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Heat shock protein 90 inhibitor AUY922 attenuates platelet-derived
growth factor-BB-induced migration and proliferation of vascular
smooth muscle cells
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INTRODUCTION

ABSTRACT Luminespib (AUY922), a heat shock proteins 90 inhibitor, has anti-neo-
plastic and antitumor effects. However, it is not clear whether AUY922 affects events
in vascular diseases. We investigated the effects of AUY922 on the platelet-derived
growth factor (PDGF)-BB-stimulated proliferation and migration of vascular smooth
muscle cells (VSMC). VSMC viability was detected using the XTT (2,3-bis-(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) reagent. To detect the at-
tenuating effects of AUY922 on PDGF-BB-induced VSMCs migration in vitro, we per-
formed the Boyden chamber and scratch wound healing assays. To identify AUY922-
mediated changes in the signaling pathway, the phosphorylation of protein kinase B
(Akt) and extracellular signal-regulated kinase (ERK) 1/2 was analyzed by immunob-
lotting. The inhibitory effects of AUY922 on migration and proliferation ex vivo were
tested using an aortic ring assay. AUY922 was not cytotoxic at concentrations up to
5 nM. PDGF-BB-induced VSMC proliferation, migration, and sprout outgrowth were
significantly decreased by AUY922 in a dose-dependent manner. AUY922 signifi-
cantly reduced the PDGF-BB-stimulated phosphorylation of Akt and ERK1/2. Further-
more, PD98059 (a selective ERK1/2 inhibitor) and LY294002 (a selective Akt inhibitor)
decreased VSMC migration and proliferation by inhibiting phosphorylation of Akt
and ERK1/2. Greater attenuation of PDGF-BB-induced cell viability and migration was
observed upon treatment with PD98059 or LY294002 in combination with AUY922.
AUY922 showed anti-proliferation and anti-migration effects towards PDGF-BB-
induced VSMCs by regulating the phosphorylation of ERK1/2 and Akt. Thus, AUY922
is a candidate for the treatment of atherosclerosis and restenosis.

tomical analysis, involves the formation of narrow blood vessels
after endothelial dysfunction caused by inflammatory lesions

Cardiovascular diseases, such as atherosclerosis, hypertension,
myocardial infarction, and stroke, are disorders of the blood ves-
sels and among the leading causes of death in industrialized and
developing countries because of increases in westernized eating
habits [1]. The etiology of cardiovascular diseases, accepted until
recently as an etiological hypothesis with evidence-based ana-

[2]. In particular, abnormal vascular smooth muscle cell (VSMC)
proliferation contributes to the poor prognosis of patients after
treatment with angioplasty and stents [3]. Diverse non-clinical
trials have reported that controlling abnormal VSMC migration
and hyper-proliferation, which narrows the vascular wall, is a
powerful strategy for inhibiting vascular diseases, including ath-
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erosclerosis and restenosis [4].

The proliferation of VSMCs is regulated by autocrine and para-
crine growth factors, which are secreted by numerous cell types,
such as smooth muscle cells, endothelial cells, macrophages, and
platelets [5]. Platelet-derived growth factor (PDGF)-BB is a repre-
sentative growth factor that leads to the mitogens and chemoat-
tractants of VSMCs [6]. PDGEF-BB initiates cell division signals
through autophosphorylation of tyrosine residues in PDGEF-
receptors (PDGFR) and activates multiple signaling pathways, in-
cluding phosphatidylinositol 3-kinase (PI3-kinase) and mitogen-
activated protein (MAP) kinases pathways [7]. Interestingly,
previous studies have showed that heat shock protein 90 (HSP90),
a chaperone protein, is associated with the regulation of PDGF
signaling, such as protein kinase B (Akt) and extracellular signal-
regulated kinase (ERK) 1/2 signaling [8]. Blocking or regulating
PDGEF-BB signaling and associated receptors is a potential ap-
proach to delay the progression of diseases involving the blood
vessels or vascular system [9].

