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Targeted inhibition of survivin with YM15S promotes apoptosis
of hypoxic human pulmonary arterial smooth muscle cells
via the upregulation of voltage-dependent K* channels
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Abstract. Hypoxic pulmonary hypertension (PH) is a
common disease characterized by a disturbance to the balance
of apoptosis and cell proliferation in pulmonary artery smooth
muscle cells (PASMCs). The anti-apoptotic protein, survivin,
has been observed to be upregulated in pulmonary arteries
(PAs) of chronic hypoxia-induced PH rats. The present study
aimed to investigate the therapeutic potential of sepantronium
bromide (YM155), a selective survivin inhibitor, on hypoxic
human PASMCs and examine the potential underlying
mechanisms. Cultured human PASMCs (HPASMCs) were
randomly divided into the following groups: i) Normoxia (N);
ii) normoxia + 100 nmol/l YM155 (NY100); iii) hypoxia (H);
iv) hypoxia + 1 nmol/l YM155 (HY1); v) hypoxia + 10 nmol/l
YM155 (HY10); and hypoxia + 100 nmol/l YMI155 (HY100)
groups. The cells were exposed to the different conditions for
24 h, according to the group. Cell viability was then deter-
mined using a Cell Counting Kit-8 assay, and apoptosis was
detected using a terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate nick end labeling assay.
The expression levels of survivin were determined using
reverse transcription-quantitative polymerase chain reaction
(RT-gPCR), immunocytochemistry and Western blot analyses.
The expression levels of the voltage-dependent K* (K,) chan-
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nels, K 1.5 and K,2.1, were measured using RT-qPCR and
Western blotting. Cell proliferation in the hypoxic PASMCs
was significantly increased by hypoxia, however, apoptosis
of the HPASMCs was suppressed, the expression of survivin
were upregulated and the expression levels of K 1.5 and K ;2.1
were downregulated. YM155 treatment ameliorated the
hypoxia-induced increase in cell proliferation and expression
of survivin in a concentration-dependent manner, increased
apoptosis, and increased the expression levels of K 1.5 and
K,2.1 (P<0.05). By contrast, YM155 treatment in normoxic
HPASMC:s had no significant effects on proliferation, apop-
tosis, or the expression levels of survivin and K, channels in
the PASMCs. The present study is the first, to the best of our
knowledge, to demonstrate that YM155, a selective survivin
inhibitor, has a beneficial therapeutic effect on hypoxic
HPASMCs, and that YM155 induces a pro-apoptotic effect
by downregulating the apoptosis inhibitor, survivin, possibly
through a K, channel-mediated mechanism.

Introduction

Pulmonary hypertension (PH) is a complex and multifactorial
disorder characterized by increased pulmonary arterial pres-
sure and adverse remodeling of pulmonary arteries (PAs), which
result in right ventricular failure and premature mortality (1).
Excessive proliferation and resistance to apoptosis in pulmo-
nary artery smooth muscle cells (PASMCs) is widely accepted
as one of the predominant causes of PA remodeling during
hypoxia (2,3). Hypoxia suppresses mitochondria-dependent
apoptosis in human PASMCs (HPASMCs) and increases
proliferation in these cells (4,5). However, the potential
mechanism underlying the proliferation and resistance to
apoptosis in hypoxic PASMCs remains to be elucidated, and
there remains no curative therapeutic strategy. The overall
prognosis of patients with PH remains poor, and further under-
standing of the mechanisms underlying the development of PH
is important to improve patient management and outcomes (6).

Several predisposing and disease-modifying abnor-
malities, including the de novo expression of survivin and the
downregulated expression of the voltage-dependent K* (K,)1.5
channel, have been reported to contribute to the cancer-like,
proliferative, apoptosis-resistant phenotype of PASMCs (7).
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K, channels in PASMCs are inhibited by acute and chronic
exposure to hypoxia (8). Survivin is a member of the inhibitor
of apoptosis (IAP) protein gene family, which negatively
regulates programmed cell death and is well documented to
be overexpressed in almost all types of human cancer (9).
Additional data has indicated a more selective role of survivin,
also a chromosomal passenger protein required for cell
division (10), in antagonizing mitochondria-dependent apop-
tosis (11). Survivin expression is cell cycle-dependent but it is
also regulated by exposure to hypoxia (12). It is almost unde-
tectable in the majority of normal adult tissues, and increased
expression of survivin correlates with a poor outcome (13). A
previous study by McMurtry et al (14) indicated that survivin
was expressed in the PAs of patients with PH, and that the
overexpression of survivin coincided with pulmonary vascular
remodeling in monocrotaline-induced rat PAH models. In
addition, the therapeutic effect of inhibition of survivin was
achieved by the induction of mitochondria-dependent apop-
tosis and the activation of K, channels in PASMCs (14). These
findings suggested that inducing the expression of survivin
may contribute to the abnormal PASMC phenotype observed
in PH; therefore, survivin may be an attractive target for PH
therapy.

