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Histone deacetylase 6 inhibition in urothelial cancer as
a potential new strategy for cancer treatment
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Abstract. Histone deacetylases (HDACs) are enzymes that
remove acetyl groups from histones and have attracted attention
as potential targets for cancer therapy. Several small molecule
inhibitors have been developed to target HDACs; however,
clinical trials of pan-HDAC inhibitors have found these types
of inhibitors to be inefficient and to be relatively highly toxic.
In the present study, the role of one HDAC isozyme, HDACS6,
in urothelial cancer was investigated. Protein expression levels
and subcellular localization of HDAC6 was identified in surgi-
cally resected bladder tumors using immunohistochemistry.
The antitumor effects of 12 small molecule HDAC6 inhibitors
were also examined in vitro using cultured urothelial cancer
cells. The HDACG inhibitors decreased cell viability, with ICs,
values in the low yM range, as low as 2.20 uM. HDACi D, E
and F had the lowest ICs, values. HDAC6 has been previously
reported to regulate programmed death-ligand 1 (PD-L1) and
PD-L1 expression was found to be a predictor of decreased
overall survival time. There was no association between
the protein expression level of HDAC6 and PD-L1 in tumor
tissues; however, HDAC6 inhibition by specific small molecule
inhibitors resulted in decreased expression levels of membra-
nous PD-L1 in cultured urothelial cancer cell lines. The results
suggested that inhibition of HDAC6 could be a promising
novel approach for the treatment of urothelial cancer.
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Introduction

Bladder cancer is the second most common malignancy
involving the urinary system (1) following prostate cancer. An
estimated 549,393 new cases of bladder cancer were diagnosed
in 2018 worldwide, making it the ninth most common type
of cancer (2). Among the different types of bladder cancer,
urothelial cancer (UC) is the predominant histological subtype
in developed countries, accounting for 90% of all cases (3).
Since the 1980s, methotrexate, vinblastine, doxorubicin, and
cisplatin (M-VAC) have been used as standard chemotherapy
treatments for metastatic urothelial cancer (4). Gemcitabine
and cisplatin (GC) chemotherapy, which was introduced in the
late 1990s (5), does not provide an overall survival advantage
over M-VAC (6). These therapies are not curative and the
median survival time of patients with metastatic disease was
only ~13 months in the 1980s (4) and has not improved in the
1990s (7). Identification of new therapeutic targets is thus
warranted for patients with metastatic UC. Histone deacety-
lase (HDAC) inhibition has been proposed as one alternative
strategy for treatment of UC (8).

Histone acetylation and deacetylation are key processes
of the epigenetic machinery that regulates gene expression.
Increased levels of histone acetylation have been associated
with increased transcriptional activity and decreased levels
of acetylation have been associated with repression of gene
expression (9). HDACs remove acetyl groups from lysine
residues on histones, and 18 human HDACsS, belonging to
various classes of classic HDAC and SIR2 families, have been
identified (10,11). HDACs are located in different subcellular
compartments, such as the nucleus, cytoplasm, and mitochon-
dria (12), are included in the transcription suppression complex,
and recruitment of HDACS suppresses transcription of specific
genes in cancer cells, such as p21, Bax and TGF-fRII (12).
Thus, HDAC inhibition has been proposed as a strategy for
the treatment of cancer (13). Several small molecule HDAC
inhibitors have been developed and are generally classified
as hydroxamates, benzamides, tetrapeptides/depsipeptides, or
sirtuin inhibitors (14-16). Hematological malignancies, such as
lymphoma, multiple myeloma, myelodysplastic syndrome and
acute leukemia, have shown promising responses to HDAC
inhibitors and 4 HDAC inhibitors (vorinostat, panobinostat,
romidepsin and belinostat) have been approved by the United
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States Food and Drug Administration for the treatment of
hematological malignancies (17,18). A high number of clinical
trials, using structurally dissimilar pan-HDAC inhibitors,
in solid tumors, as single agents or in combinations, are
underway (13); however, these inhibitors have been ineffective.
Furthermore, pan-HDAC inhibitors have been found to exhibit
several significant dose-limiting toxicities (DLT) in clinical
trials compared with that in other epigenetic agents, such as
inhibitors of DNA methyltransferases (15,19). In particular,
HDAC inhibitors have been associated with serious cardiotox-
icities (19,20), as well as other common high-grade adverse
events, such as hematological and gastrointestinal toxicities
and fatigue/asthenia (15,19). Application of selective HDAC
inhibitors might reduce the toxicity associated with broad
inhibition of multiple HDAC family members and unwanted
off-target effects of pan-HDAC inhibitors.

