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The levels of HDAC1 and thioredoxinl are related to the death
of mesothelioma cells by suberoylanilide hydroxamic acid
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Abstract. Mesothelioma is an aggressive tumor which is
mainly derived from the pleura of lung. In the present study, we
evaluated the anticancer effect of suberoylanilide hydroxamic
acid (SAHA), a histone deacetylase (HDAC) inhibitor on
human mesothelioma cells in relation to the levels of HDACI,
reactive oxygen species (ROS) and thioredoxin (Trx). While
1 uM SAHA inhibited cell growth in Phi and ROB cells at 24 h,
it did not affect the growth in ADA and Mill cells. Notably, the
level of HDACI was relatively overexpressed among Phi, REN
and ROB cells. SAHA induced necrosis and apoptosis, which
was accompanied by the cleavages of PARP and caspase-3 in
Phi cells. This agent also increased the loss of mitochondrial
membrane potential (MMP, AWm) in Phi cells. All the tested
caspase inhibitors attenuated apoptosis in SAHA-treated Phi
cells whereas HDAC1 siRNA enhanced the apoptotic cell
death. SAHA increased intracellular ROS levels including O,"
in Phi cells. N-acetyl cysteine (NAC) and vitamin C (Vit.C)
significantly reduced the growth inhibition and death of Phi
cells caused by SAHA. This drug decreased the mRNA and
protein levels of Trx1 in Phi and ROB cells. Furthermore, Trx1
siRNA increased cell death and O," level in SAHA-treated Phi
cells. In conclusion, SAHA selectively inhibited the growth of
Phi and ROB mesothelioma cells, which showed the higher
basal level of HDACI1. SAHA-induced Phi cell death was
related to oxidative stress and Trx1 levels.
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Introduction

Mesothelioma is a rare malignant tumor and arises in the
pleura of lung, peritoneum and pericardium (1). It is important
to study malignant mesothelioma because most patients with
mesothelioma have worked in careers such as mining. Many
environmental factors such as erionite and asbestos are related
to carcinogenesis of mesothelioma (2). Especially, asbestos can
be easily inhaled or ingested and it is collected in mesothelial
tissue, and thereby asbestos fibers cause cellular damage that
result in tumor growth (3). Furthermore, asbestos influences
epigenetic status of mesothelioma (4). Despite treatment with
chemotherapy and radiation therapy, it has a poor prognosis.

Acetylation and deacetylation on histones are controlled
by two enzymes, histone acetyltransferase (HAT) and histone
deacetylase (HDAC), respectively. The aberrant histone
acetylation by the imbalance between HAT and HDAC can
lead to carcinogenesis in many cancer cells including colon
and mesothelioma (5,6). Especially, HDACI1 overexpression
promotes invasion and cell proliferation in cancer cells of the
prostate and ovary (7,8). Emerging evidence has demonstrated
that HDAC inhibitors are a potent therapeutic agent for treat-
ment of mesothelioma (9,10).

Reactive oxygen species (ROS) have important roles in
gene expression, cell signaling and cell differentiation (11).
However, excessive ROS production may result in significant
damage to cells through oxidizing DNA, proteins and lipids.
For this reason, there are various antioxidants in the cells.
Thioredoxinl (Trx1), as a small antioxidant protein increased
in mesothelioma (12). It is also demonstrated that asbestos
modulates ROS level and the redox status of Trx and it finally
affects carcinogenesis of mesothelioma (13,14). Moreover,
many studies report that Trx1 is a target molecule for drug-
resistance and therapeutics of cancer (15,16).

Suberoylanilide hydroxamic acid (SAHA), a first HDAC
inhibitor for cutaneous T cell lymphoma treatment has an anti-
cancer effect in diverse cancer cells (17,18). SAHA induced
apoptosis via FLICE-like inhibitory protein (FLIP)/caspase-8
activation in mesothelioma cells (19). However, little is known
about the molecular mechanism of mesothelioma cell death
caused by SAHA in view of the levels of HDACI1, ROS and
Trx1. Therefore, in the present study we investigated the
effects of SAHA on cell death in various mesothelioma cells
with regard to HDACI1, ROS and Trx1 levels.
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Materials and methods

Cell culture. Human mesothelial cells (HM69 and HM72) and
human mesothelioma cells (ADA, CON, Hmeso, Mill, Phi,
REN and ROB) were obtained from the University of Hawaii
Cancer Center (Honolulu, HI, USA). These cells were cultured
in Ham's F-12 media containing 10% fetal bovine serum (FBS;
Gibco-BRL, Grand Island, NY, USA) and 1% penicillin-
streptomycin (Gibco-BRL).

