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Histone deacetylase inhibitor OBP-801 and amrubicin
synergistically inhibit the growth of squamous cell lung carcinoma
by inducing mitochondrial ASK1-dependent apoptosis
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Abstract. Squamous cell lung carcinoma (SQCLC) is an
aggressive type of lung cancer. In contrast with the marked
advances that have been achieved in the treatment of lung
adenocarcinoma, there are currently no effective targeted
therapies for SQCLC, for with cytotoxic drugs are still the
main treatment strategy. Therefore, the present study aimed
to develop novel combination therapies for SQCLC. The
results demonstrated that a combined treatment with the
potent histone deacetylase (HDAC) inhibitor OBP-801 and
the third-generation anthracycline amrubicin synergistically
inhibited the viability of SQCLC cell lines by inducing
apoptosis signal-regulating kinase 1 (ASK1)-dependent,
as well as JNK- and p38 mitogen-activated protein kinase
(MAPK)-independent apoptosis. OBP-801 treatment strongly
induced the protein expression levels of thioredoxin-interacting
protein (TXNIP), and amrubicin treatment increased the
levels of intracellular reactive oxygen species (ROS), which
suggested that this combination oxidized and dissociated
thioredoxin 2 (Trx2) from mitochondrial ASK1 and activated
ASK1. Moreover, mouse xenograft experiments using human
H520 SQCLC cells revealed that the co-treatment potently
suppressed tumor growth in vivo. These results suggested that
a combined treatment with OBP-801 and amrubicin may have
potential as a therapeutic strategy for SQCLC.
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Introduction

Lung cancer is a leading cause of cancer morbidity (11.6%
in 2018) and cancer-related mortality (18.4% in 2018) world-
wide (1); it induces a number of symptoms, such as cough
and dyspnea, and occlusion and cavitation by tumors some-
times cause severe lung infections (2-5). Non-small cell lung
carcinoma (NSCLC) accounts for ~85% of all cases of lung
cancer, of which 20-30% are squamous cell lung carcinoma
(SQCLC) (6). Although molecular targeted therapies have
markedly prolonged the survival of patients with lung adeno-
carcinoma, there are currently no developed effective targeted
therapies for SQCLC. Amplification of the fibroblast growth
factor receptor 1 (FGFRI) gene is one of the most common
oncogenic alternations in SQCLC. Although clinical trials on
FGFR inhibitors for patients with FGFR-amplified SQCLC
have been conducted, the overall response rates were only
8-11% (7,8). Therefore, the prognosis of patients with SQCLC
remains poor and treatment options are limited, and further
research on the development of novel effective therapies for
SQCLC is needed.

The third-generation anthracycline amrubicin is a potent
topoisomerase II inhibitor that is approved in Japan for the
treatment of NSCLC and small cell lung carcinoma (SCLC).
A randomized phase III study comparing amrubicin and
docetaxel (DOC) treatment in patients with previously treated
NSCLC was conducted, and the median progression-free
survival was 3.6 months in the amrubicin group and 3.0 months
in the DOC group (P=0.54) (9). Although this study was
unable to demonstrate the superiority of amrubicin over DOC,
amrubicin is still regarded as one of the treatment options for
patients with previously treated NSCLC in Japan.

Histone deacetylases (HDACSs) are enzymes that serve
important roles in changing epigenetic conditions and regu-
lating gene expression (10). The strong expression of HDACs
has been reported in various cancers, including lung cancer,
and HDAC inhibitors block the proliferation of various
lung cancer cell lines (11-13). Although HDAC inhibition
is expected to become a new prospective treatment for lung
cancer, HDAC inhibitor monotherapies for patients with
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NSCLC have failed to exhibit clinical efficacy in clinical
trials (14,15). Therefore, several clinical trials on combination
therapies with HDAC inhibitors and cytotoxic drugs have been
conducted, but failed to demonstrate the efficacy and safety
of these therapies (16,17). OBP-801, also known as YM753,
is one of the most potent HDAC inhibitors that was discov-
ered in our previous study by screening for cyclin-dependent
kinase inhibitor p21WAFVCPlinducing agents (18). OBP-801
is currently in a clinical trial in the USA and is a promising
HDAC inhibitor.

