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Abstract

Purpose: Cisplatin based chemotherapy regimens form the basis of systemic bladder cancer
treatment, although they show limited response rates and efficacy. Recent molecular analysis of
bladder cancer revealed a high incidence of mutations in chromatin regulatory genes, suggesting a
therapeutic avenue for histone deacetylase inhibitors. We investigated the ability of the novel
histone deacetylase inhibitor AR-42 to synergize with cisplatin in preclinical models of bladder
cancer.

Materials and Methods: We assessed the ability of the pan-histone deacetylase inhibitor
AR-42 with and without cisplatin to destroy bladder cancer cells by survival and apoptosis assays
in vitro, and by growth and differentiation in an in vivo xenograft model. We also assessed the
response to the bladder cancer stem cell population by examining the effect of AR-42 on the
CD44*CD49f* population with and without cisplatin. Synergy was calculated using combination
indexes.

Results: The AR-42 and cisplatin combination synergistically destroyed bladder cancer cells via
apoptosis and it influenced tumor growth and differentiation in vivo. When tested in the
CD44*CD49f* bladder cancer stem cell population, AR-42 showed greater efficacy with and
without cisplatin.

Conclusions: AR-42 may be an attractive novel histone deacetylase inhibitor with activity
against bladder cancer. Its efficacy in bladder cancer stem cells and synergy with cisplatin warrant
further clinical investigation. Our in vitro and animal model studies provide preclinical evidence
that AR-42 may be administered in conjunction with cisplatin based chemotherapy to improve the
treatment of bladder cancer in patients.
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Bladder cancer affects more than 54,000 men and 17,000 women in the United States
annually, making it the fourth most common cancer in men and the ninth most common
cancer in women.! Primary chemotherapy is the mainstay of locally advanced and metastatic
disease while neoadjuvant chemotherapy is indicated for muscle invasive urothelial
carcinoma before radical cystectomy. Since its approval by the FDA (Food and Drug
Administration) in 1978, platinum containing chemotherapeutic cis-
diamminedichloroplatinum, or cisplatin, has formed the backbone of primary bladder cancer
regimens in combination with methotrexate, vinblastine and doxorubicin or gemcitabine, in
part through its ability to induce apoptosis.2 Limitations of cisplatin based therapy for
bladder cancer reflect its limited response rate (40% to 50%) as well as its dose limiting
nephrotoxicity and neurotoxicity.3

Histone acetylation and deacetylation have a critical role in chromatin formation and gene
regulation. Histone acetylation relaxes the chromatin structure into transcriptionally active
euchromatin while the opposing effect occurs upon deacetylation. HDAC inhibitors
represent a class of compounds that disrupts the function of histone deacetylases, of which
there are 4 classes and more than 11 sub-types. HDAC inhibitor function leads to the hyper-
acetylation of histone as well as nonhistone proteins.* Recently interest has focused on the
antitumor ability of HDAC inhibitors to interfere with cancer cell proliferation through
mechanisms such as cell cycle arrest, apoptosis and the induction of cellular differentiation.
Currently the HDAC inhibitors vorinostat and romidepsin are approved as treatment of
cutaneous T-cell lymphoma.®”

Bladder cancer is an attractive disease for the use of HDAC inhibitors. Chromatin structure
modulation may be a critical step in bladder cancer progression because increased
expression of HDAC-1 and 2 is linked to high grade noninvasive urothelial carcinoma. Data
from TCGA (The Cancer Genome Atlas) revealed that 76% of the bladder tumors analyzed
had an inactivating mutation in at least 1 chromatin regulatory gene.8:2 In previous studies
using VA, TSA and belinostat the bladder cancer cell lines were inhibited through cell cycle
blockade, induction of apoptosis and reduced tumor growth in in vivo bladder cancer
models.10-13 This suggests the possibility that HDAC inhibitors may synergize with the
apoptotic effects of cisplatin and potentially increase clinical efficacy and the overall
response rate.

AR-42 isaclass | (HDAC 1, 2, 3 and 8) and class Ilb (HDAC 6 and 10) HDAC inhibitor
with activity against multiple cancer types, including chronic lymphocytic and acute
myeloid leukemia, B-cell lymphoma, prostate and ovarian cancer, and human glioma cells.14
In fact AR-42 has the distinct ability to target leukemic stem cells while preserving normal
hematopoietic stem and progenitor cells. Although it is a phenylbutyrate derivative, AR-42
shows increased activity even at sub pM concentrations.1> AR-42 is currently being
evaluated in phase I/lla clinical trials for hematological malignancies (unpublished data).

