8 frontiers ‘ Frontiers in Pharmacology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Poonam Arora,
Shree Guru Gobind Singh Tricentenary
University, India

REVIEWED BY
Krishna C. Penumatsa,

Tufts University, United States
Ramon Jose Ayon,

University of Virginia, United States

*CORRESPONDENCE
Isabel Blanco,
iblanco2@clinic.cat

'PRESENT ADDRESS

Maribel Marquina,

Faculty of Health Sciences, Valencian
International University (VIU), Valencia,
Spain

RECEIVED 16 January 2023
ACCEPTED 11 April 2023
PUBLISHED 24 April 2023

CITATION
Blanco I, Marquina M, Tura-Ceide O,
Ferrer E, Ramirez AM,

Lopez-Meseguer M, Callejo M,
Perez-Vizcaino F, Peinado VI and
Barbera JA (2023), Survivin inhibition with
YM155 ameliorates experimental
pulmonary arterial hypertension.

Front. Pharmacol. 14:1145994.

doi: 10.3389/fphar.2023.1145994

COPYRIGHT

© 2023 Blanco, Marquina, Tura-Ceide,
Ferrer, Ramirez, Lopez-Meseguer,
Callejo, Perez-Vizcaino, Peinado and
Barbera. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology

TvpPE Original Research
PUBLISHED 24 April 2023
Dol 10.3389/fphar.2023.1145994

Survivin inhibition with
YM155 ameliorates experimental
pulmonary arterial hypertension
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Background: Imbalance between cell proliferation and apoptosis underlies the
development of pulmonary arterial hypertension (PAH). Current vasodilator
treatment of PAH does not target the uncontrolled proliferative process in
pulmonary arteries. Proteins involved in the apoptosis pathway may play a role
in PAH and their inhibition might represent a potential therapeutic target. Survivin
is a member of the apoptosis inhibitor protein family involved in cell proliferation.

Objectives: This study aimed to explore the potential role of survivin in the
pathogenesis of PAH and the effects of its inhibition.

Methods: In SU5416/hypoxia-induced PAH mice we assessed the expression of
survivin by immunohistochemistry, western-blot analysis, and RT-PCR; the
expression of proliferation-related genes (Bcl2 and Mki67); and the effects of
the survivin inhibitor YM155. In explanted lungs from patients with PAH we
assessed the expression of survivin, BCL2 and MKI67.

Results: SU5416/hypoxia mice showed increased expression of survivin in
pulmonary arteries and lung tissue extract, and upregulation of survivin,
Bcl2 and Mki67 genes. Treatment with YM155 reduced right ventricle (RV)
systolic pressure, RV thickness, pulmonary vascular remodeling, and the
expression of survivin, Bcl2, and Mki67 to values similar to those in control
animals. Lungs of patients with PAH also showed increased expression of
survivin in pulmonary arteries and lung extract, and also that of BCL2 and
MKI67 genes, compared with control lungs.

Abbreviations: Akt, protein kinase B; EC, endothelial cells; ERK, extracellular signal-regulated kinases; LV,
left ventricle; MCT-PAH, monocrotaline-induced PAH model; PAH, pulmonary arterial hypertension;
PASMC, pulmonary artery smooth muscle cells; PI3-K, phosphoinositide 3-kinase; RV, right ventricle;
RVSP, right ventricle systolic pressure; SMA, smooth muscle a-actin; SU-Hx, SU5416, hypoxia; SU-Hx-
YM155, SU5416, hypoxia and YM155; VEGF, vascular endothelial growth factor; Veh-Nx, vehicle,
normoxia; YM155, sepantronium bromide; YM155-Nx, vehicle, normoxia and YM155.
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Conclusion: We conclude that survivin might be involved in the pathogenesis of
PAH and that its inhibition with YM155 might represent a novel therapeutic
approach that warrants further evaluation.
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Introduction

Pulmonary arterial hypertension (PAH) is a rare form of
pulmonary hypertension that affects small pulmonary arteries. It
is characterized by thickened vessel walls that gradually obliterate
the arterial lumen and increase pulmonary vascular resistance,
which may evolve to right ventricular failure and eventually
death (Galié et al., 2009; Humbert et al., 2010; Galié et al., 2016).

Vascular remodeling in PAH is mainly characterized by a pro-
proliferative and anti-apoptotic phenotype with some similarities to
cancer, with sustained increase in proliferation of pulmonary artery
smooth muscle cells (PASMC) and endothelial cells (EC), and
resistance to apoptosis in vascular cells (Morrell et al., 2001).
Since the imbalance between cell proliferation and apoptosis
underlie the development of PAH, proteins involved in the
apoptosis pathway may play a role in PAH. Survivin (encoded by
BIRC5 gene) is a 16.5-kDa member of the inhibitor of apoptosis
protein family. It is highly expressed in cancer cells and its
expression is associated with tumor progression, proliferation,
induction of anticancer drug resistance and poor prognosis
(Duffy et al, 2007). Survivin is also expressed in pulmonary
arteries of patients with PAH, but not in subjects without PAH
(McMurtry et al, 2005), as well as in PASM cells of the
monocrotaline-induced PAH model (MCT-PAH) in rats
(McMurtry et al.,, 2005; Lao et al., 2016).

Considering that the survivin signaling pathway plays a
fundamental role in cell proliferation and division, it has been
proposed that it could contribute to the development of PAH
(Blanc-Brude et al., 2002; McMurtry et al., 2005). In vitro studies
have demonstrated that the inhibition of survivin induces apoptosis
and reduces the proliferation of PASM cells (Ai et al., 2006; Ye et al.,
2022). McMurtry et. al. (McMurtry et al., 2005) also reported that
gene therapy with a phosphorylation deficient survivin mutant
lowered pulmonary vascular resistance, right ventricular
hypertrophy and pulmonary artery medial hypertrophy, and
in MCT-induced PAH

Importantly, serum levels of survivin have been used as

prolonged the survival time rats.
biomarkers to assess the operability in patients with congenital
heart disease with severe PAH (Li et al., 2019). Overall, these
observations suggest that the survivin pathway is disturbed in
PAH and could constitute a potential new therapeutic target for
the disease.