To develop a novel combination therapy with the HDAC
inhibitor OBP-801 against SQCLC, cytotoxic drugs approved
for the treatment of SQCLC were screened and it was revealed
that co-treatment with OBP-801 and amrubicin synergistically
inhibited the viability of human SQCLC cells by inducing
apoptosis. Moreover, the combined treatment was effective in
H520 SQCLC xenograft model mice. The combined treatment
with OBP-801 and amrubicin may have potential as a treat-
ment option for patients with SQCLC.

Materials and methods

Reagents. Amrubicin was purchased from APExBIO
Technology LLC, and OBP-801 was from Oncolys BioPharma
Inc. Doxorubicin hydrochloride was purchased from
FUJIFILM Wako Pure Chemical Corporation. Selonsertib,
SB203580 and SP600125 were purchased from Selleck
Chemicals. The pan-caspase inhibitor Z-VAD-FMK was
purchased from R&D Systems, Inc. These agents were dissolved
in DMSO for in vitro experiments. N-acetyl-L-cysteine (NAC)
was purchased from Nacalai Tesque, Inc.

Lung cancer cell lines and cell cultures. The human SQCLC
cell lines Calu-1 and H520, and the lung adenocarcinoma cell
line A549 were obtained from the American Type Culture
Collection. Calu-1 and A549 cells were cultured in DMEM
(Nissui Pharmaceutical Co., Ltd.) supplemented with 10%
FBS (Sigma-Aldrich; Merck KGaA), 4 mM glutamine,
50 U/ml penicillin and 100 pg/ml streptomycin at 37°C in
5% CO,. H520 cells were cultured in RPMI-1640 medium with
10% FBS, 2 mM glutamine, 50 U/ml penicillin and 100 pg/ml
streptomycin at 37°C in 5% CO,.

Treatments with agents. For cell viability assay, Calu-1
(1x10% cells/well), A549 (1x10° cells/well) and H520 cells
(2x10°? cells/well) in a 96-well plate were treated with various
concentrations of OBP-801 or amrubicin, or OBP-801 (Calu-1,
275 nM; A549, 2.5 nM; H520, 4.5 nM) with or without amru-
bicin (Calu-1, 2 uM; A549, 400 nM; H520, 4 uM) at 37°C for
72 h. For quantification of apoptosis, Calu-1 (5x10* cells/well),
A549 (2x10* cells/well) and H520 cells (1.5x10° cells/well) in
a 6-well plate were treated with OBP-801 (Calu-1, 2.75 nM,;
A549, 2.5 nM; H520, 4.5 nM) with or without amrubicin
(Calu-1, 2 uM; A549, 400 nM; H520, 4 pM) in the presence
or absence of 5 mM NAC or 20 uM Z-VAD-FMK at 37°C
for 72 h. In addition, Calu-1 cells (5x10* cells/well in a 6-well
plate) were also treated with 2.75 nM OBP-801 with or without
2 uM amrubicin in the presence or absence of 50 M selon-
sertib, 50 xM SB203580 or 50 M SP600125 at 37°C for 72 h,
after which apoptosis was analyzed. For western blot analysis,
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Calu-1 cells (3x10° cells/10-cm dish) were treated with 2.75 nM
OBP-801 with or without 2 M amrubicin at 37°C for 72 h. For
measuring intracellular ROS, Calu-1 cells (5x10* cells/well in
a 6-well plate) were treated with 2.75 nM OBP-801 with or
without 2 xM amrubicin at 37°C for 48 h.

Cell viability assay. Following the various treatments of
Calu-1, A549 and H520 cells, viability was evaluated using
Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies,
Inc.), as previously described (19).

Quantification of apoptosis. Treated Calu-1, A549 and
H520 cells were stained for 1 min at room temperature with
50 pug/ml propidium iodide. The cells were analyzed using a
BD FACSCalibur (Becton, Dickinson and Company), and the
degree of apoptosis was determined by quantifying the sub-G1
population (the left side of the G1 peak) using BD CellQuest
Pro software (version 6.0; Becton, Dickinson and Company),
as previously described (19).