HSP90 expression is increased in human atherosclerotic
plaques [10]; some studies have showed that HSP90 inhibition can
improve vascular disease via the suppression of VSMC migration
and proliferation [11]. AUY922, also known as luminespib, is an
HSP90 inhibitor that effectively inhibits the division of various
tumor cells by inhibiting chaperone functions [12]. AUY922 in-
hibits cell growth and proliferation by considerably decreasing
PI3-kinase and MAP kinases in HER2-positive breast cancer [13].
However, the effect of AUY922 on PDGF-BB-stimulated VSMCs
is unknown. In this study, we investigated whether AUY922 can
inhibit the responses of PDGF-BB-stimulated VSMCs. We found
that AUY922 attenuates PDGF-BB-induced migration and prolif-
eration in VSMCs.

METHODS
Materials

AUY922 was purchased from Selleck Chemicals (Houston, TX,
USA). PDGF-BB was purchased from R&D Systems (Minneapolis,
MN, USA). Fetal bovine serum (FBS), penicillin, and streptomy-
cin were obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Other chemicals were purchased from Sigma Aldrich (St.
Louis, MO, USA).

Animal care and isolation of VSMCs

All animal experiments were performed in accordance with
the guidelines of the ethics committee of Konkuk University
(KU17196). VSMCs were isolated from the aorta of Sprague-
Dawley (SD) rats (male, 6 weeks old), as previously described [14].
The cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% FBS, 100 U/ml penicillin, 100
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g/ml streptomycin, and 200 mM glutamine at 37°C under a hu-
midified atmosphere of 95% air/5% CO, (v/v).

Cell viability assay

VSMCs (2 x 10° cells/well) were seeded into a 96-well plate con-
taining DMEM, cultured for 24 h and, then, incubated in FBS-
free DMEM for 24 h. Dimethyl sulfoxide was used as a solvent
for AUY922, using a concentration of 0.005% as a vehicle control
for cytotoxicity assays. The cells were incubated with different
concentrations of AUY922 without or with PDGF-BB in FBS-
deficient DMEM for 24 h. Cell viability was determined using
the 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide assay kit (EZ-Cytox Cell Viability Assay Kit;
Daeil Lab Service, Seoul, Korea) at 450 nm.

Scratch wound healing assay

A scratch wound healing assay was performed according to
the methods described in our previous study [14]. Briefly, VSMCs
(1 x 10° cells/well) were seeded into a 6-well dish and incubated
in FBS-free DMEM for 24 h. VSMCs were scratched with a
200-pl pipette tip and washed with phosphate-buffered saline.
VSMCs were incubated with or without PDGF-BB (10 ng/ml) and
AUY922 (1, 2, 3, and 5 nM) in serum-free DMEM for 24 h and
evaluated under a microscope (IX71; Olympus, Tokyo, Japan).
The migration area was analyzed using Image] (NTH, Bethesda,
MD, USA).

Boyden chamber assay

VSMCs migration was measured using the Boyden chamber
assay, as previously described [14]. Briefly, VSMCs were incubated
in FBS-free DMEM for 24 h and harvested. Next, 1 x 10° VSMCs/
ml in DMEM containing 0.1% bovine serum albumin (BSA)
was loaded into the upper chamber. PDGF-BB (10 ng/ml) and
AUY922 (1,2, 3, and 5 nM) in 30 pl serum-free DMEM contain-
ing 0.1% BSA were added to the lower chamber. VSMCs were
incubated for 90 min; then, the membranes were stained with a
Diff-Quik kit (Baxter Healthcare, Miami, FL, USA). The stained
cells were analyzed using Image] software.