We provide essential preclinical data on the potential efficacy of AR-42 in bladder cancer.
We hypothesized that the therapeutic ability of AR-42 against bladder cancer would be
enhanced by synergy with cisplatin in vitro and in vivo.
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MATERIALS AND METHODS

Bladder Cancer Cell Lines

The 2 human urothelial carcinoma cell lines SW780 (CRL-2169) and HT1376 (CRL-1472,
ATCC®) were maintained as monolayer cultures in RPMI 1640 with L-glutamine
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.

Flow Cytometry

Cells stained with anti-CD44 (559942/550989), anti-CD49f (555735) and isotype controls
were analyzed on the LSR II flow cytometer (BD™). CD44+*CD49f* cells were sorted using
the FACSAria™ cell sorter.

In Vitro Drug Viability Assay

SW780 and HT1376 cells cultured in 96-well plates at 5,000 per well were treated in
triplicate for 48 hours with a titration of cisplatin and 1 of 4 HDAC inhibitors, including
AR-42, NaB (303410-5G), VA (P4543-10G, Sigma-Aldrich®) and TSA (9950S, Cell
Signaling Technology®). At 48 hours MTT was added. The preparations were incubated for
2 hours at 37C, dissolved in dimethyl sulfoxide and quantitated against a standard curve
using an Infinite® M1000 Pro spectrophotometer.

On combination drug assays cisplatin was titrated with individual HDAC inhibitors at a
constant ratio based on the 1C5q concentration of each drug. The ratio of cisplatin to the
HDAC inhibitors AR-42, NaB, VA and TSA was 5:1, 1:75, 1:75 and 80:1, respectively.

Time course combinations were performed using certain treatment regimens during 48
hours, including 1) cisplatin and AR-42 for 0 to 24 hours, 2) cisplatin and AR-42 for 24 to
48 hours, 3) cisplatin for 0 to 24 hours and AR-42 for 24 to 48 hours, and 4) AR-42 for 0 to
24 hours and cisplatin for 24 to 48 hours. All cells were washed and plated with fresh
treatments or medium at the 24-hour mark.

In Vivo Tumor Model and Therapy

Total SW780 cells or a sorted CD44*CD49f* fraction of SW780 cells were combined with
human fetal bladder mesenchyma in a 1:10 ratio, mixed with Matrigel™ in a 1:1 ratio and
subcutaneously implanted in NSG mice.18 At the onset of a palpable tumor on day 15
treatments were started in 1 of 4 groups, including 1) vehicle control, 2) 50 mg/kg AR-42
intraperitoneally 3 times per week, 3) 1.5 mg/kg cisplatin intraperitoneally weekly and 4)
combined AR-42 and cisplatin. Tumor size was measured and tumor volume was estimated
by multiplying width, length and depth by a factor of 0.4. The mice were sacrificed and the
tumors were weighed and fixed in formalin.

Histology and Immunohistochemistry

Representative formalin fixed, paraffin embedded tissues were sectioned at 0.4 pum.
Histology was assessed after hematoxylin and eosin staining. Immunohistochemistry was
performed on sections that were deparaffinized and rehydrated, and then blocked for 1 hour
in 5% bovine serum albumin and 5% goat serum in phosphate buffered saline. Sections were
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stained with CKS5 at 1:5,000 (ab53121, Abcam®) and CK20 at 1:300 (M7019, Dako™)
followed by incubation with biotinylated goat anti-rabbit or goat anti-mouse secondary
antibodies at 1:750 using an avidin-biotin complex kit (Mector Laboratories, Burlingame,
California). Sections were developed with streptavidin conjugated horseradish peroxidase
and substrate, counterstained with hematoxylin, and dehydrated and mounted with
Cytoseal ™ 60. Images were assessed by light microscopy using an Axio Imager 2 (Carl
Zeiss Microscopy, Thornwood, New York) and quantitated by the percent stained in deciles
per high power field (400x).

Apoptosis Assay

Statistics

RESULTS

To assay the apoptosis rate SW780 monolayer cells were treated with IC75 doses of 20 UM
cisplatin and/or 5 uM AR-42 for 24 hours. Apoptosis was assessed by flow cytometry on the
LSR 11 device using annexin V and PI staining with the Apoptosis Assay Kit (Biotium,
Hayward, California) according to manufacturer instructions. We identified live cells by
negative staining for annexin V and PI, early apoptotic cells by positive staining for annexin
V but negative staining for PI, and late apoptotic cells by positive staining for annexin V and
PI.