Reagents. SAHA purchased from Cayman Chemical Co.,
(Ann Arbor, MI, USA) was dissolved in dimethyl sulf-
oxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA). The
pan-caspase inhibitor (Z-VAD-FMK), caspase-3 inhibitor
(Z-DEVD-FMK), caspase-8 inhibitor (Z-IETD-FMK) and
caspase-9 inhibitor (Z-LEHD-FMK) were obtained from
R&D Systems (Minneapolis, MN, USA) and were dissolved
in DMSO. NAC and Vit.C obtained from Sigma-Aldrich
Chemical were dissolved in 20 mM HEPES (pH 7.0) buffer
and water, respectively. Based on previous studies (20,21),
cells were pretreated with 15 uM caspase inhibitors, 2 mM
NAC or 0.4 mM Vit.C for 1 h before SAHA treatment.

Growth inhibition assay. The effect of SAHA on growth
inhibition in human mesothelioma cells was determined by
measuring the absorbance of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) dye
absorbance as previously described (22). Briefly, 5x10° cells
were incubated with the indicated concentrations of SAHA
with or without each caspase inhibitor, HDAC siRNA, NAC,
Vit.C or Trx1 siRNA for 24 h.

Western blot analysis. The protein expression levels were
evaluated by western blot analysis. Briefly, 1x10° cells were
incubated with 5 uM SAHA for 24 h. Total protein (30 ug)
was resolved by 4-20% SDS-PAGE gels, and then trans-
ferred to Immobilon-P PVDF membranes (Merck Millipore,
Darmstadt, Germany) by electroblotting. Then membranes
were probed with anti-HDACI, anti-acetylated H4, anti-PARP,
anti-cleaved PARP, anti-cleaved caspase-3 (Cell Signaling
Technology, Danvers, MA, USA), anti-Trx1, anti-GAPDH
and anti-B-actin (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Membranes were incubated with fluorescence-
conjugated secondary antibodies.

Measurement of HDAC activity. The HDAC activity was
measured by using a HDAC assay kit according to the manu-
facturer's instructions (Merck Millipore). Briefly, 1x10° cells
were incubated with 5 uM SAHA for 24 h. Total protein
(30 ug) was used to measure the HDAC activity.

Annexin V-FITC/PI staining for apoptosis detec-
tion. Apoptosis was detected by staining cells with
Annexin V-fluoresceinisothiocyanate (FITC; Invitrogen-Life
Technologies, Eugene, OR, USA; Ex/Em=488 nm/519 nm)
and propidium iodide (PI; Sigma-Aldrich; Ex/Em=488
nm/617 nm) as previously described (23). Briefly, 1x10°
cells were incubated with the indicated concentrations
of SAHA with or without each caspase inhibitor, NAC,
Vit.C, HDACI and Trx1 siRNAs for 24 h. Annexin V/PI
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staining was analyzed with the Accuri C6 flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

Measurement of lactate dehydrogenase (LDH) activity.
Necrosis in cells was evaluated by an LDH kit according
to the manufacturer's instructions (Sigma-Aldrich). Briefly,
1x10° cells were incubated with 5 uM SAHA with or without
each caspase inhibitor, NAC or Vit.C for 24 h. LDH release
was expressed as the percent of extracellular LDH activity
compared with the control cells.

Measurement of MMP (A¥Wm). MMP (AWm) levels were
measured using JC-1 dyes (Enzo Life Sciences, Plymouth
Metting, PA, USA; Ex/Em=515 nm/529 nm). Briefly, 5x10*
cells were incubated with 5 uM SAHA for 24 h. Cells were
washed twice with PBS and incubated with 10 pg/ml JC-1
at 37°C for 30 min. Then cells were washed three times
with PBS and analyzed with the Accuri C6 flow cytometer
(BD Biosciences). Green fluorescence indicates a monomeric
state at the low AWm and red fluorescence presents an aggre-
gate state at the high AWm.

Sub-GI analysis. Sub-G1 analysis was determined by PI
(Sigma-Aldrich) staining as previously described (23). Briefly,
1x10° cells were incubated with 5 uM SAHA with or without
each caspase inhibitor, HDAC1 and Trx1 siRNAs for 24 h.
Sub-G1 DNA content cells were measured and analyzed with
Accuri C6 flow cytometer (BD Biosciences).