Survivin expression can be inhibited by administering pro-
apoptotic agents such as YM155 (Iwasa et al., 2008; Nakahara
et al, 2011). YMI155 (sepantronium bromide) is a small,
imidazolium-based compound that specifically interacts with the
survivin core promoter, inhibiting its gene expression and
phosphorylation (Nakahara et al., 2011; Chang et al., 2015). In
fact, it has been shown that abrogation of survivin by targeting its
transcription with a histone deacetylase inhibitor or directly using a
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small synthetic inhibitor of survivin was sufficient to promote the
apoptosis of arterial smooth muscle cells and to reverse pulmonary
hypertension, in both in vitro and in vivo models of high blood flow-
induced PAH and chronic hypoxia (Fan et al., 2015; Lao et al., 2016).

A number of preclinical studies in cancer have reported that
YM155 effectively inhibits survivin expression and consequently
reduces cell proliferation, increases apoptosis, and sensitizes cells to
cytotoxic genes and radiotherapy (Nakahara et al.,, 2007; Tao et al,,
2012). Interestingly, YM155 does not affect normal tissues (Cheng
etal., 2016). Phase I and II studies have confirmed the tolerability of
YM155 and the achievement of plasma concentrations that induced
antitumor activity in patients with advanced cancers (Satoh et al.,
2009; Lewis et al., 2011; Tolcher et al., 2012).

The present study aims to further understand the role of survivin
in PAH and to assess the effects of treatment with its inhibitor
YM155 in the SU5416/hypoxia mouse and in the MCT rat, which
are well validated animal models of PAH. We assessed survivin
expression in both the SU5416/hypoxia mouse and the MCT rat
models (Blanco et al., 2017). In the SU5416/hypoxia mouse model
(Bueno-Beti et al., 2018) we additionally assessed the effects of its
inhibition with YM155 on pulmonary hemodynamics, pulmonary
vascular remodeling, RV hypertrophy, and cell apoptosis and
proliferation. The expression of survivin and its relationship with
apoptosis/proliferation pathways was further assessed in explanted
lungs from patients with PAH.

Materials and methods (more details
are provided in the online supplemental
material)

In vivo models of pulmonary hypertension

In the SU5416/hypoxia model, thirty-two male C57BL/6]
mice (Netherlands, Envigo) were divided into four groups:
vehicle, normoxia (Veh-Nx); vehicle, normoxia and YM155
(YM155-Nx); SU5416, hypoxia (SU-Hx); and SU5416, hypoxia
and YM155 (SU-Hx-YM155). PAH was induced in the SU5416-
hypoxia groups by exposure to 10% O, in a normobaric hypoxic
chamber (ProOx P360 senses oxygen, Biospherix, NY) plus
weekly subcutaneous injections of SU5416 (20 mg/kg in
DMSO, Tocris Bioscience, Bristol, United Kingdom) for
3 weeks. Control groups were housed in room air and vehicle
(DMSO) was administered each week for 3 weeks. In the groups
treated with the survivin inhibitor, 5 mg/kg of YM155 (CAS
781661-94-7, Calbiochem), resuspended in saline solution, was
administrated subcutaneously every day during the last week of
SU5416/hypoxia exposure (Figure 1). The dose of YM155 used in
our study was selected based on the findings of Nakahara et al.
(Nakahara et al., 2011).
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Schematic of the experimental design. Vehicle: DMSO; SU5416: Sugen; YM155: Survivin inhibitor.

All animal procedures were approved by the ethics review board
on animal research of the University of Barcelona (CEEA 377/13)
and complied with national and international guidelines.

We measured right ventricle systolic pressure (RVSP) with a
1F 20 cm catheter inserted through the jugular vein. Afterwards,
mice were mechanically ventilated, and a midline sternotomy was
performed to expose the heart and lungs. The right lung was
excised for gene and protein expression analysis. The left lung
was distended until full inflation and fixed by perfusion with 4%
phosphate-buffered formaldehyde through the tracheal tube at a
constant pressure of 25 cm H,O for 24 h. In the excised heart, we
calculated the Fulton index (weight of right ventricle (RV)/
weight of left ventricle (LV) + septum) to assess right
ventricular hypertrophy. Phosphate-buffered formaldehyde-
fixed paraffin sections obtained from the midsection of the left
Standard
hematoxylin-and-eosin, Von Willebrand Factor and smooth

lung were wused for morphometric analysis.
muscle a-actin (SMA) stains were performed. More than
100 small vessels (diameter <50 pum) per lung sections were
assessed in all the slides. Vessels immunostained for smooth
muscle a-actin (SMA) were further classified semi-quantitatively,
depending on the proportion of the vessel wall positive for SMA,
as: non-muscularized, <1/4 of the vessel wall; partially
muscularized, >1/4 to 3/4 of the vessel wall; or fully
muscularized, >3/4 of the muscle wall. Vascular remodeling
was expressed as a percentage of positive immunostaining for
SMA (partially muscularized or fully muscularized of the vessel
wall) per number of small pulmonary vessels (positive staining
for Von Willebrand Factor) in the whole section.

In lung homogenates, we assessed the expression of the
BIRC5 gene, which encodes the protein baculoviral inhibitor
of apoptosis repeat-containing-5, commonly known as survivin.
Survivin inhibits apoptosis and also induces proliferation by
increasing mRNA levels of Bcl2, a family of proteins that
regulate cell death, by inhibiting apoptosis, and inducing the
proliferation marker Mki67. Accordingly, to further characterize

the mechanisms of apoptosis and proliferation related to
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survivin, we examined mRNA expression of Bcl2, the founding
member of the Bcl2 family, and Mki67 in the lungs of
experimental animals by quantitative RT-PCR.

