-term proliferation. (A, B) Histograms showing the cell cycle distribution in UM-UC-3 and J82 following treatment with cell line-
specific IC,; dosage of quisinostat, cisplatin, talazoparib as single agents and combined treatment after 72h, DMSO was used as control.
Results of a representative experiment are shown, n=3. Quisi, quisinostat; Cis, cisplatin; Tala, talazoparib; IC,, Inhibitory concentration 50.
(C) Giemsa staining of the colony formation assay in UM-UC-3 and J82, after 72 h treatment with cell line-specific IC,; dosage of quisinostat,
cisplatin, talazoparib as single agents and as combined treatment, DMSO was used as control. Results of a representative experiment are

shown, n=3.

increased after 72h. Survivin, Claspin and XIAP were reduced after

24 h treatment and recovered after 72h.

3.2 | AQuisinostat induces DNA damage

Since HDACI, particularly those targeting class | HDAC enzymes, can
induce DNA damage, we tested the effect of quisinostat on DNA
damage with the DNA double strand break (DSB) marker yH2AX in
UCC. In all UCC, romidepsin and quisinostat led to an increase in
yH2AX protein in western blot analyses (Figure 1D). In addition, we
performed immunocytochemistry stainings for yH2AX and p53BP1
as established DNA double strand markers (DSB) after treatment
with cell line dependent IC,, dosage of quisinostat for 16, 24 and
72h. We chose the cell lines UM-UC-3 (Figure 1E) and J82 (Figure 1F)
for stainings since these gave the most prominent increase in pro-
tein level in western blot analyses for yH2AX and cleaved PARP
(Figure 1D). Images for different time points demonstrate that foci
representing DSB were already detectable after 16 h and remained
for 72 h after quisinostat treatment. DAPI staining further visualized
enlarged nuclei of treated UC cells. Quisinostat could consequently
be an appropriate combination partner with DNA damage inducing
agents and DNA repair inhibitors.

3.3 | Normal cells tolerate high
doses of quisinostat and acquire a reversible
senescence-like phenotype

Quisinostat was applied to the benign uroepithelial cell line
HBLAK and VHF2 fibroblasts to test its normal toxicity. Unlike
romidepsin, for which the IC., is below 10nM in HBLAK and
VHF2, quisinostat can be applied in much higher doses in both
cell types (Figure 2A,B). Hence, in HBLAK, after a sharp decrease
in metabolic activity measured by MTT assay at low dose of quisi-
nostat, a plateau at 40% can be observed until 100nM of quisi-
nostat. In VHF2, metabolic activity decreases slowly between 5
and 500nM, and the IC,, approximates 15nM. Concurringly, in
HBLAK, the apoptopic marker cleaved PARP can be observed
upon treatment with 3nM of romidepsin, 5 and 15nM of quisi-
nostat and is no longer observed with higher doses (Figure 2C).
In VHF2, cleaved PARP appears after treatment with 5nM of ro-
midepsin, 50and 100 nM of quisinostat, but not with 5 and 15nM
quisinostat (Figure 2D). The unexpected decrease in cleaved PARP
observed with high doses of quisinostat in HBLAK was verified
by measuring caspase 3/7 activity; it was observed that caspase

3/7 activity was also reduced after 50nM quisinostat treatment of
HBLAK cells (Figure 2E).

The protein level of DSB marker yH2AX was increased with
HBLAK treated with 5 and 15nM quisinostat, but decreased with
higher doses (Figure 2C). In fibroblasts, it increased with the dose
(Figure 2D). Additional immunocytochemistry stainings for HBLAK
cells 16, 24 and 72h after treatment with 15 or 50nM quisinos-
tat demonstrated that DSB were detectable to some extent after
16h and remained after 72h (Figure 2F). However, DNA damage
levels seemed to be less pronounced compared to treated UCC
(Figure 1E,F). Also HBLAK nuclei were less enlarged by treatment
compared to treated UCC, but displayed lower DAPI intensity. Of
note, in line with western blot results, staining of DMSO treated
HBLAK revealed a quite high endogenous DNA damage level which
may originate from their cellular origin. Corresponding bright-field
images show that treatment of HBLAK cells with 50nM quisinostat
did not increase significantly the number of dying cells, supporting
our analyses of cleaved PARP and caspase activity (Figure S3).