As a novel small-molecule survivin inhibitor, sepantro-
nium bromide (YM155) suppresses the transactivation of
survivin via direct binding to its promoter (15) and, therefore,
has little effect on the expression levels of other IAP family
members or B-cell lymphoma 2-associated proteins (16).
It has been demonstrated that YM155 induces tumor cell
apoptosis and survivin suppression in various human cancer
models (16,17). A previous study by Liu et al (18) demon-
strated that survivin was expressed in the PAs of rats with
chronic hypoxic pulmonary hypertension, but not in the PAs
of normal rats. YM155 treatment downregulated the expres-
sion levels of survivin in the distal PAs and lung tissues
of the rats exposed to chronic hypoxia, and reduced mean
pulmonary arterial pressure and right ventricular hyper-
trophy, subsequently reversing hypoxia-induced PH. These
results suggested that YM155 may be a potential therapeutic
agent for hypoxic PH. However, no previous studies, to the
best of our knowledge, have evaluated the effects of YM155
on the expression of survivin and apoptosis of HPASMCs
exposed to hypoxia, or the potential underlying mechanisms.
The present study hypothesized that YM155 may have anti-
proliferative effects on hypoxia-induced HP. Therefore, the
protective effect of YM155 on hypoxic HPASMCs was inves-
tigated, with a focus on the mechanisms of cell proliferation
and apoptosis, as well as the activation of K,1.5 and K,2.1
channel in the PASMCs during hypoxia.

Materials and methods

Cell culture. Human pulmonary artery smooth muscle cells
(HPASMCs) were purchased from ScienCell Research
Laboratories (Carlsbad, CA, USA) and cultured in smooth
muscle cell medium (ScienCell Research Laboratories)
supplemented with 2% fetal bovine serum (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml
penicillin, 100 pg/ml streptomycin and 1% smooth muscle
cell growth supplement (all ScienCell Research Laboratories)
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under an atmosphere of 5% CO,at 37°C. The HPASMCs at
passages 4-10 were used in the following experimental assays.

Experimental protocol. The cultured HPASMCs were
randomly divided into six groups: i) Normoxia (N) group,
in which the cells were cultured in serum-free Dulbecco's
modified Eagle's medium (DMEM; Beijing Solarbio Science
and Technology Co., Ltd., Beijing, China) under normoxic
conditions for 24 h at 37°C; ii) normoxia + 100 nmol/l
YM155 (NY100) group, in which the cells were cultured in
serum-free DMEM with 100 nmol/l YM155 under normoxic
conditions for 24 h at 37°C; iii) hypoxia (H) group, in which
the cells were cultured in serum-free DMEM under hypoxic
conditions for 24 h at 37°C; iv) hypoxia + 1 nmol/l YM155
(HY1) group, in which the cells were cultured in serum-free
DMEM with 1 nmol/l YM155 under hypoxic conditions for
24 h at 37°C; v) hypoxia + 10 nM YM155 (HY10) group, in
the which cells were cultured in serum-free DMEM with
10 nmol/l YM155 under hypoxic conditions for 24 h; and
vi) hypoxia + 100 nmol/l YM155 (HY100) group, in which
the cells were cultured in serum-free DMEM with 100 nmol/l
YMI155 under hypoxic conditions for 24 h at 37°C. YM155
was obtained from Selleck Chemicals (Houston, TX, USA)
and dissolved in dimethyl sulfoxide (Beijing Solarbio Science
and Technology, Co., Ltd.). The final concentration of DMEM
was <0.1% in medium.

The HPASMCs were exposed to the different conditions,
according to the group. For all experiments, the cells were
rendered quiescent by incubation in serum-free DMEM for
24 h at 37°C prior to incubation in either hypoxic (2.5% O,,
5% CO,) or normoxic (21% O,, 5% CO,) conditions. Hypoxic
culture conditions, defined as 2.5% O,, were established using
a Heraeus® oxygen-regulated cell culture incubator (Thermo
Fisher Scientific, Inc.).