Immunoblotting assay

VSMCs were seeded (1 x 10° cells/ml) into a 100-mm dish.
The cells were incubated in FBS-free DMEM for 24 h and treated
with or without PDGF-BB (10 ng/ml) and AUY922 (1, 2, 3, and
5 nM) for 30 min. To determine the inhibitory effect of AUY922
on PDGEF-BB-stimulated VSMCs, the cells were treated with
PD98059 (30 uM) and LY294002 (20 uM) as positive controls
(selective ERK1/2 inhibitor and Akt inhibitor, respectively) for
30 min. After cells were lysed, proteins were separated by 12%
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polyacrylamide gel electrophoresis and transferred onto polyvi- RESULTS
nylidene fluoride membranes at 4°C for 2 h. The membranes were

blocked with 5% BSA for 1 h at 25°C and incubated with specific Inhibitory effects of AUY922 on PDGF-BB-induced

antibodies, such as ERK1/2, Akt, phosphorylated ERK1/2 (p- proliferation of VSMCs
ERK1/2), or B-actin (each antibody at a dilution of 1:500), for
18 h at 4°C. After washing with Tris-buffered saline-Tween 20, Fig. 1A shows the molecular formula and structure of AUY922
the membranes were incubated with a 1:500 dilution of a second- (C,6H; N;0;), which has a molecular weight of 465.5 g/mol. To
ary antibody (conjugated horseradish peroxidase) for 1 h. The examine the concentration range of cytotoxicity, VSMCs were
protein levels were detected by chemiluminescence and analyzed treated with different concentrations (1-50 nM) of AUY922 for
using Image]. 24 h and used the tritonX-100 (1%) as the positive control. Fig. 1B
shows the cell morphological change from the treated conditions
Statistical analysis such as vehicle, positive control, and AU922 (5 nM). The vehicle
control and AUY922 (5 nM) showed similar cell morphologies.
Data were analyzed using GraphPad Prism 5.0 (GraphPad, Inc., As shown in Fig. 1C, AUY922 at up to 5 nM showed no cyto-

San Diego, CA, USA). The results are expressed as the means + toxicity. Next, we evaluated the inhibitory effect of AUY922 on
standard deviation (SD) of at least three independent experiments PDGEF-BB-induced cell proliferation. VSMCs were treated with

(n 2 3). The results were assessed using Student’s t-test and one- or without PDGF-BB (10 ng/ml) and AUY922 (1, 2, 3, and 5 nM)
way analysis of variance, followed by Tukey’s multiple range test. for 24 h. As shown in Fig. 1D, only the PDGF-BB-treated group
Statistical significance was considered at p < 0.05. showed increased viability at a rate of 199.7 + 7.1% compared to

the vehicle group. In contrast, AUY922, in the presence of PDGF-
BB, significantly reduced PDGF-BB-induced VSMC growth.

AUY922 attenuates the migration of PDGF-BB-
induced VSMCs

We investigated whether AUY922 can regulate PDGF-BB-
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Fig. 1. Effect of AUY922 on platelet-derived growth factor (PDGF)-BB-induced vascular smooth muscle cells (VSMCs) proliferation. (A) Struc-
ture of AUY922. Molecular weight: 465.5 g/ml. (B) VSMCs were treated with 0.005% sodium dodecyl sulfate (vehicle, veh), 1% Triton X-100, and 5 nM
AUY922 for 24 h. The cell morphologies were captured using the microscopy. Magnification, x200. (C) VSMCs (2 x 10* cells/ml) were seeded into a 96-
well plate for 24 h. Cells were exposed to difference concentrations of AUY922 (1, 2, 3, 5, 10, 20, 30, and 50 nM) for 24 h. Cell viability was determined
using 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide. (D) VSMCs were incubated with serum-free media for 24 h and
treated with or without PDGF-BB (10 ng/ml) and AUY922 (1, 2, 3, and 5 nM) for 24 h. The viability at the quiescent state is expressed as 100%. Data are
expressed as means + standard deviation. Different superscript letters indicate significant differences based on Tukey's multiple range test (p < 0.05).
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induced VSMC migration. To determine the inhibitory effect of
AUY922 against PDGF-BB-induced VSMCs migration in the
short-term, we performed a Boyden chamber assay. As shown in
Fig. 2A, PDGF-BB (10 ng/ml) significantly upregulated VSMC
migration, whereas AUY922 elicited the opposite effect in a dose-
dependent manner. Next, we confirmed the inhibitory effect of
AUY922 on the migration of PDGF-BB-induced VSMCs after
24 h using a scratch wound healing assay. As shown in Fig. 2B,
PDGF-BB-induced VSMC migration was significantly reduced
by AUY922 in a dose-dependent manner. To confirm the inhibi-
tory effect of AUY922 on VSMC migration by PDGF-BB, we
performed an aortic sprout outgrowth assay. As shown in Fig. 2C,
AUY922 decreased PDGF-BB-induced aortic ring outgrowth in
dose-dependent manner.