Western blot analysis. Treated Calu-1 cells were lysed with
RIPA buffer (50 mM Tris-HCI, pH 8.0; 150 mM NaCl; 1%
NP-40; 0.5% deoxycholic acid; 0.1% SDS; 1 mM dithioth-
reitol; and 0.5 mM phenylmethylsulfonyl fluoride) for 30 min
at 4°C, and western blotting was performed as previously
described (19). Total protein concentration was measured using
Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad
Laboratories, Inc.). A total of 5-20 ug of protein was separated
by 12% SDS-PAGE. The proteins were subsequently transferred
to Immobilon-P membranes (Millipore; Merck KGaA), which
were then blocked in Tris-buffered saline containing 5% skim
milk for 1 h at room temperature. The membranes were incu-
bated with the following primary antibodies for 1 h at room
temperature: Anti-thioredoxin-interacting protein (TXNIP;
1:500; cat. no. ab188865; Abcam), anti-thioredoxin 2 (Trx2;
1:500; cat. no. sc-133201; Santa Cruz Biotechnology, Inc.),
anti-cleaved poly (ADP-ribose) polymerase (Asp214) (PARP;
1:1,000; cat. no. 5625; Cell Signaling Technology, Inc.) and
anti-B-actin (1:2,000; cat. no. A5441; Sigma-Aldrich; Merck
KGaA). Membranes were then incubated with the following
secondary antibodies for 1 h at room temperature: Horseradish
peroxidase (HRP)-conjugated sheep anti-mouse IgG (1:2,000;
cat. no. NA931; GE Healthcare) or HRP-conjugated donkey
anti-rabbit IgG (1:2,000; cat. no. NA934; GE Healthcare).
Proteins were visualized with Chemi-Lumi One L (Nacalai
Tesque) or Immobilon Western Chemiluminescent HRP
Substrate (Millipore; Merck KGaA) and detected on BioMax
XAR film (Carestream Health, Inc.).

Measurement of intercellular ROS. Treated Calu-1 cells were
incubated with 5 uM CellROX Deep Red Reagent (Thermo
Fisher Scientific, Inc.) for 30 min at 37°C. Fluorescence signals
were measured in the FL-4 channel by FACSCalibur and BD
CellQuest Pro software (version 6.0).

siRNA transfection. The following siRNAs targeting Trx?2
were purchased from Thermo Fisher Scientific, Inc.; only
sense strands are shown: siTrx2#1, 5'-CCCGGACAAUAU
ACACCACGAGGAU-3"; siTrx2#2, 5'-CCACACAGACCU
CGCCAUUGAGUAU-3"; and siTrx2#3, 5'-GCCUUCCUG
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AAGAAGCUGAUUGGCU-3'; and a negative control siRNA
(cat. no. 12935-113). Calu-1 cells (3x10* cells/well in a 6-well
plate) were transfected with each siRNA (30 pmol) at 37°C
using Lipofectamine® RNAIMAX (Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. After 5 h, the
medium was replaced. A total of 48 h post-transfection, the
cells were lysed with RIPA buffer, and the knockdown effi-
ciency of each siRNA was confirmed by western blotting. At
120 h post-transfection, the proportion of apoptotic cells (the
sub-Gl1 population) was analyzed using FACSCalibur and BD
CellQuest Pro software (version 6.0) aforementioned.

Mouse xenograft model. Female BALB/c nu/nu mice (n=20;
age, 5 weeks; weight, 16.85-21.78 g) were purchased from
Charles River Laboratories, Inc. The mice were housed in
cages at 24+2°C and 45+5% humidity under pathogen-free
conditions and fed CLEA rodent diet CE-2 commercial pellets
(CLEA Japan, Inc.) and tap water ad libitum. All experiments
were performed in accordance with the institutional animal
care and use committee guidelines, and the present study was
approved by the Committee for Animal Research of Kyoto
Prefectural University of Medicine (permission no. M29-576).
A total of 4x10° untreated H520 cells mixed with Matrigel
(BD Biosciences) were injected subcutaneously into the right
flank of mice. Tumor volumes were calculated using the
following formula: %4 x length x width?. When tumor volumes
reached 40 mm?® on average on day 13, mice were random-
ized into four groups (n=5 mice per group) and treatments
were initiated. OBP-801 was dissolved in saline containing
20% hydroxypropyl-p-cyclodextrin, and mice were injected
through the tail vein once a week (on days 15, 22, 29 and 36)
with diluent or OBP-801 (10 mg/kg). Amrubicin hydrochlo-
ride (Nippon Kayaku Co., Ltd.) was dissolved in saline, and
mice were injected through the tail vein only once (on day 14)
with diluent or amrubicin (25 mg/kg). The concentrations of
OBP-801 and amrubicin used were based on the results of
pre-experiments (data not shown). Tumor sizes were measured
twice per week, and the experiment was finished on day 72.
The humane endpoints established for this study were mice
exhibiting abnormalities such as a sudden weight loss of 220%,
or tumor size in a single mouse exceeds 2,000 mm?. The mice
were euthanized by intraperitoneal injection of 200 mg/kg
pentobarbital.