Class IIB HDACSs, which include HDAC6 and HDACIO,
are predominantly localized in the cytoplasm, control-
ling non-histone acetylation, but can also be found in the
nucleus (15,21). HDACS is the largest of the HDACs and its
structure differs from that of other members of the family,
suggesting its early separation from other HDACs (21).Itharbors
dual deacetylase domains and a C-terminal ubiquitin-binding
motif (21). HDACG6 has multiple nuclear and cytoplasmic
targets and is involved in various physiological and disease
processes, such as antigen presentation, cell migration and cell
survival (22). HDAC6 also regulates the stability of various
proteins, including a-tubulin, cortactin, HSP90, 3-catenin and
survivin, via the ubiquitin/proteasome system (23). It controls
numerous important biological processes, including cell
migration and regulation of the cytoskeleton through deacety-
lation of a-tubulin (24), cell-cell interactions and degradation
of misfolded proteins (25). It has been reported that HDAC6
promotes the migration and invasion of bladder cancer cells
by targeting the cytoskeletal protein, cortactin (26). In addi-
tion, HDAC6 supports progression through the cell cycle
by interacting with Aurora kinases (27) and is involved in
oncogenesis, by controlling endocytosis of oncogenic recep-
tors, such as the epidermal growth factor receptor (28). It has
also been reported that inhibition or depletion of HDAC6
suppresses PD-L1 expression via STAT3 (29). Thus, HDAC6
inhibition might sensitize tumor cells to the host immune
response and several selective HDACG6 inhibitors have been
synthesized (10).

In published expression array data (30), HDAC6 expres-
sion was either upregulated or unchanged in bladder cancer
compared with that in benign controls. Furthermore, mRNA
and protein HDACG6 expression has been confirmed in eight
cultured UC cell lines using reverse transcription-quantitative
PCR and western blot analysis (30). The expression of HDAC6
mRNA varies in different types of cancer tissues, and it
remains unclear whether HDAC6 levels are elevated in UC
and whether they are associated with clinicopathological
characteristics and survival. In the present study, the protein
expression level of HDAC6 in cultured UC cell lines was
determined using western blot analysis and in bladder cancer
specimens using immunohistochemistry (IHC). UC cells were
treated with a panel of 12 small molecule HDACG6 inhibitors
and a dose-dependent decrease in cancer cell proliferation
was found using MTS assay with ICs, in the low M range.

Therefore, HDACG6 inhibition, using small molecule inhibitors
could be a novel promising strategy for UC treatment.

Materials and methods

Patients and THC. The present study was approved by the
Ethical Committee of Niigata University (Institutional review
board no. 2169) and consent to participate in the study was
obtained using the opt-out method. A total of 97 UC surgical
specimens and paired normal urothelium tissues (=1 cm from
the tumor) from 80 sequential patients (43 patients with soli-
tary tumors and 37 patients with multiple tumors, from which
a total of 54 tumors were used) who underwent transurethral
resection of bladder tumor for BT at the Niigata University
Hospital between January 2013 and March 2015 were included
in the present study. A total of 59 patients had primary tumors
and 38 patients had recurrent tumors. None of the patients
had lymph node or distant metastasis (negative M status).
The maximum follow-up period was 70 months (median,
46 months). Follow up data is missing for some patients
who dropped out from follow-up and therefore the number
of patients in the survival analysis is lower than that of total
patients. Clinical characteristics are presented in Table I. The
tumors were fixed in 10% buffered formalin and embedded
in paraffin, and ID numbers were allocated to the samples
for anonymity. Paraffin sections were routinely stained with
hematoxylin and eosin, and pathological diagnoses of UC
were made, according to the Union for International Cancer
Control (UICC) TNM classification of malignant tumors (31),
and pathological grades were assigned according to a system
developed in 1997 by the Japanese Urological Association in
1997 on the basis of UICC criteria (32). The tissue microar-
rays, BL241a (BTs; 24 cores from 10 cases) and KD483 (48
cores from 48 cases; 13 cases were upper urinary tract UC)
were purchased from US Biomax, Inc.