In the MCT rat model, only survivin and the relationship to
MCT-induced changes were assessed. Male Sprague-Dawley rats
(n = 19) received a single subcutaneous injection of monocrotaline
(MCT; 40 mg/kg, Sigma Aldrich) at day 0 to induce PAH. Control
group (n = 16) received a subcutaneous injection of PBS. RVSP, right
ventricular hypertrophy (Fulton Index) and survivin expression
protein were measured in groups of control and MCT-treated rats.

Patients with PAH

Survivin, BCL2 and MKI67 expression were also evaluated in
lung samples from patients with PAH and control lungs. Samples
of patients with PAH were obtained from explanted lungs
provided by the lung transplant unit of Hospital Vall
d’Hebron, Barcelona and the Pulmonary Biobank Consortium
of the Biomedical Research Networking Center on Respiratory
Diseases (CIBERES). Ten lungs from non-smoker, no-cancer
donors, discarded to transplant, also provided by the CIBERES
Pulmonary Biobank Consortium, were used as controls. The
protocol was approved by the institutional review board of
Hospital Clinic of Barcelona (CEIm 2013/8571) and that of
the Pulmonary Biobank Consortium.

Statistical analysis

Parametric data are presented as mean * SD and non-
parametric data as median (interquartile range). Groups were
compared using, as appropriate, unpaired Student’s t tests, non-
parametric Mann-Whitney U test or Kruskal Wallis, or one-way
ANOVA with Bonferroni post hoc tests using Prism 9 software
(GraphPad Prism Software, San Diego, CA). A p-value < 0.05 was
considered significant in all cases.
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FIGURE 2

Effect of YM155 on right ventricle systolic pressure and hypertrophy in SU5416/hypoxia-induced PAH mice. Values of right ventricle systolic pressure
(RVSP) (A) and right ventricular hypertrophy as measured by the Fulton's index (B) in the different study groups. Values are expressed as mean + SD.
Statistical significance was assessed by the one-way ANOVA. Drugs doses used were: SU5416, 20 mg/kg, s. c.i; YM155, 5 mg/kg, s. c.i.
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FIGURE 3

Effect of YM155 on pulmonary vascular remodeling in SU5416/hypoxia-induced PAH mice. (A) Representative a-smooth muscle actin (a-SMA)
stained pulmonary arterioles in the different experimental groups (Veh-Nx = vehicle and normoxia; YM155-Nx = vehicle, normoxia and YM155; SU-Hx =
SU5416 and hypoxia; SU-Hx-YM155 = SU5416, hypoxia and YM155). (B) Percent of a-SMA positive arteries with respect to the total number of vessels in
each experimental group. Values are expressed as median (IQR) and statistical significance was assessed by the Kruskal-Wallis test. Arrows indicate
muscularised small pulmonary arteries strongly immunostained with alpha a-SMA antibody.

Results
Survivin expression in experimental PAH
In the SU5416/hypoxia mouse model, SU-Hx mice showed a

significant increase in RVSP (46.6 + 11.6 mmHg), compared with
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control animals (18.4 + 2.9 mmHg, p < 0.0001) (Figure 2A).
These hemodynamic differences were consistent with differences
in right ventricular hypertrophy, assessed by the Fulton index
(RV/LV + S). RV weight was increased in SU-Hx mice (0.37 +
0.05) compared with control mice (0.21 + 0.03; p < 0.0001)
(Figure 2B).
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Effect of YM155 on survivin protein expression in small pulmonary arteries in SU5416/hypoxia-induced PAH mice. (A) Photomicrographs showing

the immunostaining for survivin in small pulmonary vessels in the different experimental groups (Veh-Nx = vehicle and normoxia; YM155-Nx = vehicle,
normoxia and YM155; SU-Hx = SU5416 and hypoxia; SU-Hx-YM155 = SU5416, hypoxia and YM155). (B) Percent of survivin positive vessels with respect to
the total number of vessels in each experimental group. Values are expressed as mean + SD. Statistical significance was assessed by the one-way
ANOVA. Arrows indicate the localization of survivin in small pulmonary arteries.

The SU-Hx group exhibited a higher proportion of muscularized
vessels (80.2% + 6.2% SMA*/total number of vessels) compared with
controls (Veh-Nx) (57.0% + 6.6% SMA*/total number of vessels; p =
0.05) (Figure 3).

The immunohistochemical analysis showed an increased
expression of survivin in pulmonary vessels of SU-Hx mice
(23.9% + 2.6% vessels/total number of vessels)
compared with the Veh-Nx group (8.5% =+ 1.5%
vessels/total number of vessels; p = 0.0001) (Figure 4).

survivin®
survivin®

The expression of survivin protein in whole lung extracts,
assessed by western blot analysis, was numerically higher in the
SU-Hx group (1.33 + 0.30) compared with the Veh-Nx group
(1.09 £ 0.32) (p = 0.07) (Figure 5A).

Quantitative RT-PCR assessment of mRNA survivin levels
showed similar results. Survivin gene (BIRC 5) expression was
twofold higher in the SU-Hx group than in the Veh-Nx group
(p = 0.01) (Figure 5B).

mRNA expression in lung homogenates of the apoptosis
regulator Bcl2 and the proliferation marker Mki67 were increased
in the SU-Hx group, compared with the control Veh-Nx group (p <
0.05) (Figure 6).

In the rat model, after MCT administration, RVSP was
measured in groups of control and MCT-treated rats (n = 2/3/
group/week). RVSP was significantly increased in MCT-challenged
rats by 2 weeks, rising to a level of 71.5 (+5.6 mmHg), compared to
26.1 (£0.6 mmHg) in controls, by week 4 (Supplementary Figure
S1A). Furthermore, a significant elevation in right ventricular
hypertrophy (Fulton Index) was observed after 3-week MCT
treatment (Supplementary Figure SIB). We assessed the
expression of survivin protein in the rat lung, survivin gene
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expression was also twofold higher in MCT rats (p < 0.001)
compared to controls (Supplementary Figure S2).