Statistical analysis. Data are expressed as the mean + SD of
three measurements. Statistical analyses were performed using
ANOVA followed by Bonferroni's post hoc test. Combination
index (CI) values were calculated using CalcuSyn software
(version 2.0; Biosoft, Cambridge, UK); a combination was
judged to be synergistic when CI <1.0. P<0.05 was considered
to indicate a statistically significant difference.

Results

Combined OBP-801 and amrubicin treatment synergistically
inhibits human lung cancer cell line viability. To evaluate
the effects of combined treatments with the potent HDAC
inhibitor OBP-801, the effects of OBP-801 or amrubicin
alone on the viability of human SQCLC Calu-1 cells were
examined. Each agent inhibited the viability of Calu-1 cells
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in a dose-dependent manner (Fig. 1A). The effects of several
combinations were then analyzed by combining OBP-801
and amrubicin at various concentrations near the ICs; the
combined treatment with OBP-801 and amrubicin more
strongly inhibited the viability of Calu-1 cells than the treat-
ment with each agent alone (Fig. 1B). Based on the viability
inhibition curves concerning human SQCLC H520 cells
(Fig. S1A) and human lung adenocarcinoma A549 cells
(Fig. S1B), the effects of several combinations were also
examined by combining OBP-801 and amrubicin at various
concentrations near the ICs,, and similar results were obtained
using H520 and A549 cells (Fig. 1C). Moreover, OBP-801 and
another anthracycline, doxorubicin, also coordinately inhib-
ited the viability of Calu-1 cells (Fig. S2). The CI value for the
combination of OBP-801 and amrubicin against Calu-1 cells
was markedly <1.0 (Fig. 1D), which indicated synergistic inhi-
bition against the viability of Calu-1 cells.

Co-treatment with OBP-801 and amrubicin induces
caspase-dependent and ROS-dependent apoptosis in lung
cancer cells. To clarify the mechanisms underlying syner-
gistic viability inhibition by the combination of OBP-801 and
amrubicin, the effects of this combination on Calu-1 cells was
examined using flow cytometric analysis of apoptotic cell
proportions at Sub-G1. OBP-801 or amrubicin alone slightly
induced apoptosis compared with untreated cells, but the
differences were not significant, whereas the co-treatment
with OBP-801 and amrubicin significantly increased apop-
tosis in Calu-1 cells compared with either treatment alone
(Figs. 2A and S3). The combination notably induced the
cleavage of the PARP protein (Fig. 2B). Since amrubicin and
HDAC inhibitors are both known to increase the production
of ROS (20-24), whether apoptosis was inhibited by the free
radical scavenger NAC was examined. NAC was used at
5 mM according to our previous reports (25,26). NAC treat-
ment inhibited apoptosis induced by the co-treatment with
OBP-801 and amrubicin in Calu-1, H520 and A549 cells
(Figs. 2C and S4-6). In addition, the pan-caspase inhibitor
Z-VAD-FMK was used at 20 yM according to our previous
reports (26,27); Z-VAD-FMK also significantly inhibited
apoptosis in OBP-801 and amrubicin co-treated Calu-1, H520
and A549 cells (Figs. 2C and S4-6). These results suggested
that the combined treatment with OBP-801 and amrubicin
may induce ROS-mediated and caspase-dependent apoptosis
in human lung cancer cell lines.