The HDAC6 rabbit monoclonal antibody (D2ES; dilution
1:1,000) and the PD-L1 rabbit monoclonal antibody (EI1L3N;
dilution 1:200) (both Cell Signaling Technology, Inc.) were
used for THC analyses. IHC staining was performed as
described previously (33). For each stain, two, 5-ym thick
paraffin sections from different parts of each tumor, repre-
sentative of the entire tumor, were mounted on silanized glass
slides (Dako; Agilent Technologies, Inc.). After deparaffina-
tion and re-hydration, epitopes were reactivated by autoclaving
sections in 10 mM citric buffer (pH 6.0) for 10 min. The slides
were incubated with the primary antibodies for 1 h, at ambient
temperature in a moist chamber. After washing with PBS,
bound antibody was detected using the peroxidase method
and the Histofine® simple stain MAX-PO (MULTT; Nichirei
Corporation). The staining reaction was developed using
3,3'-diaminobenzidine in the presence of hydrogen peroxide
for 10 min at room temperature. Nuclear counterstaining was
performed using hematoxylin for 10 min at room temperature.
Positive and negative controls were included in each staining
series. Normal kidney and normal human placenta tissues
served as positive controls for HDAC6 and PD-L1, respectively.
The results were observed using an Olympus BX50 microscope
equipped with an Olympus DP20 digital microscope camera.
All slides were evaluated for immunostaining in a blinded
manner. There were no inter- or intra-sample fluctuations
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Table I. Analysis of HDACH staining patterns with various clinicopathological characteristics and PD-L1 status.

HDACS6 expression
Clinicopathological
characteristic Total Nuclear Nuc+cyt Cytoplasmic Negative
Total (%) 97 5.2 36 (37.1) 54 (55.7) 2(2.1)
T stage, n (%)
pTa 52 4(7.7) 21 (40.4) 27 (51.9) 0(0.0)
pT1 25 1(4.0) 8(32.0) 14 (56) 2(8.0)
>pT2 14 0(0.0) 4 (28.6) 10 (71.4) 0(0.0)
Tis 6 0(0.0) 3(50.0) 3(50.0) 0(0.0)
Grade, n (%)
Low 31 2(6.4) 13 (41.9) 16 (51.6) 0 (0.0)
High 66 3(4.6) 23 (34.8) 38 (57.6) 23.0)
PD-L1,n (%)
Negative 54 4(74) 18 (33.3) 31(574) 1(1.9)
Positive 43 1(2.3) 18 (41.9) 23 (53.5) 1(2.3)

Nuc, nuclear; cyt, cytoplasmic; PD-L1, programmed death-ligand 1; HDAC, histone deacetylase.

in staining intensity. IHC evaluation was performed by two
medical doctors trained in pathology blinded to the clinical
data, with complete observer agreement. HDAC-6 immuno-
reactivity was scored according to the percentage of positive
tumor cells (0, negative; 1, 0-4; 2, 5-24; 2, 25-49; 3, 50-100%
of cells positive), and intensity (0, negative; 1, mild; 2, interme-
diate; 3, intense) (34). The HDAC THC scores were calculated
by multiplying intensity and percentage scores. The expression
level of HDAC-6 was classified as low if the total score was <2
and high if the total score was =3. PD-L1 immunostaining was
reported as positive if >1% of all tumor cells presented with
any membrane PD-L1 staining (35). Cytoplasmic staining and
inflammatory cell staining were not scored.

Cell culture and reagents. The established UC cell lines
T24, HT1376, and RT4 were obtained from the American
Type Culture Collection and were cultured as previously
described (28). A panel of 12 HDAC6 inhibitors (Table II)
was obtained from the Department of Medicinal Chemistry
and Pharmacognosy, University of Illinois at Chicago. The
cells were treated with the inhibitors at concentrations of 1, 5,
10 and 20 uM for 24, 48,72 or 96 h at 37°C.