Cell viability. Cell viability was determined using a
Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) in accordance with
the manufacturer's protocol. The HPASMCs were seeded in
96-well plates at 1x10* cells/well (four wells for each group)
and cultured for 24 h in complete medium in an atmosphere
of 5% CO, at 37°C. The cells were treated, as described above,
and 10 pl/well CCK-8 was added to each well at the end of the
experiment and incubated at 37°C for a further 2 h. The absor-
bance of each well was measured at 450 nm on a microplate
reader (HR801; Rayto Life and Analytical Sciences Co., Ltd.,
Shenzhen, China).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from the HPASMCs
using TRIzol (Tiangen Biotech Co., Ltd., Beijing, China),
according to the manufacturer's protocol, and the RNA was
treated with RNase-Free DNase I (Tiangen Biotech Co., Ltd.)
to eliminate contaminating DNA. The RNA concentration
(552 ng/ul) was determined using an ultra-violet spectropho-
tometer (NanoDrop 2000, Thermo Fisher Scientific, Inc.), and
the quality of RNA was checked by 1.5% agarose gel electro-
phoresis (Sangon Biotech Co., Ltd., Shanghai, China). cDNA
was synthesized from 10 ul total RNA using the QuantScript
RT kit (KR106; Tiangen Biotech Co., Ltd.). gPCR was then
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Figure 1. YM155 treatment inhibits the expression of survivin in hypoxic HPASMCs. Expression levels of survivin in hypoxic or normoxic HPASMCs, with
or without YM155 treatment, were determined using (A) immunocytochemical (scale bar=100 pgm), (B) quantitative reverse transcription-polymerase chain
reaction and (C) Western blot analyses. Data are presented as the mean + standard deviation (n=3). "P<0.05 vs. N group; “P<0.05 vs. H group. HPAMSCs,
human pulmonary artery smooth muscle cells; YM155, sepantronium bromide; N, normoxia; H, hypoxia; NY, normoxia + 100 nmol/l YM155; HY]1,
hypoxia + 1 nmol/l YM155; HY10, hypoxia + 10 nM YMI155; HY100, hypoxia + 100 nmol/l YMI55.

performed on the ABI 7500 Real-Time PCR System (Applied
Biosystems; Thermo Fisher Scientific, Inc.). The reaction
mixture (25 ul) consisted of 6 ul cDNA, 12.5 ul 2X FastFire
gPCR PreMix (SYBR Green; Tiangen Biotech Co., Ltd.)
and 0.75 ul each of forward and reverse primers. The PCR
cycling conditions were as follows: 94°C for 5 min, followed
by 45 cycles at 94°C for 40 sec, 58°C for 40 sec and 72°C for
40 sec. The primers were obtained from Sunny Biotech Co.,
Ltd. (Shanghai, China) and their sequences are presented in
Table I. Melting curve analysis was performed to examine the
specificity of the amplification reactions. GAPDH served as
an internal control. Experiments were performed in triplicate.
The relative gene expression levels were calculated for each
sample using the 2224 method (19).

Immunocytochemical analysis. The HPASMCs
were seeded onto 96-well plates at a density
~1x10° cells/ml for immunocytochemical analysis. Following
washing with phosphate-buffered saline (PBS; Pujingkangli
Science & Technology, Beijing, China), the HPASMCs
were fixed with 4% paraformaldehyde solution (Beijing
Huayueyang Biotechnology Co., Ltd., Beijing, China) and
permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, St.
Louis, MO, USA) in PBS. The cells were then incubated
with goat anti-human survivin polyclonal antibody (ab27468;
Abcam, Cambridge, UK) overnight at 4°C. After washing
three times with PBS for 5 min each, the cells were incubated
with tetraethyl rhodamine isothiocyanate-conjugated rabbit
anti-goat IgG (heavy and light chains) secondary antibody

(31650; Thermo Fisher Scientific, Inc.) at room temperature
for 30 min. The cells were observed under a fluorescent
microscope (Axio Scope.Al; Carl Zeiss AG, Oberkochen,
Germany), and the images were acquired and analyzed using
Image-Pro Plus software, version 6.0 (Media Cybernetics,
Inc., Rockville, MD, USA).