OBP-801 and amrubicin co-treatment induces apoptosis
signal-regulating kinase 1 (ASKI)-dependent and JNK- and
p38 mitogen-activated protein kinase (MAPK)-independent
apoptosis. Since ROS is known to induce apoptosis by
activating ASK1 and its downstream targets JNK and p38
MAPK (28), whether apoptosis induced by the co-treatment
with OBP-801 and amrubicin depended on ASKI, JNK or
p38 MAPK was investigated using their respective inhibitors.
Based on previous reports (29,30), these inhibitors were used
at the uniform concentration of 50 yM. The ASK1 inhibitor
selonsertib significantly suppressed apoptosis induced by the
combined treatment in Calu-1 cells (Figs. 3A and S7). However,
neither the p38 MAPK inhibitor SB203580 nor JNK inhibitor
SP600125 suppressed apoptosis induced by the combined
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Figure 1. Combined treatment with OBP-801 and amrubicin synergistically inhibits the viability of human lung cancer cells. (A) Calu-1 human SQCLC cells
were treated with various concentrations of OBP-801 or amrubicin. After 72 h, cell viability was assessed by the CCK-8 assay. (B) Calu-1 cells were treated
with 2.75 nM OBP-801 with or without co-treatment with 2 yM amrubicin. After 72 h, cell viability was assessed by the CCK-8 assay. (C) H520 human SQCLC
cells were treated with 4.5 nM OBP-801 with or without 4 M amrubicin, and human lung adenocarcinoma A549 cells were treated with 2.5 nM OBP-801 with
or without 400 nM amrubicin. After 72 h, cell viability was assessed by the CCK-8 assay. (D) The combination index value of the combination with OBP-801
and amrubicin against Calu-1 cells was calculated. Data are presented as the mean + SD from three independent experiments; “"P<0.01. CCK-8, Cell Counting
Kit-8; SQCLC, squamous cell lung carcinoma.
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Figure 2. Combined treatment with OBP-801 and amrubicin induces caspase- and ROS-dependent apoptosis. (A) Calu-1 human squamous cell lung carcinoma
cells were treated with 2.75 nM OBP-801 with or without 2 yM amrubicin for 72 h. The degree of apoptosis was assessed using flow cytometry to detect the
percentage of cells at sub-G1. (B) Western blot analysis of cleaved PARP in Calu-1 cells treated with 2.75 nM OBP-801 with or without 2 M amrubicin for
72 h. B-actin was used as a loading control. (C) Calu-1, H520 and A549 human lung cancer cells were treated with OBP-801 with or without amrubicin in the
presence or absence of the free radical scavenger NAC or pan-caspase inhibitor Z-VAD-FMK for 72 h. The degree of apoptosis (sub-G1) was quantified using
flow cytometry. Data are presented as the mean + SD from three independent experiments; “"P<0.01. NAC, N-acetyl-L-cysteine; PARP, poly (ADP-ribose)

polymerase.
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Figure 3. Combined treatment with OBP-801 and amrubicin induces
ASK1-dependent and JNK- and p38 MAPK-independent apoptosis.
(A-C) Calu-1 human squamous cell lung carcinoma cells were treated
with 2.75 nM OBP-801 with or without 2 #M amrubicin in the presence or
absence of (A) the ASKI inhibitor selonsertib, (B) the p38 MAPK inhibitor
SB203580, or (C) the JNK inhibitor SP600125 for 72 h. The degree of apop-
tosis (sub-G1) was assessed using flow cytometry. Data are presented as the
mean + SD from three independent experiments; “P<0.01. ASK1, apoptosis
signal-regulating kinase 1; MAPK, mitogen-activated protein kinase.
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Figure 4. Amrubicin elevates ROS levels and OBP-801 increases TXNIP
protein expression. (A) Calu-1 human squamous cell lung carcinoma cells
were treated with 2.75 nM OBP-801 with or without 2 M amrubicin. After
48 h, reactive oxygen species levels were analyzed using CellROX Deep
Red Reagent. Data are presented as the mean + SD from three independent
experiments; “P<0.01. (B) Western blot analysis of the TXNIP protein
expression in Calu-1 cells treated with 2.75 nM OBP-801 with or without
2 uM amrubicin for 72 h. $-actin was used as a loading control. TXNIP,
thioredoxin-interacting protein.

treatment (Fig. 3B and C, respectively, and Figs. S8 and S9).
These results indicated that apoptosis induced by the co-treat-
ment with OBP-801 and amrubicin may be ASK1-dependent
and JNK- and p38 MAPK-independent.