Measurement of cell viability. Cell viability was measured
with a colorimetric CellTiter 96 AQueous one solution cell
proliferation assay (Promega Corporation) according to the
manufacturer's instructions. Experiments were performed in
three replicates using a flat-bottom 96-well plate (Corning,
Inc.). Absorbance was measured at 490 nm. The graphs are
presented as the mean + SD. IC;,, i.e. the drug concentration
that inhibits the growth of cancer cells by 50%, was calculated
using GraphPad Prism v7 (GraphPad Software Inc.).

Western blot analysis. Western blot analysis was performed
as previously described (36). A HDAC6 (D2ES; cat. no. 7558;

dilution 1:1,000) rabbit monoclonal antibody and a goat
anti-rabbit HRP-labeled secondary antibody (cat. no. 7074;
dilution 1:10,000) (both from Cell Signaling Technology,
Inc.) were detected using a SuperSignal West Pico Substrate
(Pierce; Thermo Fisher Scientific, Inc.) according to
the manufacturer's instructions. A p-actin (I13E5) rabbit
monoclonal antibody (dilution 1:1,000; cat. no. 4970; Cell
Signaling Technology, Inc.) was used as the loading control.
Images were analyzed using AN UN-SCAN-IT gel auto-
mated digitizing system software (v5.1; Silk Scientific Inc.).

Flow cytometry. Cells were cultured in medium and then
harvested by trypsinization. T24 cells were treated with
HDAC: F (5 and 10 uM) for 72 h. Protein expression of PD-L1
was detected using PD-L1 (EIL3N; cat. no. 14772) rabbit
monoclonal antibody conjugated to Alexa Fluor 488 (Cell
Signaling Technology, Inc.). The analysis was performed
using a BD Accuri C6 flow cytometer system, equipped with
a 488 nm argon laser light source and a 515 nm bandpass
filter (FL1; Becton, Dickinson and Company) and analyzed
using the C6 software (v1.0.264.21; Becton, Dickinson and
Company).

Statistical analysis. The absolute and percentage values are
presented as categorical variables. Fisher's exact test (including
Fisher's exact test for larger tables) was used to determine
the association between IHC staining and pathological or
clinical characteristics, and between HDACG6 expression
and PD-L1 staining. Survival curves were constructed using
the Kaplan-Meier method and the differences between the
curves were compared using the log-rank test. All tests were
two-sided and P<0.05 were considered to indicate a statistically
significant difference. Statistical analyses were performed
using the Prism software package for Windows (GraphPad
Software, Inc.).
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Table II. Names, structure and ICs, values of the HDACS6 inhibitors in the 3 urothelial cancer cell lines.

ICy, value
Compound ID Structure T24 HT1376 RT4 (Refs.)
Tubastatin A (@ium 8.91 17.44 39.34 Commercial
Nexturastat 8 o 13.40 17.96 11.04 Commercial
O/HIN\/\/
HDACi A j\ 2 o 49.05 Not converged® 109.10 (46)
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HDACI E v@)i o 3.60 4.10 17.60 (49,50)
HDACI F ;©)i on 220 3.10 4.90 (48)
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‘ICs, was not reached at the maximum tested dose. HDACI, histone deacetylase inhibitor.

Results

Expression and subcellular localization of HDAC6 in bladder
cancer. In the tissue microarrays, HDAC6 was detected in
the cytoplasm of high-grade bladder cancer, while low-grade
bladder cancer and upper urinary tract UC did not stain posi-
tive for HDACG6 (data not shown). A subsequent THC staining
experiment, using a larger number of surgically resected
UC tissues detected HDACG6 in the cytoplasm of normal
urothelium (Fig. 1A) and in the nuclei and cytoplasm of UC
(Fig. 1C and D). A total of 54 tumors had pure cytoplasmic
staining without nuclear staining, 5 had only nuclear staining,