Western blot analysis. The HPASMCs were placed in 200 ul
radioimmunoprecipitation assay lysis buffer (Tiangen
Biotech Co., Ltd.) supplemented with 1% protease inhibitor
cocktail (Pujingkangli Science & Technology). Following
centrifugation at 12,000 x g at 4°C for 10 min, the superna-
tants were collected for Western blot analysis. The amount
of protein was quantified using a Bio-Rad Protein Assay
kit (500-0116; Bio-Rad Laboratories, Inc., Hercules, CA,
USA), according to the manufacturer's protocol. Protein
samples (40 pg) were run on a 10% acrylamide gel (Huaxing
Biotechnology Co., Ltd., Beijing, China) and transferred onto
a nitrocellulose membrane (Merck Millipore, Darmstadt,
Germany). The membranes were blocked with 5% skimmed
milk powder in Tris-buffered saline and 0.1% Tween 20
(TBST; Huaxing Biotechnology Co., Ltd.) for 1 h at room
temperature, followed by washing three times with TBST for
10 min. Subsequently, the membranes were immunoblotted
overnight at 4°C with rabbit anti-human survivin polyclonal
antibody (ab469; 1:1,000; Abcam, Cambridge, UK), rabbit
anti-human K,1.5 polyclonal antibody (ab181798; 1:1,000;
Abcam), mouse anti-human K,2.1 monoclonal antibody
(ab105586; 1:1,000; Abcam) or rabbit anti-human GAPDH
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Table I. Sequences of primers used for reverse transcrip-
tion-polymerase chain reaction analysis.

Gene Primer (5'-3")

Survivin Forward: ACTTGGCCCAGTGGGTTTTT
Reverse: CAGAAAGGAAAGCGCAACCG

K,1.5 Forward: CTACTTCGACCCCCTGAGGA

v

Reverse: CAGGGTCTCCAAGCAGAAGG
K,2.1 Forward: TTTGCCCGGAGCATTGAGAT
Reverse: GAACGTTCAGGTGCTGAGGA
Forward: CACCATCTTCCAGGAGCGAG
Reverse: AAATGAGCCCCAGCCTTCTC

GAPDH

K,, voltage-dependent K* channel; GAPDH, glyceraldehye 3-phos-
phate dehydrogenase.
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Figure 2. YMI155 treatment suppresses the viability of hypoxic human pul-
monary artery smooth muscle cells. Cell viability was determined using a
Cell Counting Kit-8 assay. Data are presented as the mean + standard devia-
tion (n=3). "P<0.05 vs. N group; “'P<0.05 vs. H group. YM155, sepantronium
bromide; N, normoxia; H, hypoxia; NY, normoxia + 100 nmol/l YM155;
HY1, hypoxia + 1 nmol/l YM155; HY10, hypoxia + 10 nM YM155; HY100,
hypoxia + 100 nmol/l YM155.

monoclonal antibody (14C10; 1:2,000; Cell Signaling
Technology, Inc., Danvers, MA, USA). The membranes
were washed three times with PBS and then incubated with
horseradish peroxidase-conjugated goat anti-rabbit or goat
anti-mouse secondary antibodies (ZB-2305 and ZB-2301;
1:5,000; Beijing Zhongshan Golden Bridge Biotechnology
Co., Ltd.). Detection was performed using an enhanced
chemiluminescence kit (ZLI-9036; Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd., Beijing, China).
Proteins bands were visualized following exposure of the
membrane to X-ray film (Kodak, Rochester, NY, USA). The
protein expression levels of survivin, K,1.5 and K,2.1 were
normalized to the protein expression of GAPDH.

Terminal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate nick end labeling (TUNEL) assay.
Following hypoxia and/or pretreatment, the HPASMCs were
fixed with 4% paraformaldehyde in PBS for 1 h at room
temperature. The TUNEL assay was performed for apoptotic
cell determination using an In situ Cell Death Detection
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Figure 3. YM155 induces the apoptosis of hypoxic human pulmonary
artery smooth muscle cells. Apoptosis was determined using a TUNEL
assay (scale bar=100 gm). Data are presented as the mean + standard devia-
tion (n=3). "P<0.05 vs. N group; “P<0.05 vs. H group. TUNEL, terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end
labeling; YM155, sepantronium bromide; N, normoxia; H, hypoxia; NY,
normoxia + 100 nmol/l YM155; HY1, hypoxia + 1 nmol/l YM155; HY10,
hypoxia + 10 nM YM155; HY 100, hypoxia + 100 nmol/l YM155.

kit (Roche Diagnostics GmbH, Mannheim, Germany),
according to the manufacturer's protocol. Counterstaining
of nuclei with DAPI (Thermo Fisher Scientific, Inc.) was
performed for 10 min at 20°C, and sealed with nail varnish.
All TUNEL-positive cells (indicated by green fluorescence
in the nuclei) were counted in each field of view, and subse-
quently expressed as a percentage of the total number of
nuclei in that same field.