OBP-801 upregulates TXNIP protein expression and amrubicin
increases intracellular ROS. ASK1 is inactivated by the binding
of Trx, and ROS oxidize Trx, resulting in the dissociation of Trx
from ASK1 and activation of ASK1 (31). A previous study reported
that ASK1-dependent and JNK- and p38 MAPK-independent
apoptosis was induced by mitochondrial ASK1, which was
inactivated by Trx2 (32). Therefore, the relationship between the
combined treatment with OBP-801 and amrubicin and the regula-
tion of mitochondrial ASK1 was examined. Although OBP-801
alone slightly reduced intracellular ROS, which oxidizes Trx2,
amrubicin alone or combination with OBP-801 increased it
(Figs. 4A and S10). The TXNIP protein is also known to oxidize
Trx2 in mitochondria and to dissociate Trx2 from mitochondrial
ASKI (32). We found that OBP-801 and its combination potently
induced TXNIP protein expression (Fig. 4B). These results
suggested that ROS and TXNIP induced by amrubicin and
OBP-801 might contribute to ASK1-dependent and JNK- and p38
MAPK-independent apoptosis.

Trx2 knockdown induces apoptosis in Calu-1 cells. To
examine the significance of the disassociation of Trx2 from
ASK1, Trx2 expression was knocked down in Calu-1 cells
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Figure 5. Depletion of Trx2 induces apoptosis in Calu-1 cells. (A) Western
blot analysis of Trx2 protein expression was performed on Calu-1 human
squamous cell lung carcinoma cells transfected with siTrx2#1, siTrx2#2,
siTrx2#3 or an NC siRNA for 48 h. (B) Calu-1 cells were transfected with or
without siTrx2 for 120 h, and the degree of apoptosis (sub-G1) was quantified
using flow cytometry. Data are presented as the mean + SD from three inde-
pendent experiments; “P<0.01. NC, negative control; si, small interfering
RNA; Trx2, thioredoxin 2.

using siRNAs. siRNAs targeting Trx2 notably reduced Trx2
protein expression levels in transfected Calu-1 cells (Fig. 5A).
The depletion of Trx2 significantly induced apoptosis in
Calu-1 cells compared with control cells (Figs. 5B and S11),
which suggested that inactivation of Trx2 induces apoptosis
in SQCLC cells.

Combined treatment with OBP-801 and amrubicin inhibits
tumor growth in vivo. Furthermore, the antitumor effects of the
combined treatment with OBP-801 and amrubicin were exam-
ined in a mouse xenograft model. Since SQCLC H520 cells,
but not Calu-1 cells, could be engrafted in BALB/c nu/nu mice,
the SQCLC H520 xenograft model was used. The combined
treatment significantly suppressed tumor growth compared
with either treatment alone on day 40 (Fig. 6A). Although the
treatment with amrubicin reduced the body weights of mice
after the injection on day 18 as previously reported (33), body
weights recovered within a few days, and no significant differ-
ences were observed between groups at the end of the study
period (Fig. 6B). These results indicated that the combined
treatment with OBP-801 and amrubicin effectively prevented
the tumor growth of SQCLC in vivo.

INTERNATIONAL JOURNAL OF ONCOLOGY 56: 848-856, 2020

A 1,600

1,400 -

Amrubicin

& 1,200
™+ (25 mg/kg)

—&— Diluent
1,000 -
OBP-801

= (10 mgf’kg) == Combination

800 -

600 -

Tumor volume (mm

400 -

200-

10 15 20 25 30 35 40 45
Days after the inoculation

B 30
25-
Cha W] "
2
% 154 **
= 10 R Amrubicin
Diluent -.-(25 mg/kg)
51 =+ g%:_lag?;g) == Combination
0 !

10 15 20 25 30 35 40 45
Days after the inoculation

Figure 6. Combined treatment with OBP-801 and amrubicin suppresses
tumor growth in a human squamous cell lung carcinoma xenograft model.
Female BALB/c nu/nu mice were subcutaneously injected with untreated
HS520 cells. Mice were randomized on day 13 and subsequently intrave-
nously treated with diluent, OBP-801 (10 mg/kg), amrubicin (25 mg/kg) or a
combination of the two drugs. (A) Tumor growth curves of the four treatment
groups. (B) Body weight curves of four treatment groups. Data are presented
as the mean = SD; n=5 mice/group; "P<0.05. n.s., not significant.