and the remaining 36 had various combinations of nuclear
and cytoplasmic staining (Fig. 1B-D and Table I). Nuclear
staining was only observed in stages Ta and Ta; however,
invasive tumors and Tis presented with either a combina-
tion of nuclear and cytoplasmic staining or cytoplasmic
staining (Table I); however, this was not statistically signifi-
cant. HDACG6 subcellular localization was not a predictor
of overall or recurrence-free survival times in patients with
UC (Fig. 2A and B). The expression of HDAC6 was classi-
fied as low or high based on the product of the intensity and
percentage of positive tumor scores. Staining for HDAC6 was
either low (Fig. 1B) or high (Fig. 1C and D). High HDAC6
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Figure 1. Immunohistochemical analysis of HDAC6 and PD-L1 in normal urothelium and UC. (A) HDAC 6 was detected in the cytoplasm of normal urothe-
lium. Staining for HDAC6 was either (B) low or (C and D) high and was detected in the (C) cytoplasm or (D) nucleus and cytoplasm of UC. Membranous
staining of PD-L1 was not detected in (E) normal urothelium; however, it was detected in (F) UC cells (indicated by the arrowheads). UC, urothelial cancer;

PD-LI, programmed death-ligand 1; HDAC, histone deacetylase.

expression was detected in 84 (86.6%) specimens (Fig. 1B
and Table III) and was observed more frequently in multiple
tumors compared with that in solitary ones (94.3 vs. 79.0%),
as well as in all Tis samples; however, the difference was not
statistically significant. Overall, HDAC6 expression was not
associated with any pathological or clinical characteristics.
There was no association between HDAC6 expression level
and overall or recurrence-free survival (Fig. 2C and D).

PD-LI IHC staining and its prognostic significance. Normal
urothelium was not stained by the anti-PD-L1 antibody
(Fig. 1E). Membranous staining of PD-L1 was detected in 42
(43.3%) UC samples (Fig. 1F and Table III). The expression
of PD-L1 was not associated with any pathological or clinical
characteristics (Table III). There was also no association
between HDACG6 expression and PD-L1 (Table I); however,
PD-L1 positivity was a predictor of shorter overall survival
times (Fig. 2E; P=0.039). In addition, patients with tumors
positive for PD-L1 tended to have shorter recurrence-free

survival times (Fig. 2F), but the difference was not statistically
significant.

Expression of HDAC6 and PD-LI in cultured cell lines and
HDACG6 inhibition of PD-LI. Western blot analysis of HDAC6
protein expression was performed in the T24, HT1376,and RT4
bladder cancer cell lines (Fig. 3A). PD-L1 expression was also
detected in the T24 cell line using flow cytometry (Fig. 3B). It
has been reported that targeting HDAC6 downregulated the
expression of PD-L1 via the STAT3 pathway in cell lines (29).
Pharmacological inhibition of HDAC6 by HDAC:i F in T24
cells downregulated the expression of PD-L1 as detected by
flow cytometry (Fig. 3B).

HDACG6 inhibitors induce growth inhibition of bladder cancer
cell lines. A total of 12 selective HDACG6 inhibitors (Table II)
were investigated in the T24, HT1376 and RT4 bladder cancer
cell lines. Treatment with the inhibitors (HDACi B, D, E
and F) decreased the viability (detected by MTS assay) of
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Figure 2. Overall and recurrence-free survival times of patients categorized by (A and B) subcellular localization of HDACS, (C and D) level of HDAC6
expression, and (E and F) positive and negative PD-L1 staining. Follow up data is missing for some patients who dropped out from follow up and therefore the
number of patients in the survival analysis is lower than that of total patients. PD-L1, programmed death-ligand 1; HDAC, histone deacetylase.

bladder cancer cells with the IC;, being as low as 2.20 yM
(Figs. 4 and S1; Table II). The median ICs, (13.06) for T24,
a high-grade invasive UC, was lower (range, 2.20-50.71)
compared with that in HT1376, an intermediate grade cell line
(median 17.96; range, 3.10-68.79) and in particular for RT4, a
low-grade model cell line (median 36.47; range, 4.90-371.20)
(Figs. 4 and S1; Table II).