Effects of treatment with YM155 in the
SU5416/hypoxia mouse model

In the mice model, treatment with YM155 significantly reduced
RVSP (24.1 + 3.9 mmHg) (p < 0.0001 compared with SU-Hx)
(Figure 2A) and attenuated RV hypertrophy in SU-Hx mice
(0.28 + 0.04, p = 0.01) compared with untreated SU-Hx mice)
(Figure 2B).

The proportion of vessels with muscularized walls trended to be
lower in the SU-Hx-YM155 group (55.9% + 3.2% SMA"/total
number of vessels) compared with the SU-Hx group (p = 0.06),
with values similar to those of the Veh-Nx group (Figure 3).

Additionally, treatment with YMI55 significantly decreased
survivin expression in SU-Hx mice (83% =+ 0.7%
vessels/total number of vessels; p = 0.0001 compared with

survivin®
untreated SU-Hx mice) (Figure 4) and also reduced survivin
protein expression in SU-Hx mice (0.57 + 0.21) (p = 0.0012,
compared with the SU-Hx untreated group) (Figure 5A).
Additionally, treatment with YM155, reduced survivin mRNA
expression in SU-Hx mice (p = 0.01, compared with the
untreated SU-Hx group) to levels equivalent to those in the Veh-
Nx group (Figure 5B).

In terms of apoptosis/proliferation markers, treatment with
YM155 significantly also decreased the expression of both
Bcl2 and Mki67 genes in SU-Hx mice (p < 0.05, compared with
the SU-Hx untreated group) (Figure 6).
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FIGURE 5

Effect of YM155 on survivin protein and mRNA expression in

whole lung extracts of SU5416/hypoxia-induced PAH mice. (A)
Immunoblots of the expression of survivin and the constititutive
protein B-actin in the different experimental groups (Veh-Nx =
vehicle and normoxia; YM155-Nx = vehicle, normoxia and YM155; SU-
Hx = SU5416 and hypoxia; SU-Hx-YM155 = SU5416, hypoxia and
YM155). (B) Quantitative mRNA expression of BIRC5, the gene
encoding survivin, related to Actb expression using RT-PCR in the
different experimental groups. Values are expressed as median (IQR)
and statistical significance was assessed by the Kruskal—Wallis test

10.3389/fphar.2023.1145994

Survivin and apoptosis/proliferation axis-
related genes expression in patients
with PAH

Immunohistochemical analysis of explanted lungs showed
prominent expression of survivin in the intimal layer of
pulmonary arteries of patients with PAH, whereas it was not
expressed in pulmonary arteries of control lungs (Figure 7).

Quantitative RT-PCR analysis confirmed increased mRNA
expression of BIRC5, the gene encoding survivin, in lungs of
patients with PAH, compared with control subjects (p < 0.05)
(Figure 8A). Patients with PAH also showed increased lung
expression of BCL2 and MKI67 genes compared with control
lungs (p < 0.0001) (Figures 8B, C).

Discussion

Results of the present study show that the expression of the
anti-apoptotic protein survivin is increased in pulmonary arteries
of patients with PAH and in the lungs of two experimental
models of PAH, the SU5416/hypoxia mouse and the MCT rat.
In the SU5416/hypoxia model, treatment with the survivin
inhibitor YM155 prevented the development of PH, reduced
the transcriptional and post-transcriptional expression of
survivin and also that of genes related with apoptosis/
proliferation pathways, which can be understand as a positive
attribute with a consistent translational relevance.

In our study we show increased transcriptional and post-
transcriptional expression of survivin in pulmonary arteries and
lungs of patients with PAH and also in two validated
experimental models of PAH (Blanco et al., 2017; Bueno-Beti
et al., 2018). The increased expression of survivin was associated
with a disbalanced expression of genes related with apoptosis and
cell proliferation, suggesting a mechanistic role of survivin, an
anti-apoptotic molecule, in the development of PAH and their
consequences on the right ventricle. Our findings concur with
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FIGURE 6

Effect of YM155 on apoptosis/proliferation related genes in whole lung extracts of SU5416/hypoxia-induced PAH mice. Quantitative mRNA
expression of Birc5, Bcl2, and Mki67, related to Actb expression, using RT-PCR in the different experimental groups. Bcl2 and Mki67 values are expressed
as mean + SD and statistical significance was assessed by the one-way ANOVA. Birc5 values are expressed as median (IQR) and statistical significance was

assessed by the Kruskal-Wallis test.
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Expression of survivin in pulmonary arteries of patients with PAH. Representative photomicrographs showing immunohistochemical staining and
labelling with anti-survivin antibody in pulmonary arteries of patients with PAH but not in lungs of controlindividuals. Arrows indicate survivin positive cells
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FIGURE 8
MRNA expression of survivin and genes involved in apoptosis and proliferation in whole lung extracts of patients with PAH. Quantitative RT-PCR
assay of the mRNA expression of BIRC5, the gene encoding survivin (A), BCL2 (B) and MKI67 (C) in lung explants from patients with PAH compared with
control lungs. BIRC5 values are expressed as median (IQR) and statistical significance was assessed by the U-Mann Whitney test. BCL2 and MKI67 values
are expressed as mean + SD and statistical significance was assessed by the two-tailed Student s t-test.