One-way and 2-way ANOVA, and post hoc analysis were performed for group comparisons.
Log transformations were done for tumor volume to improve normality. 1Csq values of
single drug treatments were calculated using CalcuSyn 2.1 (Biosoft®). The Cl was
calculated for each combination drug treatment at 1Csq, 1C75 and 1Cgq points using
CalcuSyn, version 2.1. Cl less than 1.0 indicates synergistic interaction between drugs,
values around 1.0 indicate an additive relationship and values greater than 1.0 reflect an
antagonistic interaction.

Bladder Cancer Cell Susceptibility to HDAC Inhibition

To test SW780 and HT1376 cell sensitivity to cisplatin and HDAC inhibition the cells were
treated with a titration of cisplatin or one of the 4 HDAC inhibitors AR-42, NaB, VA or
TSA. Cells were assessed for viability and 1Csq was calculated (fig. 1, A). SW780 cells
appeared more sensitive to all agents than HT1376 cells, which could have been due in part
to the source of the cell lines. SW780 cells were derived from a low grade tumor while
HT1376 cells were derived from a high grade tumor, potentially explaining the decreased
drug sensitivity. The ICsq concentrations of NaB and VA showed significantly greater
minimum effective doses than those of AR-42 and TSA, potentially limiting efficacy in vivo

(fig. 1, B).

Synergy between Cisplatin and HDAC Inhibitors

We next investigated combination treatment with cisplatin and each of the HDAC inhibitors
to explore synergistic effects on cell viability (fig. 2, A). Cisplatin plus AR-42 and cisplatin
plus NaB showed synergy at ICgg and 1Cqq dose levels as determined by combination index
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calculations and visualized in isobolograms (fig. 2, B). Cisplatin plus VA and cisplatin plus
TSA showed synergy at ICsq but not at 1Cqq doses (see table).

Cancer Stem Cell Population More Sensitive to Combined Cisplatin and AR-42

Cancer stem cells are more chemotherapy resistant.1” Because AR-42 had efficacy in
leukemic stem cells,14 we assessed the response of AR-42 against bladder cancer stem cell
populations. We analyzed SW780 cells by flow cytometry using the expression of CD44 and
CDA49f, which are surface markers characteristic of bladder cancer stem cells.18 This
established that approximately a third of the SW780 monolayer populations were
CD44*CD49f*. To examine whether AR-42 had higher affinity to target the bladder cancer
stem cell population SW780 cells were treated with cisplatin, AR-42 and cisplatin plus
AR-42 at 1C75 concentrations. Flow cytometry was then done to examine the expression of
stem cell surface markers in surviving populations. The percent of CD44*CDA49f" cells
remained similar at 27% to 30% after cisplatin treatment but the percent of CD44+*CD49f*
cells decreased significantly after treatment with AR-42 alone and combined with cisplatin
(fig. 3). This suggests that compared to cisplatin alone AR-42 may increase the
susceptibility of the bladder cancer stem cell population to treatment.

In Vivo AR-42 Decreased Tumor Growth

To examine the effects of cisplatin and AR-42 on bladder cancer in vivo growth and
differentiation we treated NSG mice implanted with a subcutaneous xenograft consisting of
SW780 cells combined with fetal bladder mesenchymal cells. The cisplatin plus AR-42
combination led to a decreased rate of tumor growth and reduced tumor size with a
significant decrease in tumor volume after combined treatment vs treatment with AR-42 or
cisplatin alone (fig. 4, A). To test the effects of treatment in the cancer stem cell population
we sorted SW780 cells and implanted the same number of CD44*CD49f* fraction cells with
fetal bladder mesenchyma. Compared to tumors derived from wild-type SW780 cells the
CD44*CD49f* SW780 tumors grew larger but were more sensitive to AR-42 treatment.
Cisplatin plus AR-42 significantly decreased tumor growth compared to treatment with
AR-42 or cisplatin alone (fig. 4, B).

We examined tumor differentiation by staining with basal CK (CK5) and luminal CK
(CK20). Changes in tumor differentiation significantly differed between cisplatin only and
cisplatin plus AR-42 treatment in tumors derived from native SW780 cells and from the
CD44*CD49f* fraction of SW780 cells. Adding AR-42 decreased basal cell expression, as
shown by CK5 staining, and increased luminal cell expression, as characterized by CK20
staining. This suggests that AR-42 treatment may lead to more tumor differentiation than
that of untreated or cisplatin treated tumors (fig. 4, O).