AUY922 reduces AKT and ERK1/2 phosphorylation in
PDGF-BB-stimulated VSMCs

HSPI0 activation of Akt and ERK1/2 phosphorylation is re-
lated to the abnormal migration and proliferation of VSMCs
[11]. Accordingly, we analyzed the effect of AUY922 on Akt
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and ERK1/2 phosphorylation in PDGF-BB-stimulated VSMCs
by western blotting. As shown in Fig. 3A, PDGF-BB-induced
ERK1/2 phosphorylation (341.1 + 16.8%) was attenuated in a
dose-dependent manner to 110 + 5.4%, 113.4 + 6.3%, and 184.9 +
8.5% after treatment with 2, 3, and 5 nM AUY922, respectively.
With regard to the phosphorylation of Akt, protein levels in
the PDGF-BB-treated group were increased by 403.9 + 22.9%,
whereas in cells treated with AUY922, intensities were increased
by 268.2 + 24.2%, 207.4 + 19.5%, and 137.1 + 12.5% after treat-
ment with 2, 3, and 5 nM AUY922, respectively. Furthermore, to
confirm the pathways involved in the AUY922-mediated inhibi-
tion of PDGF-BB-induced VSMCs, the cells were treated with an
ERK1/2 inhibitor (PD98059) and Akt inhibitor (LY294002). As
shown in Fig. 3B, ERK1/2 phosphorylation was increased to 326.3
+ 8.7% in the presence of PDGF-BB. AUY922, PD98059, and
LY294002 reduced the phosphorylation of ERK1/2 to 173.1 + 7.9%,
13591 + 9.9%, and 77.3 + 18.4%, respectively, compared to levels
in the group treated with PDGF-BB alone. Additionally, PDGF-
BB induced the phosphorylation of Akt to 322.9 + 22.9%, and the
phosphorylation level was significantly reduced by AUY922 and
LY294002 to 190.9 + 7.1% and 160.1 + 14.9%, respectively.

] Untreated
S PDGF-BB (10ng/mL)

Fig. 2. Effect of AUY922 on platelet-
derived growth factor (PDGF)-BB-
induced in vitro and ex vivo models.
(A) Vascular smooth muscle cells
(VSMCs) treated with AUY922 (1, 2, 3,
and 5 nM) for 90 min at 37°C. Cells were
stained using a Diff-Quik Kit. (B) Cells
were scratched with 200-pl tips and co-
treated with PDGF-BB (10 ng/ml) and
AUY922 (1, 2, 3, and 5 nM) for 24 h. The
black solid line shows the scratch at 0
h and the white dotted line shows the
scratch at 24 h. The wound healing
area is expressed as 100%. Data are ex-
pressed as means + standard deviation
(SD). *Significant difference compared
to the PDGF-BB group (p < 0.05). (C) Rat
aortas were sliced to obtain 1-mm sec-
o untreated ngimL) tions and embedded in Matrigel. The
e aortic rings were treated with or without
PDGF-BB (10 ng/ml) and AUY922 (1, 2, 3,
and 5 nM) for 4 days. The sprout area in
the vehicle (veh) group is expressed as
100%. The photographs were captured
using the microscopy. Magnification,
%x200. Data are expressed as means *
SD. Different superscript letters indicate
significant differences based on Tukey's
multiple range test (p < 0.05).
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Fig. 3. Western blot analysis of extracellular signal-regulated kinase (ERK) 1/2 and Akt phosphorylation. (A) Vascular smooth muscle cells
(VSMCs) were incubated in serum-free media and stimulated with platelet-derived growth factor (PDGF)-BB (10 ng/ml) and AUY922 (2, 3, and 5 nM)
for 15 min. The cell lysates were separated by SDS-PAGE. Protein expression was detected using specific antibodies, such as anti-phosphorylated
(p) ERK1/2, p-ERK1/2, Akt, and p-Akt. Graphs show the intensity of p-ERK1/2 and p-Akt, respectively. (B) VSMCs were stimulated in the presence or
absence of PDGF-BB (10 ng/ml), PD98059 (30 uM), LY294002 (20 uM), and AUY922 (5 nM) for 30 min. Cells were lysed and protein expression was
analyzed by western blotting. Data in graphs correspond to the images on the left. The viability at the quiescent state is expressed as 100%. Data are
expressed as means + standard deviation. Different superscript letters indicate significant differences based on Tukey's multiple range test (p < 0.05).