Transfection of cells with HDACI and Trxl siRNAs. Gene
silencing of HDACI and Trx1 was performed by using small
interference RNA (siRNA) delivery system. A non-specific
control siRNA duplex [5'-CCUACGCCACCAAUUUCGU
(dTdT)-3'], HDACI siRNA duplex [5'-GAGUCAAAACAGA
GGAUGA(TdT)-3'] and Trx1 siRNA duplex [5'-GCAUGCC
AACAUUCCAGUU(dTAT)-3'] were purchased from the
Bioneer Corp. (Daejeon, South Korea). In brief, 2.5x10° cells
were incubated in RPMI-1640 supplemented with 10% FBS.
The next day, cells (~30-40% confluence) in each well were
transfected with the control, HDACI siRNA or Trx1 siRNA
[100 pmol in Opti-MEM (Gibco-BRL)] using Lipofectamine
2000 according to the manufacturer's instructions (Invitrogen-
Life Technologies). One day later, cells were treated with or
without 5 M SAHA for additional 24 h. The transfected cells
were collected and used for western blot analysis, cell growth,
sub-Gl1, Annexin V-FITC and O," level measurements.

Detection of intracellular ROS levels. Intracellular ROS were
detected by a fluorescent probe dye, 2',7'-dichlorodihydro-
fluorescein diacetate (H,DCFDA, Ex/Em=495 nm/529 nm;
Invitrogen-Molecular Probes) as previously described (23).
Dihydroethidium (DHE, Ex/Em=518 nm/605 nm; Invitrogen-
Molecular Probes) is a fluorogenic probe that is highly selective
for O, among ROS. Briefly, 1x10° cells were incubated with
5 uM SAHA with or without Trx1 siRNA for 24 h. DCF and
DHE fluorescence were detected by using the Accuri C6 flow
cytometer (BD Biosciences).

Real-time PCR analysis. Total RNA was extracted by using
E.Z.N.A. Total RNA kit (Omega Bio-Tek Inc., Norcross, GA,
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Figure 1. Effects of SAHA on cell growth and HDAC activities in human mesothelioma cells. (A) Graph shows cell growth. (B) The expression level of HDAC1
was examined by western blot analysis. (C) Graph shows HDAC activities in ADA and Phi cells. (D) The expression of acetylated H4 in mesothelioma cells.

“P<0.05 compared with SAHA-untreated control group.

USA) according to the manufacturer's instruction. cDNA was
obtained from 0.8 ug of total RNA by using High-Capacity
cDNA reverse transcription kit (Life Technologies). Real-time
PCR was performed using a SYBR-Green SuperMix (Quanta
Bioscience, Gaithersburg, MD, USA) in real-time PCR cycler,
LightCyclerR 480 instrument (Roche Diagnostics, Mannheim,
Germany), setting the cycles as follows: 10 min/95°C PCR
initial activation step; 40 cycles of denaturation for 15 sec/95°C
and annealing/extenstion step for 25 sec/58°C. Trx1 (P115235)
and hypoxanthine-guanine phosphoribosyltransferase (HPRT,
P160523) were obtained from the Bioneer Corp. The changes
in mRNA level were determined by the formula 2-24°T, The
relative amount of mRNA in the sample was normalized to
HPRT mRNA.

Statistical analysis. The results represent the mean of at
least three independent experiments (mean + SD). The data
were analyzed using an Instat software (GraphPad Prism5;
GraphPad Software, Inc., San Diego, CA, USA). The Student's
t-test or one-way analysis of variance (ANOVA) with post hoc
analysis using Tukey's multiple comparison test was used for
parametric data. Statistical significance was defined as P<0.05.

Results

Effects of SAHA on cell growth and HDAC activities in human
mesothelioma cells. SAHA inhibited the growth of Phi and
ROB mesothelioma cells at 24 h (Fig. 1A). Treatment with 5 yM
SAHA reduced the growth of Phi and ROB cells ~30-40%
compared to control cells (Fig. 1A). However, 5 uM SAHA did

not significantly affect the growth of ADA and Mill cells at
24 h (Fig. 1A). The basal levels of HDAC1 were increased in
Phi, REN and ROB cells, whose cells were sensitive to SAHA
(Fig. 1B). ADA and Mill cells resistant to SAHA showed lower
levels of HDACI (Fig. 1B). The HDACI levels were different
between the two normal mesothelial cells (Fig. 1B).