Statistical analysis. Data are presented as the mean + stan-
dard deviation and were analyzed using the SPSS 17.0
statistical software package (SPSS, Inc, Chicago, IL. USA).



MOLECULAR MEDICINE REPORTS

s FE

5 »e T

» 10

@

@

5 0.8

H

< 06 ki

=

74

£ 0.4

n

s 02

x

0.0 T T T T T T
N H NY  HY1 HY10 HY100

B N H NY

13: 3415-3422, 2016 3419

1.2+ -
§ ol L
«» 1.04
- HE
5 0.8
>
@
$ 06
(v E
£ 0.4
-
o 0.2
x

0,5 T T

N H NY HY1 HY10 HY100

laid

HY10  HY100

1.0 1.0
5 | T T 5 wx
@ 0.8 kg 2 08
@ e %
g g
% 06 . X 06 .
£ £
3 04 - £ 04
s s
0 =
< 0.2 g 0.2
' 5

0.0t Y Y v Y Y 0.0 .

N H NY HY! HY10 HY100 N H NY HYi HYi0 HY100

Figure 4. YM155 decreases the expression levels of K 1.5 and K,2.1 in hypoxic human pulmonary artery smooth muscle cells. Expression levels were
determined using (A) reverse transcription-polymerase chain reaction and (B) Western blot analyses. Data are presented as the mean + standard deviation
(n=3). "P<0.05 vs. N group; “P<0.05 vs. H group. YM155, sepantronium bromide; N, normoxia; H, hypoxia; NY, normoxia + 100 nmol/l YM155; HY1,
hypoxia + 1 nmol/l YM155; HY10, hypoxia + 10 nM YM155; HY 100, hypoxia + 100 nmol/l YM155; K, K* voltage-dependent channel.

One-way analysis of variance was used for comparison of
variance among groups. Comparison between groups was
analyzed via Student-Newman-Keuls ¢ test. P<0.05 was
considered to indicate a statistically significant difference.

Results

YM155 inhibits the expression of survivin in hypoxic
HPASMCs. RT-qPCR, immunocytochemistry and Western
blot analyses were performed to determine the expression
levels of survivin in hypoxic or normoxic HPASMCs with
or without YM155 treatment. As shown in Fig. 1A, survivin
was expressed in the HPASMCs cultured under hypoxic
conditions, but was not expressed in the normoxia-cultured
cells. Treatment with YM155 significantly inhibited the
hypoxia-induced upregulated gene and protein expression
levels of survivin, and this effect was enhanced by increasing
the concentration of YM155 (P<0.05; Fig. 1B and C).

YM155 suppresses the cell viability of hypoxic HPASMCs.
To investigate the cell viability of the hypoxic or normoxic
HPASMCs with or without YM155 treatment, a CCK-8
cell proliferation assay was performed. The results demon-
strated that cell proliferation was significantly increased by
hypoxia, compared with the normoxia-cultured HPASMCs
(P<0.05). By contrast, YM155 treatment ameliorated
this hypoxia-induced increase in cell proliferation, in a

concentration-dependent manner (P<0.05; Fig. 2). YM155
treatment in the normoxic HPASMCs had no significant
effect on the proliferation of the HPASMCs.

YM155 induced apoptosis of hypoxic HPASMCs. To investi-
gate whether YM155 suppressed cell viability by increasing
apoptosis of the HPASMCs during hypoxia, a TUNEL
assay was performed (Fig. 3). Hypoxia induced HPASMC
proliferation and suppressed apoptosis. Following treat-
ment with YM155, a significant decrease in cell viability
was detected in the hypoxic HPASMCs, and the percentage
of TUNEL-positive cells decreased in a dose-dependent
manner. However, no significant effects were observed in the
normoxic HPASMC:s treated with 10 nmol/l YM155 for 24 h.