those of McMurtry et al. (McMurtry et al., 2005), who showed
increased survivin expression in pulmonary arteries of 6 patients
with PAH and in the MCT-induced PH rat model, and with those of
other models in vitro and in vivo exposed to hypoxia (Fan et al,
2015; Zhang et al., 2015; Zhang et al., 2016; Ye et al., 2022). We also
extend these results to the SU5416-hypoxia mouse model and show
the interaction between survivin expression and genes related with
apoptosis/proliferation pathways. Overall, these findings suggest
that survivin may contribute to the antiapoptotic, proproliferative
cell phenotype that characterizes PAH (Humbert et al., 2019).
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Treatment of SU5416/hypoxia mice with the survivin
inhibitor YM155 reduced the
expression of survivin, both at the transcriptional and post-
transcriptional levels, in the whole lung and in the pulmonary
artery wall. Importantly, SU5416/hypoxia mice treated with
YM155 did not develop pulmonary vascular remodeling,
increase of RVSP or right ventricular hypertrophy. Similar
findings were observed in high blood flow-induced PAH and
chronic hypoxia models (Fan et al, 2015; Zhang et al., 2015;
Zhang et al., 2016; Ye et al., 2022) and also using gene therapy,

(sepantronium  bromide)
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inhalation of an adenovirus carrying a phosphorylation-deficient
survivin mutant with dominant-negative properties, in the
monocrotaline-induced PH rat model by McMurtry et al.
(McMurtry et al, 2005). That study adds
information to a model that is closer to the HAP. That said,

said, our

our study shows that treatment with YM155 leads to reduced
expression of survivin in a model that closely mimics HAP. All in
all, these observations suggest that survivin inhibition might
conform a novel potential therapeutic approach to PAH,
which is currently feasible with the use of YM155.

The balance between apoptosis and cell proliferation related
genes was altered in the lungs of PAH patients and also in the
SU5416/hypoxia mouse model, with an increased expression of
pro-proliferative genes, such BCL2 and MKI67. The vascular
endothelial growth factor (VEGF) is an important angiogenic
mediator and a key factor for endothelial cell survival, due to its
anti-apoptotic effect (Voelkel and Gomez-Arroyo, 2014). VEGF
expression levels are increased in some types of tumors and in
patients with PAH (Tuder et al., 2013). We also observed an
increased expression of VEGF in endothelial and smooth muscle
cells and in fibroblasts of mice with SU5416/hypoxia-induced PH
(data not shown). VEGF enhances endothelial cell survival by
inducing the expression of Bcl2 through the activation of
extracellular  signal-regulated kinases (ERK) 1/2 and
phosphoinositide 3-kinase (PI3-K)/protein kinase B (Akt)
signaling pathways (Zhao et al., 2011). Both ERK and Akt
play an important role in the proliferation, differentiation and
survival of different cell types and have been related to a wide
variety of anti-apoptotic functions (Kumar et al., 2004; Kovacs
et al.,, 2019). Furthermore, BCL2 inhibits cell death signals in
endothelial cells through the upregulation of survivin (Kumar
et al, 2004; Li et al, 2008). Interestingly, treatment with
YMI155 not only reduced the expression of survivin but also
that of Bcl2 and the proliferation of SMA + cells in pulmonary
arteries of SU5416/hypoxia-exposed mice, suggesting that it
restored the proliferation/apoptosis balance and prevented
pulmonary vascular remodeling.

The therapeutic efficacy and safety of the survivin inhibitor
YM155 has been evaluated in phase I and II clinical trials in different
types of cancers (Giaccone et al., 2009; Miura et al., 2011) and in on-
going trials registered in clinicaltrials.gov. Trials reported so far have
shown adequate tolerability of YM155 and antitumoral activity in
different types of tumors (Tolcher et al., 2012; Kelly et al., 2013).
Therefore, if there are no adverse safety signals in the ongoing
clinical studies, the effect of YM155 could be evaluated in patients
with PAH to assess its potential usefulness.

Our study has strengths and limitations. The robust effect of the
inhibitor
experimental PAH in vivo and the inclusion of lung explant

on hemodynamic and histologic parameters of
samples are strengths of the study. There are also some
limitations; first, the assessment of the effects of YM155 in the
experimental model used a “preventive” design. That is, YM155 was
administered during the last week of the development of the
experimental model. Therefore, we cannot assert that YM155 will
have the same effect when lung lesions are already developed, which
is what happens in patients with PAH.

Second, YM155 was used only in an animal model, but the
results are similar to those of McMurtry et al. (McMurtry et al.,
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2005) using gene therapy and other recent studies (Fan et al., 2015;
Zhang et al.,, 2015; Zhang et al., 2016; Ye et al., 2022). Therefore, the
concept of the beneficial effect of inhibition of survivin in
experimental PAH is well demonstrated, and now in this study
in a more robust experimental model than that of rat exposed to
monocrotaline or hypoxia. Third, mice were treated with the half
maximum tolerated dose of YM155 but dose optimization was not
performed in the animal model and no drug concentrations were
assessed.

Finally, the increased expression of survivin in pulmonary
arteries was shown in patients with end-stage PAH, undergoing
lung transplantation. Therefore, we cannot conclude that the same
will occur in patients with less severe PAH.

In conclusion, survivin expression is increased in pulmonary
arteries of patients with PAH and in a robust experimental model
of PAH, suggesting that it might be involved in the pathogenesis
of PAH by disturbing apoptosis/proliferation signaling pathways.
In experimental PAH, treatment with the survivin inhibitor
YMI155 prevented the development of pulmonary vascular
remodeling and hence that of PH and its consequences on the
right ventricle by restoring the balance between genes related to
apoptosis and cell proliferation. Accordingly, survivin inhibition
with YM155 might represent a novel therapeutic target for this
devasting disease that deserves further evaluation.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Ethics review
board on animal research of the University of Barcelona (CEEA
377/13).