After the exposure of mesothelioma cells to SAHA for
24 h, SAHA strongly decreased the activity of HDAC in Phi
cells but this agent did not change the activity of HDAC in
ADA cells (Fig. 1C). Furthermore, the levels of acetylated-H4
were increased in SAHA-treated Hmeso, Phi, REN and ROB
cells (Fig. 1D). However, SAHA did not alter the levels of the
acetylated-H4 in ADA, CON and Mill cells (Fig. D).

Effects of SAHA on cell death and mitochondrial membrane
potential (MMP; A¥Pm) in ADA and Phi cells. Treatment with
5 uM SAHA increased the numbers of Annexin V-FITC cells
in Phi cells (Fig. 2A). In addition, SAHA induced the cleav-
ages of PARP and caspase-3 in Phi cells (Fig. 2B). Moreover,
this agent significantly increased LDH release in Phi cells
(Fig. 2C). These results implied that SAHA-induced Phi cell
death occurred via apoptosis as well as necrosis. However,
SAHA did not influence the percent of Annexin V-FITC cells,
apoptosis-related protein levels and LDH release in ADA cells
(Fig. 2A-C). The loss of MMP (AWm) can lead to cell death.
As shown in Fig. 2D, red fluorescence of JC-1 indicating the
high A¥Ym was decreased in 5 M SAHA-treated Phi cells
whereas green fluorescence of JC-1 indicating the low AWm
was increased in these cells (Fig. 2D). SAHA affected neither
red fluorescence nor green fluorescence of JC-1 in ADA cells
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Figure 2. Effects of SAHA on cell death and mitochondrial membrane potential (MMP; A®m) in ADA and Phi cells. (A) Graph shows the percent of
Annexin V-FITC positive cells. (B) The protein levels of PARP, cleaved PARP, cleaved caspase-3 and (3-actin in ADA and Phi cells. (C) Graph shows LDH
release. (D) Each figure is a representative of JC-1 staining in SAHA-treated ADA and Phi cells. "P<0.05 compared with SAHA-untreated control group.
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Figure 3. Effects of each caspase inhibitor on cell growth, LDH release and cell death in Phi cells. Graphs show (A) cell growth and (B) LDH release. Graphs
show the (C) percent of sub-G1 and (D) Annexin V-FITC positive cells. "P<0.05 compared with SAHA-untreated control group. “P<0.05 compared with cells
treated with SAHA only.

(Fig. 2D). Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) Next, we determined which caspase is involved in Phi cell
was used as a positive control to induce the loss of AWm. death and growth inhibition induced by SAHA. As shown
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Fig. 3A and B, all the tested caspase inhibitors partially recov-
ered the growth inhibition and LDH release of SAHA-treated
Phi cells. In addition, all the inhibitors strongly reduced the
percents of sub-Gl1 cells and Annexin V-FITC cells in these
cells (Fig. 3C and D).

Effects of HDACI siRNA on cell growth and death in SAHA-
treated Phi cells. Because the basal levels of HDACI1 were
different between SAHA-sensitive and SAHA-resistant
mesothelioma cells (Figs. 1 and 2), the status of HDACI1
might influence mesothelioma cell death caused by SAHA.
To investigate whether HDACI protein affects SAHA-induced
cell death in mesothelioma, the mRNA level of HDAC1 was
knocked downed by the administration of siRNA. The knock-
down of HDACI successfully occurred in Phi cells via its
siRNA (Fig. 4A). HDACI siRNA significantly promoted cell
growth inhibition in SAHA-treated Phi cells (Fig. 4B). In addi-
tion, HDAC1 siRNA increased the numbers of sub-Gl1 cells
and Annexin V-positive cells in these cells (Fig. 4C and D).
HDACI siRNA alone induced cell death in SAHA-untreated
Phi control cells (Fig. 4D).

Effects of SAHA on intracellular ROS and TrxI levels in
SAHA-treated Phi cells. When we measured the intracel-
Iular ROS levels by DCFDA and DHE dyes, 5 M SAHA
significantly increased ROS levels including O, in Phi cells
(Fig. 5A). Moreover, well-known antioxidants, NAC and Vit.C
effectively blocked cell growth inhibition and LDH release
in SAHA-treated Phi cells (Fig. 5B and C) and both of them

significantly reduced the number of Annexin V-positive cells
in the cells (Fig. 5D).