Cell cycle distribution analysis indicated that low doses of quis-
inostat had little effect in HBLAK and VHF2, and 50nM induced a
cell cycle arrest in G2/M phase comparable to IC,, treatment with
romidepsin (Figure S4A,B).

In HBLAK, we observed that cells presented morphological char-
acteristics of a senescent-like state with increasing doses of quisi-
nostat (Figure S3A,B). In colony forming assays some cells seemed
no longer to proliferate resulting in a moderate long-term effect on
proliferation (Figure S3C). p-galactosidase staining revealed that
high doses of quisinostat led to an increase in p-galactosidase™
cells (Figure 2G), suggesting that quisinostat leads to senescence in
HBLAK. To better quantify senescent cells, a FACS staining relying
on the activity of p-galactosidase was performed (Figure 2H) show-
ing a dose dependent increase in the proportion of positively stained
cells. To investigate whether benign HBLAK cells could recover from
quisinostat treatment, we performed additional FACS experiments
for activity of p-galactosidase with a washout after 24h of treat-
ment. Interestingly, HBLAK treated with 50nM clearly recovered
after washout (Figure 2l), which became also visible by bright-field
microscopy (Figure S3B). Obviously, cells resumed cellular prolifer-
ation and grew as dense after 72h as DMSO treated cells. Only few
cells with senescent-like morphology remained, particularly after
treatment with 50nM. In contrast, treated UCC displayed less prom-
inent changes in cellular morphology (Figure S1F).

To further follow up on the senescence-like state induced by
quisinostat in benign HBLAK we used IL-6 as another marker of se-
nescence. IL-6 levels secreted to media supernatant were increased
7 days after quisinostat treatment (Figure S3D) and comparable to
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ionizing radiation used as control. Also cellular morphology with en-
largened flattened cells after radiation resembled the phenotype of
quisinostat treated HBLAK.

Fluorescence intensity

0.5xQ+C

Since senescent cells may be more sensitive to BCL-2 inhibi-
tors, which are used as senolytica, we compared response between
HBLAK and J82 cells towards treatment with venetoclax after 72h
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FIGURE 5 Quisinostat synergises with cisplatin in cells resistant to cisplatin. (A) MTT assays curves of the single and combined
treatments with cisplatin and talazoparib 72 h post-treatment (+ standard deviation SD) in J82 LTT, T24 LTT, RT-112 LTT (LTT, long term
treated), n=4; (B) Chou Talalay analysis of the combinations quisinostat/cisplatin, Cl, combination index, Fa, fraction affected; Cl=1: additive
effect; Cl >1: antagonistic effect; Cl <1: synergistic effect. (C) Western blots showing the apoptopic marker cleaved PARP (cl. PARP), total
PARP and yH2AX in J82 LTT and T24 LTT treated with IC,, dosage of quisinostat (Quisi), cisplatin (Cis), and combined treatment (Quisi + Cis)
after 72 h. a-tubulin was used as loading control. (D) Caspase 3/7 activity assay in J82 LTT and T24 LTT upon treatment with 0.5 IC,, values
of quisinostat (Quisi), cisplatin (Cis), and combined treatment (Quisi+ Cis) after 72 h. The results were normalized to the amount of viable
cells measured with CellTiterGlo and are presented as percentage +SD (standard deviation). p-values are indicated as follows: *p <0.05;
**p<0.005; ***p<0.0005; n.s., non-significant; n=3. (E) Histograms showing the cell cycle distribution of J82 LTT and T24 LTT following
after 72h treatment with cell line-specific IC,; dosage of quisinostat, cisplatin, talazoparib as single agents and as combined treatment,
DMSO was used as control. Results of a representative experiment are shown. (F) Giemsa staining of the colony formation assay in J82