YM155 upregulates the expression levels of Kvl.5 and
Kv2.1 in hypoxic HPASMCs. The results of the RT-qPCR
and Western blot analyses demonstrated that the expres-
sion levels of K 1.5 and K,2.1 were markedly inhibited by
hypoxia, compared with the HPASMCs cultured under
normoxic conditions (P<0.05; Fig. 4). Treatment with YM155
resulted in a concentration-dependent increase in the mRNA
(Fig. 4A) and protein (Fig.4B) expression levels of K,1.5 and
K,2.1 in the HPASMCs cultured in hypoxia (P<0.05). No
significant changes were observed in the expression levels
of K,1.5 and K,2.1 in the normoxic HPASMCs following
YM155 treatment (Fig. 4).
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Discussion

PH is an obstructive vasculopathy characterized by the
increased proliferation and suppressed apoptosis of PASMCs.
This phenotype is associated with activation of the expression
of survivin, which is important in PH pathogenesis (20). In
the present study, the potential role for survivin, an inhibitor
of apoptosis, was investigated in normoxic and hypoxic
HPASMCs. The results demonstrated that survivin was
expressed in HPASMCs during hypoxia but not in normoxic
conditions. Treatment of the PASMCs under hypoxic condi-
tion with YM155, a novel small-molecule inhibitor of survivin,
reversed the hypoxia-induced overexpression of survivin at
the transcriptional and translational levels, as demonstrated by
RT-gPCR, immunocytochemical and Western blot analyses. In
addition, the results of the present study also indicated that the
proliferation of the PASMCs was significantly induced in the
hypoxia-cultured cells, compared with the normoxia-cultured
cells. In addition, the apoptosis of the PASMCs was signifi-
cantly inhibited, and the activation of K,1.5 and K,2.1 were
reduced in the hypoxic HPASMCs. The therapeutic benefit of
YM155 on HPASMCs during hypoxia was associated with the
inhibited growth and increased apoptosis of PASMCs, as well
as the reactivation of the expression of K,1.5 and K,2.1. These
results suggested that survivin may be key in the pathophysi-
ology of hypoxia-induced PH, and that the YM155 survivin
inhibitor may offer therapeutic potential for use in the treat-
ment of PH, although future investigations in animal models
are required.

Gene microarray analysis has demonstrated that dysregu-
lation of apoptotic mediators in the PA wall of patients with
PH favored the suppression of apoptosis (21). Survivin is the
smallest member of the AP family, which is structurally unique
and involved in essential cellular functions, and is prominently
expressed in human cancer (22). High expression levels of
survivin in cancer cells are associated with poor patient prog-
nosis and survival rates, as well as resistance to therapy and
an increased rate of cancer recurrence (13,23). However, the
expression of survivin is not cancer specific, and it is involved
in essential cellular functions. It has been observed to be
upregulated in the media of small and medium-sized PAs from
monocrotaline-induced pulmonary arterial hypertension rats,
as well as idiopathic PH patients (14,21). Increasing evidence
has indicated that the expression of survivin is increased in PAs
of PH (24). A previous study on chronic hypoxia-induced PH
demonstrated the overexpression of survivin in the media of the
distal PAs of rats following chronic hypoxia (18). Hyperplasia
of PASMC:s is a characteristic pathological feature of pulmo-
nary hypertension (25). Survivin may facilitate the transition
of PASMC:s to a proliferative state and inhibit apoptosis by
hyperpolarizing mitochondria (14). This would result in the
impaired activation of K, channels and, subsequently, mito-
chondria-dependent apoptosis (9,26). Increased proliferation
of PASMC has been reported in animals with hypoxia-induced
pulmonary hypertension, which is often found to be associ-
ated with vascular remodeling (27) Consistent with the results
of previous studies, the results of the present study indicated
that exposure of PASMCs to hypoxia enhanced the prolif-
eration and decreased the apoptosis of PASMC:s, significantly
upregulated the expression of prosurvival factor, survivin,
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and downregulated the expression of K 1.5 and K,2.1 channel
proteins. This is consistent with the results of a previous
study by McMurtry et al (14), which indicated that survivin
allowed the PASMCs to enter a proliferative phase, parallel
with a decrease in K,1.5 expression. This previous study also
provided direct evidence that survivin inhibition led to selec-
tive apoptosis of the proliferating PASMCs. This suggested that
survivin may be central in the hyperplasia of hypoxia-induced
PASMC:s, which may also elucidate the therapeutic potential
of survivin targeting in PH.