Cisplatin and AR-42

Combination Enhanced Apoptosis.—To evaluate the effects of combined cisplatin and
AR-42 in apoptosis induction we examined apoptotic activity using a flow cytometry based
assay. We found increased apoptosis in the combination treated population compared to that
in cells treated with AR-42 or cisplatin alone (fig. 5, A).
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No Difference in Sequence.—Clinically the sequence of combination drug delivery may
be important and affect the synergic effects. Thus, we performed in vitro studies to test
differences in cell viability based on the sequence of cisplatin and AR-42 administration.
During 48 hours concurrent administration in the first or second half of the treatment period
yielded no difference in cell viability compared to treatments with 1 drug administered in the
first 24 hours followed by the second drug in the next 24 hours (fig. 5, B). This finding
suggests that the mechanism of synergy between cisplatin and AR-42 is not sequence
dependent.

DISCUSSION

Bladder cancer treatments have remained essentially unchanged for decades with limited
patient options. Cisplatin forms the basis of bladder cancer chemotherapy but it is limited by
its efficacy and toxicity. However, recent understanding of its molecular subtypes, molecular
targets and widespread development of novel immune and targeted therapies, such as those
targeting the PD-1/PDL-1 axis, are encouraging and have made inroads in bladder cancer
therapy.9:19.20

VA combined with cisplatin in bladder cancer cell lines previously demonstrated the
synergistic effects of HDAC inhibitors.221 However, a phase |1 trial of VA in prostate cancer
revealed significant neurotoxicity whether administered intravenously or orally.22 TSA
remains in preclinical development and NaB requires a mM concentration to achieve a
measurable response. Because AR-42 has shown efficacy for multiple cancers, including
cancer stem cells in particular,14 we chose it as a promising HDAC inhibitor for analysis. To
our knowledge we report for the first time that the novel HDAC inhibitor AR-42 synergizes
with cisplatin against bladder cancer cells in vitro and in an in vivo tumor model.

Bladder cancer stem cells, which are marked by the surface markers CD44* and CD49f*,
represent a hierarchical organization of cells that can reconstitute all cell types of a specific
tumor.18 Their resistance to chemotherapy may explain recurrence after latency periods.
Studies suggest that more poorly differentiated tumors, which are marked by the basal
surface markers CK14*CK5* and the surface marker profile CD90*CD44*CD49f*, have a
worse prognosis than less differentiated luminal subtypes that express luminal CK (CK20%)
and the associated surface markers CD90~CD44-CD49f*.23 These subtypes were validated
in large-scale analyses of patient expression patterns.-19

The efficacy of HDAC inhibitors in stem cells is supported by recent evidence showing that
HDAC-1 and 2 may be critical in embryonic stem cell self-renewal, in part by maintaining
expression of the transcription factors Oct4, Nanog, Esrrb and Rex1.1424 AR-42 previously
showed efficacy for specifically targeting leukemic stem cells.24 Our results suggest that
AR-42 has improved ability to destroy the CD44+*CD49f* population of bladder cancer cells
compared to cisplatin. Treatment with combined AR-42 and cisplatin may lead to more
differentiated and, therefore, less aggressive tumors.

Study limitations include the use of bladder cell lines as a surrogate for evaluating primary
bladder cancer. The subcutaneous model may also not reflect the bladder microenvironment.
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However, we noted inconsistencies in generating orthotopic xenografts using human bladder
cancer cell lines compared to our established murine models and the subcutaneous model
facilitated the measurement of tumor growth. To our knowledge the potential targets of
AR-42 to nonhistone proteins has not been addressed. An important future direction is to
explore its mechanisms and expand the understanding of bladder cancer biology. Reports of
HDAC inhibitors mediating autophagy and the potential inhibition of autophagy by cisplatin
in melanoma cells must also be explored.2526

CONCLUSIONS

In our objective to provide a preclinical analysis of the efficacy of AR-42 in bladder cancer
we identified the ability of AR-42 to synergize with cisplatin to augment the destruction of
bladder cancer cells in vitro and in vivo, and preferentially target the cancer stem cell
population. This synergistic effect may not only improve cisplatin efficacy but also improve
its overall response rate or allow for a lower cisplatin dose to be used. This remains a subject
of future study. Whether these observations translate clinically to long-term durable
responses must be tested in future clinical trials. In the future we may select the use and
sequence of novel therapies for bladder cancer based on molecular and genetic markers.
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Cl combination index
CK cytokeratin
HDAC histone deacetylase
ICso percent of maximal inhibitory concentration
NaB sodium butyrate
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PI propidium iodide
TSA trichostatin A
VA valproic acid
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Figure 1.