LTT and T24 LTT, after treatment with cell line-specific IC, dosage of quisinostat (Quisi), cisplatin (Cis), as single agents and as combined
treatment, DMSO was used as control. Results of a representative experiment are shown.

pre-treatment with low dosage of quisinostat (IC,;). Concurring with
our other data on the quisinostat induced sensecent-like state of
HBLAK cells, they responded significantly stronger to the combi-
nation than J82 (Figure S3E). Taken together, our results point to-
wards different mechanisms of response between UCC and benign
HBLAK.

3.4 | AQuisinostat synergises with cisplatin and
talazoparib in UCC

Since quisinostat alone has moderate effect on UCC and was shown
to induce an increase in the DSB marker yH2AX in UCC, combina-
tions with cisplatin and the PARP inhibitor talazoparib were tested to
optimize its therapeutic efficiency. Combining quisinostat with cis-
platin (Figure 3A,B) or talazoparib (Figure 3C,D) led to a significant
decrease in cellular metabolic activity compared to the single treat-
ments at low dose ratio in J82 and UM-UC-3. The Chou Talalay anal-
ysis (Figure 3B,D) revealed that quisinostat synergises with cisplatin
and talazoparib (Cl <1) in both cell lines. Additional tests in other
cell lines (VM-CUB1, T24, RT-112) indicated that both combinations
led to a similar decrease and synergism (Figure S5). Thus, combined
treatment with dosage below IC;, proved to be highly efficient.
Since dose reduction will be further beneficial for normal toxicity,
we performed further experiments with reduced dosage (0.5x1C,).

UM-UC-3 and J82 treated with both combined treatments
quisinostat/cisplatin and quisinostat/talazoparib at low dose pre-
sented a higher caspase 3/7 activity (Figure 3E,F) and an increase
in cleaved PARP (Figure 3G,H) compared to the single treatment,
demonstrating an increase in caspase dependent apoptosis with
combined treatments. yH2AX also increased with the combined
treatments (Figure 3l,J)). Annexin V stainings (Figure Sé) also
demonstrated an increase in the proportion of apoptopic cells
with the combinations compared to single treatments. Both com-
binations resulted in an accumulation of cells in G2/M phase
(Figure 4A,B). Additionally, a decrease in the long-term prolifer-
ation was observed after treatment with the combinations in J82
and UM-UC-3 (Figure 4C).

3.5 | Quisinostat synergises with cisplatin and
talazoparib in cisplatin-resistant sublines

As quisinostat was reported to restore chemosensitivity in vari-
ous cancers, we investigated the effect of quisinostat in cisplatin-
resistant UCC sublines (referred to as LTT). Three LTT with
different degrees of resistance to cisplatin were used: J82 LTT
(moderately resistant, cisplatin IC;,=26uM); T24 LTT (resistant,
cisplatin IC;y=72pM) and RT-112 LTT (highly resistant, cisplatin
IC5,=200puM). The IC;, of quisinostat for cisplatin-resistant cell
lines was determined: for J82, IC, is similar to its parental coun-
terpart (40nM), while it is lower in the T24 cisplatin-resistant sub-
line compared to the parental T24 (7nM in the LTT and 12.5nM
in the parental), and in RT-112 (6 nM in the LTT and 10nM in the
parental cell line). These doses induced an increase in acetylated
histone levels in LTT (Figure S7A,B).

Combined treatment with cisplatinin J82 LTT and T24 LTT demon-
strated that quisinostat also synergises with cisplatin in cisplatin-
resistant sublines already at low dose ratios, thus the dose of cisplatin
can be reduced when quisinostat is added (Figure 5A,B). In the RT-112
cisplatin-resistant subline, which is particularly resistant to cisplatin
(IC5,=200uM); however, no synergism was observed.