Veh, vehicle.

Role of AUY922 in PDGF-BB-stimulated VSMCs

We further performed a cell viability assay and a Boyden cham-
ber assay. Fig. 4A shows that PDGF-BB-induced VSMC prolifera-
tion was reduced to basal levels upon treatment with PD98059
(30 uM) and AUY922 (5 nM). Similarly, the PDGF-BB-induced
increase in proliferation was diminished by the combination of
LY294002 (20 uM) and AUY922 (5 nM). Combined treatment
with PD98059 and AUY922 inhibited cell growth to 97.1 £ 3.2%
of the level in the negative control (PDGF-BB alone). Following
combined treatment with LY294002 and AUY922, the basal level
of cell viability was 99.9 + 2.4% of the level in the negative control.
In the Boyden chamber assay (Fig. 4B), the PDGF-BB-induced
increase in migration was significantly reduced by PD98059 or
LY294002 and AUY922 to basal levels. The combined treatment
with PD98059 or LY294002 and AUY922 increased PDGF-in-
duced migration to 122.6 + 10.0% and 110.0 + 10.3%, respectively.

DISCUSSION

HSP90 inhibitors have anti-growth and anti-proliferation ef-

www.kjpp.net

fects [15]. In this study, we demonstrated that AUY922, an HSP90
inhibitor, inhibits PDGF-BB-induced increases in VSMC migra-
tion and proliferation. Moreover, AUY922 significantly reduced
ERK1/2 and Akt phosphorylation in response to PDGF-BB stim-
ulation in VSMCs. Collectively, these findings indicate that the
inhibitory effect of AUY922 on HSP90 modulates downstream
signaling cascades, including MAPK and Akt, to regulate PDGF-
BB-induced VSMC migration and proliferation.

Excessive migration and proliferation of VSMCs by PDGF-BB
have been implicated in neointima formation in atherosclerosis
and restenosis development [16]. PDGF-BB induces the phos-
phorylation of PDGFR and abnormal migration and proliferation
of VSMCs [17,18]. Thus, controlling PDGFR phosphorylation and
downstream signaling pathways may be a valuable strategy to
treat vascular disorders [19]. Heat shock proteins are chaperone
molecules that facilitate normal protein functions by controlling
the folding of intercellular proteins and preventing the misfold-
ing of newly synthesized proteins [20]. In particular, HSP90 client
proteins are associated with various oncogenes, transcription fac-
tors, and steroid hormone receptors, suggesting that heat shock
proteins are therapeutic targets [21]. AUY922 reduces the activa-
tion of oncogenic receptors, such as epidermal growth factor