Viability according to MTT incorporation in SW780 and HT1376 cells treated for 48 hours
with titrated doses of single cisplatin and HDAC inhibitor drugs (A). Dashed horizontal lines
indicate 1Csq (Conc). Data represent mean of triplicate preparations and represent 3
independent experiments. Bars indicate SD. Calculated ICsq concentrations (B). uM, UM.
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Page 11

Cisplatin synergized with HDAC inhibitors, including novel broad-spectrum classes | and 2b
HDAC inhibitor AR-42. Cisplatin was combined with AR-42, NaB, VA and TSA at ratio of
5:1, 1:75, 1:75 and 80:1, respectively, as determined by each ICsq (Coric) (A). Viability was
measured by MTT incorporation in SW780 and HT1376 cells treated for 48 hours. Green

curves represent combined therapies. Blue curves represent cisplatin alone. Red curves

indicate HDAC inhibitor alone. Data represent mean of triplicate presentations and represent
3 independent experiments. Bars indicate SD. Isobolograms created with CalcuSyn show
relationship of cisplatin and each HDAC inhibitor in SW780 cells (8). Combination data
points on diagonal, lower left and upper right indicate additive, synergistic and antagonistic

effects, respectively.
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163.9

27.2

Cisplatin and AR-42 combination decreased CD44*CD49f* population. SW780 cells treated
with indicated doses of cisplatin and AR-42 to achieve approximately 1C;5 doses were
examined by flow cytometry to assess CD44 and CD49f expression in surviving population.
Higher 2 UM AR-42 dose was combined with cisplatin to evaluate dose response. Data
represent 3 independent experiments. MF/, median fluorescence intensity. Asterisk indicates
CD44*CD49f* cell group comparisons statistically significantly different (1-way ANOVA p

<0.05).
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Figure 4.

In vivo combined cisplatin and AR-42 decreased tumor size relative to single treatment or
untreated tumors in NSG mice implanted with unsorted (A) or CD44*CD49f* enriched (5)
SW780 cells mixed with fetal bladder mesenchymal cells in Matrigel suspension.
Treatments began on day 15 after palpable tumor first presented. Curves indicate mean of 6
tumors. Bars indicate SEM. Asterisk indicates statistically significant (2-way ANOVA p
<0.05). Representative unsorted and CD44*CD49f* enriched tumors (C). CK5 and CK20
staining, reduced from x400. Ci/s, cisplatin. Columns indicate mean of percent positive
staining cells in 4 representative sections at 400x magnification. Bars indicate SD. Asterisk
indicates statistically significant (1-way ANOVA p <0.05).
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Figureb.

SW780 cells treated with cisplatin (Crs), AR-42 (AR) or cisplatin plus AR-42 for 24 hours

showed enhanced apoptosis on annexin V and Pl staining

followed by flow cytometry (A).

Annexin V*PI~ cells were considered early apoptotic cells (blue bars). Annexin V*PI* cells
were considered late apoptotic cells (red bars). Live cells were unstained (green bars). Ctr/,
control. Single asterisk indicates statistical significance between all populations and other
treatment groups (1-way ANOVA p <0.05). Double asterisks indicate statistical significance
between all populations and other treatment groups except early apoptotic cells between
AR-42 and AR-42 plus cisplatin (1-way ANOVA p <0.05). SW780 cells were treated with

varying cisplatin and AR-42 concentrations for 48 hours (
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incorporation. Curves indicate mean of triplicate preparations and represent 2 independent
experiments (not significant according to 1-way ANOVA p <0.05).
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Cl of cisplatin plus AR-42, NaB, VA or TSA in SW780 and HT1376 cells by IC

Cisplatin N N
Combination (dose) SW780 Cl HT1376 CI
AR-42:

1Cso 0.581 0.376

1Cgqo 0.419 0.709
NaB:

1Cs 0.229 0.871

1Cqo 0.629 0.988
VA:

I1Cso 0.728 0.981

1Cqg 1.021 5.566
TSA:

I1Cso 0.685 0.764

ICqo 1.431 3.957

*
Value less than 1 indicates synergy.
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