Author contributions

Conceptualization, IB, MM, OT-C, EF, AR, ML-M, MC, FP-V,
VP, and JB; Data curation, IB, MM, and EF; Formal analysis, IB,
MM, EF, AR, MM, and FP-V; Investigation, IB, MM, OT-C, EF, AR,
ML-M, MC, FP-V, VP, and JB; Methodology, IB, MM, OT-C, EF,
AR, ML-M, MC, FP-V, VP, and JB; Resources, IB; Supervision, IB,
MM, OT-C, EF, AR, ML-M, MC, FP-V, VP, and JB; Visualization,
IB, MM, OT-C, EF, AR, ML-M, MC, FP-V, VP, and JB;
Writing—original draft, IB, MM, VP, and JB; Writing—review
and editing, IB, MM, OT-C, EF, AR, ML-M, MC, FP-V, VP, and
JB. All authors read and approved the final manuscript.

Funding

The study was supported by grants PI14/0782 and PI17/
1515 from the Instituto de Salud Carlos III (ISCiii), co-funded

frontiersin.org


http://clinicaltrials.gov
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145994

Blanco et al.

by the European Union (ERDF/ESF, “A way to make Europe/
“Investing in your future”), Sociedad Espaiola de Neumologia y
Cirugia Tordcica (SEPAR), Societat Catalana de Pneumologia
(SOCAP) and Fundacién contra la Hipertension Pulmonar
(FCHP). O. Tura-Ceide is the recipient of a Miguel Servet
contract from the ISCiii (CP17/00114). F. Perez-Vizcaino is
funded by Ministerio de Ciencia e innovaciéon (PID2019-
105847rb-i00), Comunidad de Madrid (CARDIOBOOST/
P2022/BMD-7245).

Acknowledgments

The authors wish to acknowledge the invaluable
contribution of the CIBERES Biobank for the samples
provided, and would also like to thank Susana Maqueda,
Neus Luque, Victoria Pisano, Cristina Bonjoch and Angela
Vea for their technical support, Nick W Morrell for his
support providing the funding and facilities for the MCT
model and to Fernanda Hernandez-Gonzéalez and Rodrigo
Torres-Castro for helping in the final editing of the manuscript.

References

Ai, Z., Yin, L., Zhou, X., Zhu, Y., Zhu, D., Yu, Y., et al. (2006). Inhibition of survivin
reduces cell proliferation and induces apoptosis in human endometrial cancer. Cancer
107 (4), 746-756. doi:10.1002/cncr.22044

Blanc-Brude, O. P., Yu, J., Simosa, H., Conte, M. S., Sessa, W. C., and Altieri, D. C.
(2002). Inhibitor of apoptosis protein survivin regulates vascular injury. Nat. Med. 8 (9),
987-994. doi:10.1038/nm750

Blanco, I, Ferrer, E., Paul, T., Tura-Ceide, O., Peinado, V. I., and Barbera, J. A. (2017).
New potential pathways of pulmonary arterial hypertension (PAH) in rodent models:
Survivin pathway. Am. J. Respir. Crit. Care 195, A4195.

Bueno-Beti, C., Hadri, L., Hajjar, R. J., and Sassi, Y. (2018). The sugen 5416/hypoxia
mouse model of pulmonary arterial hypertension. Methods Mol. Biol. 1816, 243-252.
doi:10.1007/978-1-4939-8597-5_19

Chang, B. H,, Johnson, K., LaTocha, D., Rowley, J. S. J., Bryant, J., Burke, R,, et al.
(2015). YM155 potently kills acute lymphoblastic leukemia cells through activation of
the DNA damage pathway. J. Hematol. Oncol. 8 (1), 39-12. doi:10.1186/s13045-015-
0132-6

Cheng, X. ], Lin, J. C, Ding, Y. F., Zhu, L, Ye, J., and Tu, S. P. (2016). Survivin
inhibitor YM155 suppresses gastric cancer xenograft growth in mice without affecting
normal tissues. Oncotarget 7 (6), 7096-7109. doi:10.18632/oncotarget.6898

Dufty, M. ]., O’'Donovan, N., Brennan, D. J., Gallagher, W. M., and Ryan, B. M. (2007).
Survivin: A promising tumor biomarker. Cancer Lett. 249 (1), 49-60. doi:10.1016/j.
canlet.2006.12.020

Fan, Z., Liu, B,, Zhang, S., Liu, H,, Li, Y., Wang, D,, et al. (2015). YM155, a selective
survivin inhibitor, reverses chronic hypoxic pulmonary hypertension in rats via
upregulating voltage-gated potassium channels. Clin. Exp. Hypertens. 37 (5),
381-387. doi:10.3109/10641963.2014.987390

Gali¢, N., Humbert, M., Vachiery, J. L., Gibbs, S., Lang, L, Torbicki, A, et al. (2016).
2015 ESC/ERS guidelines for the diagnosis and treatment of pulmonary hypertension:
The joint task force for the diagnosis and treatment of pulmonary hypertension of the
European society of cardiology (ESC) and the European respiratory society (ERS):
Endorsed by: Association for European paediatric and congenital cardiology (AEPC),
international society for heart and lung transplantation (ISHLT). Eur. Heart J. 37 (1),
67-119. doi:10.1093/eurheartj/ehv317

Gali¢, N., Manes, A., Negro, L., Palazzini, M., Bacchi-Reggiani, M. L., and Branzi, A.
(2009). A meta-analysis of randomized controlled trials in pulmonary arterial
hypertension. Eur. Heart J. 30 (4), 394-403. doi:10.1093/eurheartj/ehp022

Giaccone, G., Zatloukal, P., Roubec, J., Floor, K., Musil, J., Kuta, M., et al. (2009).
Multicenter phase II trial of YM155, a small-molecule suppressor of survivin, in patients
with advanced, refractory, non-small-cell lung cancer. J. Clin. Oncol. 27 (27),
4481-4486. doi:10.1200/JC0.2008.21.1862