It is reported that SAHA decreased Trx1 in cancer cells
(24). Cellular antioxidants can change intracellular ROS levels
and affect cell death such as apoptosis. As shown in Fig. 6A
and B, 5 uM SAHA decreased the mRNA and protein levels
of Trx1 in Phi and ROB cells. While SAHA decreased the
protein level of Trx1 in REN cells, this agent did not alter
the mRNA level of Trxl1 in these cells (Fig. 6A and B).
Next, it was determined whether Trx1 knockdown affects
cell growth, cell death and ROS levels in SAHA-treated Phi
cells. Administration of Trx1 siRNA markedly decreased the
level of Trx1 (Fig. 6C) and this siRNA enhanced cell growth
inhibition in SAHA-untreated and -treated Phi cells (Fig. 6D).
Trx1 siRNA also increased the percents of sub-Gl1 cells and
apoptotic cells in these cells (Fig. 6E and F). Furthermore,
Trx1 siRNA increased the O, levels in SAHA-untreated and
-treated Phi cells (Fig. 6G).

Discussion

Mesothelioma is a rare form of cancer derived from the pleura,
peritoneum or pericardium. Epigenetic changes affect drug
resistance and pathogenesis of mesothelioma. In the present
study, we determined an anticancer effect of SAHA on various
mesothelioma cells in view of HDACI and Trx1 levels. SAHA
inhibited the growth of Phi and ROB mesothelioma cells. This
result supports that HDAC inhibitor shows anti-tumor effect
on mesothelioma (9,25). However, this drug did not affect the
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growth of ADA and Mill mesothelioma cells. Interestingly,
SAHA-sensitive Phi and ROB cells strongly expressed the

basal level of HDACI protein whereas SAHA-resistant ADA
and Mill cells showed lower basal levels of HDACI1. Moreover,
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SAHA notably inhibited HDAC activity and induced acetyla-
tion of H4 in SAHA-sensitive Phi cells. This result implies
that SAHA as an HDAC inhibitor especially works well in
mesothelioma cells having overexpressed HDACI protein. In
addition, the different levels of HDAC1 among mesothelioma
cells seemed to differently influence the sensitivity of meso-
thelioma cells to HDAC inhibitor. Many studies have reported
that inhibition of HDACI enhances cell death in various cancer
cells including ovarian and liver (26,27). Likewise, HDAC1
knockdown enhanced Phi cell death caused by SAHA. Taken
together, HDAC1 might be a target for the mesothelioma
therapy.

SAHA induced apoptosis in Phi cells which was accom-
panied by the cleavages of PARP and caspase-3 and the loss
of MMP (A®m). In addition, all the tested caspase inhibitors
strongly prevented cell death in these cells. Therefore, it seems
that apoptosis occurs via intrinsic and extrinsic pathways and
that cell death is the main mechanism for the inhibition of cell
growth by SAHA. We also observed that SAHA induced LDH
release in SAHA-treated Phi cells. However, NecroX-2 and
necrostatinl, necrosis inhibitors did not significantly attenuate
cell death in SAHA-treated Phi cells (data not shown).
Therefore, necrosis seems to be in part related to SAHA-
induced Phi cell death.

Ocxidative stress is an important cause in mesothelioma
cell death and antioxidant contributes the drug resistance of
mesothelioma cells. Likewise, SAHA increased the intracel-
Iular ROS levels including O,™ in Phi cells. Both NAC and
Vit.C prevented the growth inhibition and cell death in SAHA-
treated Phi cells. SAHA did not change ROS level in ADA cells
which was resistant to this drug (data not shown). Therefore,
these results suggest that oxidative stress induced by SAHA
leads to apoptotic cell death in Phi mesothelioma cells.

Trx is an important antioxidant protein in cells and it
protects the cell from oxidative stress damage by facilitating
the reduction of other oxidative proteins via cysteine thiol-
disulfide exchange (28). HDAC inhibitor changes the redox
state of Trx (29). In the present study, SAHA downregulated
the mRNA and protein levels of Trx1 in Phi and ROB cells.
In addition, Trx1 siRNA sensitized Phi cells to SAHA and it
alone induced apoptosis in SAHA-untreated Phi cells. These
results imply that Trx1 has a critical role in cell death in meso-
thelioma cells. In regard to ROS levels, Trx1 siRNA intensified
the O, level in SAHA-treated and untreated Phi cells. This
result suggests that Trx1 also act as a strong antioxidant in
mesothelioma cells.

In conclusion, SAHA inhibited the growth of Phi and ROB
cells among the tested human mesothelioma cells. These cells
relatively have higher levels of HDACs. SAHA-induced Phi
cell death was related to oxidative stress and Trx1 levels.
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