Further analyses at low dose ratio (0.5xIC,) in J82 and T24
LTT revealed an increase in cleaved PARP, yH2AX (Figure 5C), and
caspase 3/7 activity (Figure 5D) upon combined treatment. Cell
cycle and long-term proliferation were also affected with the combi-
nation quisinostat and cisplatin (Figure 5E,F).

Similar results were observed with the combination with tala-
zoparib (Figure 6A-E). This combination was also highly synergistic
in the cisplatin-resistant setting, strongly inhibited cell growth and

significantly induced apoptosis.
3.6 | Effect of the combination on normal toxicity
Both combinations were tested in normal cells (Figure 7). The

strong synergism of combined treatment in UCC was not observed
in HBLAK (Figure 7A,B). Further analyses in HBLAK indicated that
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FIGURE 6 Quisinostat sensitizes J82 LTT and T24 LTT to the PARP inhibitor talazoparib. (A) MTT assays curves representing cell viability
of the single and combined treatments with talazoparib 72 h post-treatment in J82LTT and T24LTT (+Standard deviation SD); n=4; (B)

Chou Talalay analysis of the combinations quisinostat/talazoparib Cl, combination index, Fa, fraction affected; Cl=1: additive effect; Cl >1:
antagonistic effect; Cl <1: synergistic effect; (C) Caspase 3/7 activity assay in J82 LTT and T24 LTT upon treatment with quisinostat (IC,;),
0.06 uM talazoparib, the combination of quisinostat and talazoparib. p-values of t-test results are indicated as follow: *p <0.05; **p <0.005;
***p <0.0005; n.s., non-significant; n=_3. (D) Giemsa staining of the colony formation assay for J82 LTT and T24 LTT, after treatment with cell
line-specific IC,; dosage of quisinostat (Quisi), talazoparib (Tala), as single agents and as combined treatment, DMSO was used as control.
Results of a representative experiment are shown. (E) Histograms showing the cell cycle distribution of J82 LTT and T24 LTT following a 72h
treatment with cell line-specific IC,, dosage of quisinostat, talazoparib as single agents and as combined treatment (Quisi + Tala), DMSO was
used as control. Results of a representative experiment are shown.
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there was no marked increase in cleaved PARP (Figure 7C) and
yH2AX (Figure 7D). Additional analysis with UM-UC-3 and J82 spe-
cific values at 0.5x1C,, revealed that there was neither a decrease
in MTT absorbance values with the combinations (Figure 7E,F) nor a
significant increase in caspase 3/7 activity (Figure 7G,H) in HBLAK.
The combinations were also well tolerated by the fibroblasts VHF2
as no strong decrease in MTT absorbance was observed when UM-
UC-3 and J82 specific values were used (Figure 71,J)). These results
demonstrate that synergistic combinations were tolerated by nor-

mal cells without additional toxicity.

4 | DISCUSSION

In this study, we evaluated the effect of the second generation
HDACI quisinostat in a panel of UCC representing the heterogeneity
of urothelial cancer as monotherapy and in combination with cispl-
atin or the PARP inhibitor talazoparib.

Previous studies in UCC!2*? indicated that HDACi such as ro-
midepsin and givinostat affected cell proliferation, proliferation
ability, cell cycle progression with a G2/M arrest and apoptosis.
Quisinostat is a second generation HDACi which was identified in
a screen for class | HDACi with enhanced pharmacodynamic profile
and was shown to inhibit cancer growth in different cancer types
(breast, ovarian, lung, prostate, colon, brain).18