Humbert, M., Guignabert, C., Bonnet, S., Dorfmiiller, P., Klinger, J. R., Nicolls, M. R.,
et al. (2019). Pathology and pathobiology of pulmonary hypertension: State of the art

Frontiers in Pharmacology

10.3389/fphar.2023.1145994

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1145994/
full#supplementary-material

and research perspectives. Eur. Respir. . 53 (1), 1801887. doi:10.1183/13993003.01887-
2018

Humbert, M., Sitbon, O., Chaouat, A., Bertocchi, M., Habib, G., Gressin, V., et al.
(2010). Survival in patients with idiopathic, familial, and anorexigen-associated
pulmonary arterial hypertension in the modern management era. Circulation 122
(2), 156-163. doi:10.1161/CIRCULATIONAHA.109.911818

Iwasa, T., Okamoto, L., Suzuki, M., Nakahara, T., Yamanaka, K., Hatashita, E., et al.
(2008). Radiosensitizing effect of YM155, a novel small-molecule survivin suppressant,
in non-small cell lung cancer cell lines. Clin. Cancer Res. 14 (20), 6496-6504. doi:10.
1158/1078-0432.CCR-08-0468

Kelly, R.J., Thomas, A., Rajan, A., Chun, G., Lopez-Chavez, A., Szabo, E., et al. (2013).
A phase I/II study of sepantronium bromide (YMI155, survivin suppressor) with
paclitaxel and carboplatin in patients with advanced non-small-cell lung cancer.
Ann. Oncol. 24 (10), 2601-2606. doi:10.1093/annonc/mdt249

Kovacs, L., Cao, Y., Han, W., Meadows, L., Kovacs-Kasa, A., Kondrikov, D., et al.
(2019). PFKFB3 in smooth muscle promotes vascular remodeling in pulmonary arterial
hypertension. Am. J. Respir. Crit. Care Med. 200 (5), 617-627. doi:10.1164/rccm.
201812-22900C

Kumar, P., Miller, A. I, and Polverini, P. J. (2004). p38 MAPK mediates y-irradiation-
induced endothelial cell apoptosis, and vascular endothelial growth factor protects
endothelial cells through the phosphoinositide 3-kinase-Akt-Bcl-2 pathway. J. Biol.
Chem. 279 (41), 43352-43360. doi:10.1074/jbc.M405777200

Lao, J., Pang, Y., Wang, K,, Liu, D, Su, D., Zhang, F., et al. (2016). Inhibition of
survivin promotes pulmonary arterial smooth muscle cell apoptosis in high blood flow-
induced pulmonary arterial hypertension in rats. Int. J. Clin. Exp. Pathol. 9 (7),
6821-6834.

Lewis, K. D., Samlowski, W., Ward, J., Catlett, J., Cranmer, L., Kirkwood, J., et al.
(2011). A multi-center phase II evaluation of the small molecule survivin suppressor
YM155 in patients with unresectable stage III or IV melanoma. Invest. New Drugs 29 (1),
161-166. doi:10.1007/s10637-009-9333-6

Li, G., Zhang, H., Zhao, L., Zhang, Y., Yan, D,, Liu, Y., et al. (2019). The expression of
survivin in irreversible pulmonary arterial hypertension rats and its value in evaluating
the reversibility of pulmonary arterial hypertension secondary to congenital heart
disease. Pulm. Circ. 9 (3), 2045894019859480. doi:10.1177/2045894019859480

Li, L, Gao, Y., Zhang, L., Zeng, J., He, D., and Sun, Y. (2008). Silibinin inhibits cell
growth and induces apoptosis by caspase activation, down-regulating survivin and
blocking EGFR-ERK activation in renal cell carcinoma. Cancer Lett. 272 (1), 61-69.
doi:10.1016/j.canlet.2008.06.033

McMurtry, M. S., Archer, S. L., Altieri, D. C., Bonnet, S., Haromy, A., Harry, G,, et al.
(2005). Gene therapy targeting survivin selectively induces pulmonary vascular
apoptosis and reverses pulmonary arterial hypertension. J. Clin. Invest. 115 (6),
1479-1491. doi:10.1172/JCI23203

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2023.1145994/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1145994/full#supplementary-material
https://doi.org/10.1002/cncr.22044
https://doi.org/10.1038/nm750
https://doi.org/10.1007/978-1-4939-8597-5_19
https://doi.org/10.1186/s13045-015-0132-6
https://doi.org/10.1186/s13045-015-0132-6
https://doi.org/10.18632/oncotarget.6898
https://doi.org/10.1016/j.canlet.2006.12.020
https://doi.org/10.1016/j.canlet.2006.12.020
https://doi.org/10.3109/10641963.2014.987390
https://doi.org/10.1093/eurheartj/ehv317
https://doi.org/10.1093/eurheartj/ehp022
https://doi.org/10.1200/JCO.2008.21.1862
https://doi.org/10.1183/13993003.01887-2018
https://doi.org/10.1183/13993003.01887-2018
https://doi.org/10.1161/CIRCULATIONAHA.109.911818
https://doi.org/10.1158/1078-0432.CCR-08-0468
https://doi.org/10.1158/1078-0432.CCR-08-0468
https://doi.org/10.1093/annonc/mdt249
https://doi.org/10.1164/rccm.201812-2290OC
https://doi.org/10.1164/rccm.201812-2290OC
https://doi.org/10.1074/jbc.M405777200
https://doi.org/10.1007/s10637-009-9333-6
https://doi.org/10.1177/2045894019859480
https://doi.org/10.1016/j.canlet.2008.06.033
https://doi.org/10.1172/JCI23203
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145994

Blanco et al.