Discussion

The treatment of advanced NSCLC has been markedly improved
by the arrival of novel molecular targeted agents, such as gefi-
tinib (34) and crizotinib (35), and immune checkpoint inhibitors,
such as nivolumab (36) and pembrolizumab (37). However,
no molecular targeted agents are currently approved for the
treatment of SQCLC; thus, the development of novel effective
treatment strategies for SQCLC is needed. In the present study,
a combined treatment with the potent HDAC inhibitor OBP-801
and amrubicin was demonstrated to synergistically inhibit the
viability of Calu-1 SQCLC cells by inducing mitochondrial
ASK1-dependent apoptosis. Moreover, this combination
strongly inhibited tumor growth in a SQCLC xenograft model.
Limited information is currently available on combined treat-
ments with HDAC inhibitors for SQCLC. Although the HDAC
inhibitor ITF2357 was previously reported to enhance the cyto-
toxicity of pemetrexed against SQCLC cells (38), pemetrexed
is not approved for the treatment of SQCLC. Since amrubicin
is approved for the treatment of SQCLC in Japan, a combined
treatment with OBP-801 and amrubicin may be a realistic
combination therapy for SQCLC. Moreover, since this co-treat-
ment was also effective against human lung adenocarcinoma
A549 cells, it may have potential in the treatment of NSCLC.
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Apoptosis induced by the combined treatment with OBP-801
and amrubicin was suppressed by the ROS scavenger NAC. Since
HDAC inhibitors and amrubicin are known to increase intracel-
lular ROS (20-24), it was speculated that OBP-801 and amrubicin
both increased ROS, resulting in the strong induction of apoptosis.
However, OBP-801 treatment alone did not induce ROS, and
ROS levels in co-treatment cells did not exceed those by amru-
bicin alone. The mechanisms underlying the induced increase in
apoptosis were examined, and it was demonstrated that OBP-801
strongly induced the TXNIP protein. Since the overexpression
of TXNIP is known to enhance oxidative stress (39), OBP-801
might augment the anticancer effects of amrubicin, which has
an ability to increase ROS, by inducing the TXNIP protein. The
low dose of OBP-801 (2.75 nM), which did not increase ROS,
enhanced the growth-inhibitory effect of amrubicin by strongly
inducing TXNIP protein. In a mouse xenograft model, the low
dose of OBP-801 (10 mg/kg), which could not suppress tumor
growth alone, exhibited strong tumor growth inhibition in combi-
nation with amrubicin. Since enhanced expression of TXNIP
protein is reported to augment oxidative damage (39), low doses
of OBP-801 may potentiate the anticancer effects of the agents
that exhibit cytotoxicity by inducing ROS.

Although some clinical trials on combination therapies
with HDAC inhibitors and cytotoxic drugs against NSCLC
have been conducted, safety was an important issue in these
trials. A phase I trial of a combination with the HDAC
inhibitor vorinostat and docetaxel was stopped due to exces-
sive toxicity (16). In a randomized phase II trial evaluating
the efficacy of vorinostat in combination with carboplatin and
paclitaxel for advanced NSCLC, adverse events were more
frequent than with a treatment involving carboplatin and
paclitaxel (17). However, since the feasibility of the combi-
nation with the HDAC inhibitor valproate and doxorubicin
was reported in a phase II trial on patients with malignant
mesothelioma (40), combinations with HDAC inhibitors and
anthracyclines may be relatively tolerable. Amrubicin is also
reported to be more tolerable than doxorubicin concerning
cardiotoxicity, which is a noteworthy adverse event associated
with the use of anthracyclines (41,42). Therefore, the combined
treatment with OBP-801 and amrubicin may be tolerable.

In conclusion, the present study demonstrated that acombined
treatment with the potent HDAC inhibitor OBP-801 and amru-
bicin synergistically inhibited the viability of SQCLC cells by
strongly inducing apoptosis. Furthermore, this combined treat-
ment inhibited tumor growth in an in vivo xenograft model. To
the best of our knowledge, the present study is the first to show
the synergistic efficacy of a combined treatment with a HDAC
inhibitor and anthracycline against Calu-1 SQCLC cells. Since
combined treatments with HDAC inhibitors and anthracyclines
may be tolerable, the combination of OBP-801 and amrubicin
has potential in the treatment of SQCLC.
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