Multiple strategies to modulate the expression and activa-
tion of survivin have been developed. As a selective survivin
inhibitor, YM155, a small molecule of sepantronium bromide,
exerts a marked antiproliferative activity in a large panel of
tumor cell models. Preclinical studies have indicated that
continuous infusion of YMI155 resulted in a reduction of
intratumor survivin in tumor-bearing immunodeprived mice
leading to marked tumor regression due to an enhanced
apoptotic response (28). Survivin was demonstrated to
be expressed at high levels in a previous study of chronic
hypoxia-induced PH rats, and indicated that YM155 treat-
ment downregulated the expression of survivin in the distal
PAs and lung tissues during chronic hypoxia, reversing
hypoxia-induced PH (18). This suggests YM155 as an ideal
candidate in the treatment of PH. In the present study, the
therapeutic effects of YM155 on the proliferation and apop-
tosis of HPASMCs during hypoxia were investigated. The
cells were treated with different concentrations of the YM155
survivin inhibitor. The results of demonstrated that, in addi-
tion to reversing the hypoxia-induced upregulation of survivin
in the PASMCs, YMI55 treatment significantly promoted
apoptosis and suppressed PASMC proliferation, consistent
with the results of the survivin-targeting strategy developed
by McMurtry et al (14). The disturbance in the balance of
apoptosis and proliferation in pulmonary vascular wall cells,
favoring proliferation, induces the remodeling of PAs (29,30).
Effective therapies require a shift in this balance towards
apoptosis (31). The data of the present study indicated that the
hypoxia-induced increase in survivin may have been associ-
ated with the imbalance of apoptosis and proliferation in the
PASMCs, and the downregulation of survivin as a result of
YM155 administration in the hypoxic PASMCs resulted in an
enhanced apoptotic response.

K, channels are an important factor in hypoxic PH progres-
sion (32,33). The inhibition or lack of K, channels contributes to
resistance to apoptosis (16), whereas K, upregulation contributes
to the promotion of apoptosis via K* activity of caspases (8).
Furthermore, PH is associated with selective inhibition of K,
channels. Prolonged hypoxia inhibits the mRNA and protein
expression of K, channels, and decreases the number of
functional K, channels in PASMCs. The resulting membrane
depolarization raises cytoplasmic free calcium concentrations,
stimulating PASMC proliferation and, ultimately, increasing
pulmonary vascular resistance and PH (34). The upregulated
expression of survivin in patients with PH has been suggested
to be associated with the impaired activation of K, channels
and consequent mitochondria-dependent apoptosis (9,26).
In vitro and in vivo investigations have demonstrated that
survivin targeting induces mitochondria-dependent apoptosis of
PASMCs, and the activation of K* channels by survivin targeting
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may be important in this process (14,35). The present study
further investigated the potential therapeutic mechanisms of
YM155 on hypoxic HPASMCs, predominantly focussing on the
expression of the specific PASMC K, channels, K,1.5 and K,2.1.
The results revealed that hypoxia exposure significantly inhib-
ited the expression levels of K,1.5 and K 2.1 in the HPASMCs.
YM155 treatment reversed the hypoxia-induced downregulation
of K, channel proteins in a dose-dependent manner, suppressed
proliferation and enhanced apoptosis of the PASMCs. The
expression levels of K 1.5 and K,2.1 increased, parallel with the
decrease in survivin. By contrast, YM155 had little effect on the
expression levels of Kv1.5 and Kv2.1 in the normoxic-cultured
HPASMC:s. These data suggested that survivin may regulate the
balance of cell proliferation and apoptosis in hypoxic PASMCs
through a K, channel-associated mechanism, and YM155 may
offer therapeutic potential for use in hypoxia-induced PH.

In conclusion, the present study demonstrated that exposure
to hypoxia of HPASMCs significantly increased cell prolif-
eration and suppressed apoptosis, upregulated the mRNA and
protein expression levels of survivin, and reduced the activation
of the K,1.5 and K,2.1 channels. YM155, a selective survivin
inhibitor, reversed the hypoxia-induced apoptosis suppres-
sion and proliferation enhancement in the HPASMCs, in a
dose-dependent manner, which was associated with survivin
inhibition and reactivation of the K, channels. These results are
the first, to the best of our knowledge, to demonstrate that YM155
has a beneficial therapeutic effect on hypoxic HPASMCs, and
provided evidence that the pro-apoptotic effects induced by
YM155 involved downregulation of the apoptosis inhibitor,
survivin, possibly via a K, channel-mediated mechanism.
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