Discussion
Histone acetylation and deacetylation are key processes of

the epigenetic machinery regulating gene expression (9).
Increased levels of histone acetylation have been associated

with increased transcriptional activity, whereas decreased
levels of acetylation have been associated with repression of
gene expression (9). HDACs are included in the transcription
suppression complex and recruitment of HDACs suppresses
the transcription of specific genes in cancer cells. HDACs also
regulate multiple nuclear and cytoplasmic proteins and, thus,
play an essential role in protein degradation, cell survival and
cell migration (21,37). A total of 18 members of the HDAC
family have been discovered so far (11,16), among which
HDACS6 belongs to the Class II HDACs, which can move in
and out of the nucleus. HDACG6 is widely expressed in normal
and tumor tissues, and is predominantly localized in the cyto-
plasm, where it controls non-histone acetylation (21,38) and
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Table III. Immunohistochemical staining of HDACG6 and PD-L1, and the clinicopathological characteristics of the patients with

urothelial cancer.

HDACH6

Clinicopathological characteristic Value Low High Negative Positive
Total number 97 tumors 13(13.4) 84 (86.6) 55 (56.7) 42 (43.3)
Mean age + SD, years 75.48+8.79 75.46+8.79 75.49+8.84 76.65+8.75 75.26+8.94
Sex, n (%)

Male 61 3(15.8) 54 (88.5) 39 (64) 22 (36.0)

Female 19 7(13.5) 16 (84.2) 10 (52.6) 9(47.4)
Number of tumors, n (%)

Solitary 43 9(21.0) 34 (79.0) 24 (55.8) 19 (44.1)

Multiple 54 4(7.5) 50 (94.3) 31 (58.4) 23 (43.4)
Primary or recurrent, n (%)

Primary 59 7(11.9) 52 (88.1) 34 (57.6) 25 (42.4)

Recurrent 38 6 (15.8) 32 (84.2) 18 (47.4) 20 (52.6)
Tumor size, cm (%)

<3 79 11 (14) 68 (86) 34 (43.0) 45 (56.9)

>3 18 2(11.2) 16 (88.8) 10 (55.6) 8(44.4)
Grade, n (%)

Low 31 4 (13) 27 (87) 18 (58.0) 13 (41.9)

High 66 9 (13.6) 57 (86.4) 37 (56.0) 29 (43.9)
T stage, n (%)

pTa 52 7(13.5) 45 (86.5) 32 (61.5) 20 (38.5)

pT1 25 4(19.3) 21 (80.7) 13 (53.8) 12 (46.2)

>pT2 14 2 (14.3) 12 (85.7) 5(35.7) 9 (64.3)

Tis 6 0 6 (100) 5(83.3) 1(16.7)

PD-L1, programmed death-ligand 1; HDAC, histone deacetylase.
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Figure 3. (A) Protein expression level of HDAC6 was detected in three urothelial cancer cell lines using western blot analysis. A band at ~131 kDa corresponding
to HDAC6 was detected. (B) Expression level of PD-L1 was detected using flow cytometry. T24 cells were treated with indicated concentrations of HDACi
F, a specific HDAC6 small molecule inhibitor, and then stained with anti-PD-L1 antibody. PD-L1, programmed death-ligand 1; HDAC, histone deacetylase.

regulates numerous important biological processes, including
cell migration (16,30), while HDAC inhibitors are a new
class of anti-cancer drugs, that can induce apoptosis and cell
cycle arrest in cancer cells (16,39). The mechanism of HDAC

inhibitors remains unknown; however, the effect could be
either epigenetic or non-epigenetic (10).

HDACs are potential drug targets for chemotherapy;
however, a previous study has shown only modest antineoplastic
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Figure 4. Cultured urothelial cancer cell lines were treated with DMSO or indicated doses of HDAC6 small molecule inhibitors for 24,48, 72 and 96 h. Relative
cell viability was measured using a MTS assay and results are presented as OD 490 nm. OD, optical density; HDAC, histone deacetylase.