Miura, K., Fujibuchi, W., Ishida, K., Naitoh, T., Ogawa, H., Ando, T., et al. (2011).
Inhibitor of apoptosis protein family as diagnostic markers and therapeutic targets of
colorectal cancer. Surg. Today 41 (2), 175-182. doi:10.1007/s00595-010-4390-1

Morrell, N. W, Yang, X, Upton, P. D., Jourdan, K. B., Morgan, N., Sheares, K. K., et al.
(2001). Altered growth responses of pulmonary artery smooth muscle cells from
patients with primary pulmonary hypertension to transforming growth factor-
beta(1) and bone morphogenetic proteins. Circulation 104 (7), 790-795. doi:10.
1161/hc3201.094152

Nakahara, T., Kita, A., Yamanaka, K., Mori, M., Amino, N., Takeuchi, M., et al.
(2011). Broad spectrum and potent antitumor activities of YM155, a novel small-
molecule survivin suppressant, in a wide variety of human cancer cell lines and
xenograft models. Cancer Sci. 102 (3), 614-621. doi:10.1111/j.1349-7006.2010.
01834.x

Nakahara, T., Takeuchi, M., Kinoyama, I., Minematsu, T., Shirasuna, K., Matsuhisa,
A., et al. (2007). YM155, a novel small-molecule survivin suppressant, induces
regression of established human hormone-refractory prostate tumor xenografts.
Cancer Res. 67 (17), 8014-8021. doi:10.1158/0008-5472.CAN-07-1343

Satoh, T., Okamoto, I, Miyazaki, M., Morinaga, R,, Tsuya, A., Hasegawa, Y., et al. (2009).
Phase I study of YM155, a novel survivin suppressant, in patients with advanced solid tumors.
Clin. Cancer Res. 15 (11), 3872-3880. doi:10.1158/1078-0432.CCR-08-1946

Tao,Y.F, Ly, ], Du, X.J,, Sun, L. C,, Zhao, X, Peng, L., et al. (2012). Survivin selective
inhibitor YM155 induce apoptosis in SK-NEP-1 Wilms tumor cells. BMC Cancer 12,
619. doi:10.1186/1471-2407-12-619

Tolcher, A. W., Quinn, D. L, Ferrari, A., Ahmann, F., Giaccone, G., Drake, T., et al.
(2012). A phase II study of YM155, a novel small-molecule suppressor of survivin, in

Frontiers in Pharmacology

10

10.3389/fphar.2023.1145994

castration-resistant taxane-pretreated prostate cancer. Ann. Oncol. 23 (4), 968-973.
doi:10.1093/annonc/mdr353

Tuder, R. M., Archer, S. L., Dorfmiiller, P., Erzurum, S. C., Guignabert, C., Michelakis,
E., et al. (2013). Relevant issues in the pathology and pathobiology of pulmonary
hypertension. J. Am. Coll. Cardiol. 62 (25 Suppl. L), D4-D12. doi:10.1016/j.jacc.2013.
10.025

Voelkel, N. F., and Gomez-Arroyo, J. (2014). The role of vascular endothelial growth
factor in pulmonary arterial hypertension: The angiogenesis paradox. Am. J. Respir. Cell
Mol. Biol. 51 (4), 474-484. doi:10.1165/rcmb.2014-0045TR

Ye, B., Peng, X,, Su, D,, Liu, D., Huang, Y., Huang, Y., et al. (2022). Effects of
YM155 on the proliferation and apoptosis of pulmonary artery smooth muscle
cells in a rat model of high pulmonary blood flow-induced pulmonary arterial
hypertension. Clin. Exp. Hypertens. 44 (5), 470-479. doi:10.1080/10641963.
2022.2071919

Zhang, S., Liu, B., Fan, Z., Wang, D,, Liu, Y., Li, J., et al. (2016). Targeted inhibition of
survivin with YM155 promotes apoptosis of hypoxic human pulmonary arterial smooth
muscle cells via the upregulation of voltage-dependent K* channels. Mol. Med. Rep. 13
(4), 3415-3422. doi:10.3892/mmr.2016.4977

Zhang, S., Liu, B., Zhang, B., and Fan, Z. (2015). The effect of survivin expression on
the apoptosis and proliferation of hypoxic human pulmonary arterial smooth muscle
cells. Zhonghua jie he he hu xi za zhi = Zhonghua jiehe he huxi zazhi = Chin. J. Tuberc.
Respir. Dis. 38 (1), 45-49.

Zhao, X., Ogunwobi, O. O., and Liu, C. (2011). Survivin inhibition is critical for Bcl-2
inhibitor-induced apoptosis in hepatocellular carcinoma cells. PLoS One 6 (8), €21980.
doi:10.1371/journal.pone.0021980

frontiersin.org


https://doi.org/10.1007/s00595-010-4390-1
https://doi.org/10.1161/hc3201.094152
https://doi.org/10.1161/hc3201.094152
https://doi.org/10.1111/j.1349-7006.2010.01834.x
https://doi.org/10.1111/j.1349-7006.2010.01834.x
https://doi.org/10.1158/0008-5472.CAN-07-1343
https://doi.org/10.1158/1078-0432.CCR-08-1946
https://doi.org/10.1186/1471-2407-12-619
https://doi.org/10.1093/annonc/mdr353
https://doi.org/10.1016/j.jacc.2013.10.025
https://doi.org/10.1016/j.jacc.2013.10.025
https://doi.org/10.1165/rcmb.2014-0045TR
https://doi.org/10.1080/10641963.2022.2071919
https://doi.org/10.1080/10641963.2022.2071919
https://doi.org/10.3892/mmr.2016.4977
https://doi.org/10.1371/journal.pone.0021980
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145994

	Survivin inhibition with YM155 ameliorates experimental pulmonary arterial hypertension
	Introduction
	Materials and methods (more details are provided in the online supplemental material)
	In vivo models of pulmonary hypertension
	Patients with PAH
	Statistical analysis

	Results
	Survivin expression in experimental PAH
	Effects of treatment with YM155 in the SU5416/hypoxia mouse model
	Survivin and apoptosis/proliferation axis-related genes expression in patients with PAH

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