UM-UC-3 and J82 responded strongly to quisinostat with in-
duction of caspase dependent apoptosis and accumulation of cells
in G2/M. UCC rather accumulate in G2/M since most of commonly
used UCC bear genetic alterations in cell cycle regulators.*®> HDACi
are indeed known to induce caspase-dependent cell death.***? The
apoptosis array identified underlying proteins affected in UM-UC-3
and J82. The level of the apolipoprotein clusterin, which is associ-
ated with resistance to apoptosis following HDACi treatment*® was
increased with quisinostat. The phosphorylated forms of p53 were
all downregulated, suggesting that the signalling pathways leading to
apoptosis do not function properly after quisinostat treatment. Of

3.4* The pro-

note, these cell lines present mutated version of TP5
apoptopic proteins HTRA and SMAC were induced by quisinostat
treatment, hinting that they mediate quisinostat induced-apoptosis.
Anti-apoptotic proteins Survivin, Claspin and XIAP were reduced
after 24 h treatment, but normalized after 72 h. In other cancer enti-
ties quisinostat had also been show to induce apoptosis by altering
the balance of pro- and anti-apoptotic proteins.*>*¢

Interestingly, normal cells (uroepithelial HBLAK and dermal fi-
broblastsVHF2) tolerated high doses of quisinostat; which could
be attributed to the genetic defects in cell cycle regulators present
in UCC but not in normal cells, allowing the latter to arrest prop-
erly in cell ycle to repair the damages caused by the HDAC.131%42
Concurringly, staining of DNA double-strand breaks revealed nu-
merous stained foci and enlarged nuclei in treated UCC after 16h
that remained after 72h. In contrast, in HBLAK increase in number
of positively stained cells by quisinostat compared to DMSO was

less prominent than in treated UCC. Also nuclear size seemed to be
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unaltered while overall cell size increased with higher dosage. DAPI
staining appeared less intensive in treated HBLAK. Altogether, this
suggests that some cells may acquire a senescence-like phenotype
after quisinostat treatment. Concurringly, levels of IL-6 secretion,
another senescence marker, was similarly increased 7days after
quisinostat treatment of HBLAK when compared with ionizing ra-
diation.*” Likewise, senescent-like cellular morphology looked com-
parable. Lastly, our experiments with a senolyticum after quisinostat
pre-treatment further support our hypothesis that HBLAK tolerate
quisinostat better than UCC since they acquire senescence charac-
teristics compared to UCC undergoing apoptosis.*8

The treatment induced senescence-like state of HBLAK ap-
peared to be reversible after washout. Thus, even though HBLAK
cells had increased B-galactosidase activity, they obviously did not
reach a permanently arrested state, which could be advantageous
regarding side toxicity. To our knowledge this study is the first re-
porting about impact of quisinostat on senescence characteristics.
We reported earlier about changes in p-galactosidase activity by
HDACIi romidepsin, givinostat and vorinostat.'? However, effects
induced by different HDACi may differ. While vorinostat is a pan-
HDAC inhibitor, romidepsin, givinostat and quisinostat target mainly
class | HDACs. Still, effects of class | HDACi may also differ. While
romidepsin mainly targets HDAC1 and 2, quisinostat is most potent
to target HDAC1. Concurring with differences in their isoenzyme
specificity, the difference between romidepsin and quisinostat can
also be explained by their effect on gene expression, which was
shown to differ in a recent study in gliomas.49 We also observed
overall differences in transcriptome of romidepsin and quisinostat
treated UC cell lines. One important difference is their impact on
DNA damage response signalling.

Generally, senescence may be one option for cellular response to in-
duced DNA damage.*® Since genetic alterations in cell cycle regulators
like p53, RB, and p16 that are related to senescence induction are very

common in UC cell lines,”**

these may be the reason why quisinostat
UC cells acquired less prominent characteristics of senescence.