Korean J Physiol Pharmacol 2020;24(3):241-248
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Fig. 4. Extracellular signal-regulated kinase (ERK) 1/2 and Akt inhibitors decreased platelet-derived growth factor (PDGF)-BB-induced in-
creases in vascular smooth muscle cells (VSMC) proliferation and migration. (A) VSMCs were treated with PDGF-BB, PD98059 (30 uM), LY294002
(20 uM), and AUY922 (5 nM) for 24 h. The proliferation of VSMCs was determined by the XTT reagent. The viability at the quiescent state is expressed
as 100%. (C) Graphs were obtained by Panel B. Data are expressed as means + standard deviation (SD). *Significant difference compared to the PDGF-
BB group (p < 0.05). (B) VSMCs (1 x 106 cells/ml) incubated with PD98059 (30 uM), LY294002 (20 uM), and AUY922 (5 nM) in the upper chamber and
co-stimulated with PDGF-BB (10 ng/ml) in the lower chamber for 90 min. Magnification, x200. Data are expressed as means + SD. Different superscript
letters indicate significant differences based on Tukey's multiple range test (p < 0.05). Veh, vehicle.

receptor (EGFR), erb-b2 receptor tyrosine kinase 2 (ERBB2), and
PDGEFR in a variety of cancer cells [22]. In our study, AUY922
significantly reduced the proliferation and migration of PDGF-
BB-induced VSMCs in vitro and ex vivo. Therefore, we predicted
that AUY922 may exert therapeutic effects in PDGF-BB-induced
vascular disease via the inhibition of signaling pathways down-
stream of PDGFR.

To evaluate this hypothesis, we focused on the regulation of
Akt and ERK1/2 phosphorylation. HSP90 strongly contribute to
signaling cascades in PDGF/PDGFR. PDGF-BB activates PDGFR
and downstream signaling molecules, such as Akt and ERK1/2
[23]. Some studies have reported that PDGF-BB is closely related
to the excessive proliferation and migration of VSMCs via Akt
and ERK1/2 phosphorylation. LY294002 (a selective Akt inhibi-
tor) and PD98059 (a selective MAPK inhibitor) have anti-prolif-
eration and anti-chemoattractant effects in PDGF-BB-stimulated
VSMCs [24,25]. Our data also showed that the inhibitory effects
of LY294002 or AUY922 on PDGF-induced Akt phosphoryla-
tion, and treatment with PD98059 or AUY922 efficiently down-
regulated the PDGF-BB-mediated overexpression of ERK1/2
phosphorylation (Fig. 3). However, the inhibitory effect indicated

Korean J Physiol Pharmacol 2020;24(3):241-248

that AUY922 greater than PD98059 or LY294002 in the PDGEF-
BB-induced migration and proliferation (Fig. 4). Therefore, we
suggest that HSP90 inhibitors have potential therapeutic effects
against vascular disorders, such as atherosclerosis and restenosis.
Reactive oxygen species (ROS) are important intermediates
in normal aerobic cell metabolism; however, excessive oxidative
stress can promote or interfere with physiological function [24].
Furthermore, PDGF-BB generates the oxidative stress and the se-
creted oxidative stressed factors, underlying HSP90 [25]. PDGEF-
BB-induced ROS can induce the abnormal VSMC migration and
proliferation through regulating the phosphorylation of ERK1/2
and Akt [26]. Oliveira et al. [27] reported that LY294002 can
regulate to reduce ROS generation. Furthermore, Nguyen Thi et
al. [28] reported the PD98059 induced the antioxidant enzyme
such as superoxide dismutase. Our results showed that LY294002
partially inhibits ERK1/2 phosphorylation and PD98059 slightly
downregulates Akt phosphorylation (Fig. 3B). However, AUY922
significantly regulates the PDGF-BB-induced the phosphoryla-
tion of Akt and ERK1/2. Therefore, AUY922 directly or indirectly
regulates PDGF-BB-induced ROS or oxidative stress and anti-
oxidant enzymes. However, further studies are needed to clarify

https://doi.org/10.4196/kjpp.2020.24.3.241
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the effects of HSP90 inhibitors on ROS generation in PDGF-BB-
stimulated VSMCs.

In conclusion, we found that AUY922 inhibits migration, pro-
liferation, and the phosphorylation of MAPK and Akt in VSMCs
in response to PDGF-BB. Additionally, AUY922 attenuated
PDGEF-BB-induced aortic sprout outgrowth. Therefore, AUY922,
as an HSP90 inhibitor, is promising for the prevention of resteno-
sis and atherosclerosis.
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