activity with pan-HDAC inhibitors in UC (30). The reported
IC,, of vorinostat, a pan-HDAC inhibitor, in cultured UC
cells is up to 6.0 uM, and sensitivity to vorinostat in UC is
not associated with the expression levels of HDACs (30).
Therefore, inhibition of specific HDAC isoenzymes might be
more efficacious and tumor-specific. HDAC6 causes epigen-
etic alterations by deacetylation of histones but also controls
cell metabolism by direct deacetylation of non-histone

targets (10,22). Two bands of HDAC6 were detected in RT4
cells, which presumably corresponded to phosphorylated and
dephosphorylated HDAC6 (40). To the best of our knowledge,
the present study is the first report on the subcellular localiza-
tion of HDACS in clinical UC samples, demonstrating that
HDACG6 was predominantly a cytoplasmic protein, which is
in agreement that it has non-histone targets (10,22). HDAC6
was previously found to be overexpressed in UC tissues,
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using reverse transcription-quantitative PCR (41); however,
HDACS6 specific inhibitors were found to be active at high M
concentrations in UC cell lines (10-100 xM) (41). A different
previous study concluded that targeting HDAC6 might not be
effective in UC (8). In the present study, HDACG6 inhibitors
reduced proliferation of cultured human UC cell lines at low
#M concentrations, as low as 2.20 M, and that high-grade
invasive UC cells were more susceptible to pharmacological
HDACS6 inhibition (Figs. 4 and S1; Table II). Thus, we hypoth-
esized that HDACG6-specific inhibitors might be effective in
bladder cancer; however, currently there are no biomarkers
for HDAC inhibitors, and it has been reported that HDAC6
protein expression levels did not determine sensitivity to its
inhibitors (41).

It has been reported that HDAC6 also induces upregula-
tion of several tumor-associated antigens (gpl00, MARTI,
TYRPI and TYRP2) and major histocompatibility complex
class I, suggesting a potential improvement in the immunoge-
nicity of tumor cells (42). Immune checkpoint blockade with
anti-CTLA-4, anti-PD-1 and anti-PD-L1 antibodies have
changed the paradigm of cancer treatment, and it has been
demonstrated that selective HDACG6 inhibition improves
the antitumor activity of anti-PD-1 immune checkpoint
blockade (42). PD-L1 is an important molecule expressed
in cancer cells that activates the inhibitory PD-1 pathway
in T-cells (43). HDACS6 is important for cytokine-mediated
upregulation of PD-L1 protein expression, which is
primarily mediated by the recruitment and activation of
STAT3 (29). In the active state, HDAC6 forms a complex
with STAT3 and pharmacological inhibition of HDAC6
results in disruption of this complex; this disruption leads to
decreased STAT3 phosphorylation but no changes in STAT3
acetylation, as well as, presumably, diminished recruitment
of STAT3 to the PD-L1 gene promoter region (29,44). In
the present study, the pharmacological HDACG6 inhibition
decreased PD-L1 protein expression in cultured T24 UC
cells (Fig. 3B).

Experiments using HDAC6 knockout mouse embryonic
fibroblasts (MEFs) have demonstrated that some effects of
the HDAC6-specific inhibitor, tubacin were independent of
HDACS6, whereas the effects of tubastatin A on MEF and in a
cultured bladder cancer cell line were HDAC6-dependent (45).
Therefore, further studies are required to clarify the effects
of specific HDAC6 inhibitors in UC, which could be involved
in the modulation of multiple intracellular pathways that
are involved in apoptosis, tumor growth, antitumor immune
responses and immune surveillance (10,12,16,22,44). The
exact mechanism and factors influencing the modulation of
PD-L1 by HDACG6 requires further investigation.

In conclusion, the present study showed cytoplasmic
expression of HDAC6 in resected UC tumor specimens
using THC staining and investigated the effects of 12 selec-
tive HDAC6 small molecule inhibitors in vitro. It was found
that pharmacological inhibition of HDAC6 reduced the
proliferation of UC cells with some inhibitors (HDACi D,
HDACIi E and HDACi F) demonstrating low ICs, values.
PD-L1 protein expression was also investigated using THC
staining of surgical specimens, and with flow cytometry and
western blot analysis in cultured cell lines. The present study
is a pilot study and demonstrated the efficacy of selective

HDACS inhibitors in UC. Specific pharmacological HDAC6
inhibition could be a promising new strategy for the treat-
ment of metastatic UC.
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