Induction of DNA damage by quisinostat in cancer cells sug-
gested to test combinations with the DNA damaging compound
cisplatin or a PARP inhibitor affecting DNA damage repair. Other
HDACIi have shown promising results in combination with cytotoxic
agents targeting DNA (cisplatin, topoisomerase inhibitor) to enhance
cytotoxicity against cancer cells.’°=>® Previous preclinical studies
demonstrated that quisinostat was an appropriate combination part-
ner for CDKi in melanoma, doxorubicin in breast cancer, cisplatin in
lung cancer, and bortezomib in synovial sarcoma.?”>4-5¢

Here, we report for UCC that quisinostat could be combined with
cisplatin or with the PARP inhibitor talazoparib to amplify its cyto-
toxic effect, resulting in a higher proportion of cell death with re-
duced dosages. Synergism was even observed in cisplatin-resistant
LTTs, suggesting that these combinations could also be interesting
options to tackle acquired resistance. Enhanced effect of HDACi and
cisplatin has been attributed to decompaction of chromatin induced
by HDACI, enabling it to be accessible for more cisplatin-induced
damages.57 Additionally, we observed that quisinostat led to an
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FIGURE 7 Effects of the combinations in normal cell lines. (A, B) MTT assays curves as a surrogate for cell viability of the single and
combined treatments with cisplatin and talazoparib 72 h post-treatment in HBLAK (+ standard deviation SD) with HBLAK specific values
(IC5q used for: quisinostat 15nM, cisplatin 4 M, talazoparib 1pM); n=4. (C) Western blots showing the apoptotic marker cleaved PARP

and total PARP in HBLAK treated with IC,; dosage of quisinostat, cisplatin, talazoparib, and combined treatment after 72h. a-tubulin

was used as loading control. (D) Western blots for yH2AX in HBLAK treated with IC,. dosage of quisinostat, cisplatin, talazoparib, and
combined treatment after 72 h. a-tubulin was used as loading control. The respective IC; of the cell lines were used. Romi: romidepsin;
Quisi: quisinostat. (E) Bar graph presenting the cell viability of HBLAK as relative absorbance (%) upon 72 h treatment (Quisi, quisinostat; Cis,
cisplatin; Q+C, quisinostat +cisplatin) with 0.5 x1C values specific to UM-UC-3. (F) Bar graph presenting metabolic activity as a surrogate
for cell viability of HBLAK as relative absorbance (%) upon 72 h treatment (Quisi, quisinostat; Cis, cisplatin; Q+ C: quisinostat+cisplatin)

with 0.5 x1C, values specific to J82; n=4. (G) Caspase 3/7 activity assay in HBLAK upon 72 h treatment with 6.25nM quisinostat, 2pM
cisplatin and the combination of quisinostat and cisplatin. (H) Caspase 3/7 activity assay in HBLAK upon treatment with 6.25nM quisinostat,
0.5uM talazoparib, the combination of quisinostat and talazoparib. p-values of t-test results are indicated as follows: *p <0.05; **p <0.005;
***p <0.0005; n.s., non-significant; n=3. (I, J) MTT assay curves of the single and combined treatments with cisplatin and talazoparib in
VHF2 72h post-treatment with UM-UC-3 specific values (I) and J82 specific values (J); n=4.

increase in the DNA double strand break marker yH2AX, suggest-
ing that it could induce DNA damage adding to the amount of DNA
damage when combined with cisplatin.®

The PARP inhibitor talazoparib functions by trapping PARP1 to
the DNA, preventing PARylation, DNA repair and replication.>® We
observed that the combination of quisinostat and talazoparib was
synergistic at low dose ratio, accompanied by disturbance of cell
cycle, increased caspase-dependent apoptosis and yH2AX. Other
studies demonstrated that addition of the PARPi olaparib to the
pan-HDACi SAHA improved the efficiency of the single treatment,
leading to impeded cell cycle and a downregulation of key proteins
involved in DNA damage repair (BRCA1, RAD51).

In conclusion, our promising results recommend combination of
quisinostat with cisplatin or talazoparib as new treatment options
for UC. These combinations were also efficient in cisplatin-resistant
cell lines and may thus have a potential to tackle chemoresistance in
urothelial cancer. Application of the combined treatment to normal

cells suggested low normal toxicity.
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