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Abstract

Aims: Tumor protein p53 plays an important role in vascular remodeling process as

well as oncogenesis. p53 is negatively regulated by murine double minute 2 (MDM?2).

A recently developed MDM?2 inhibitor, nutlin-3, is a nongenotoxic activator of the p53

pathway. So far, the effect of MDM2 inhibition on vascular remodeling has not been

elucidated. We therefore investigated the effect of nutlin-3 on neointima formation.

Methods and Results: Nutlin-3 up-regulated p53 and its downstream p21 in VSMCs.

DNA synthesis assay and flow cytometric analysis revealed that nutlin-3 inhibited

platelet-derived growth factor (PDGF)-induced vascular smooth muscle cell (VSMC)

proliferation by cell cycle arrest. This inhibitory effect was abrogated in

pS53-siRNA-transfected VSMCs. Furthermore, nutlin-3 inhibited PDGF-stimulated

VSMC migration. Treatment with nutlin-3 attenuated neointimal hyperplasia at 28

days after vascular injury in mice, associated with up-regulation of p53 and p21.

BrdU incorporation was decreased at 14 days after injury in nutlin-3-treated mice.

TUNEL assay showed that nutlin-3 did not exaggerate apoptosis of the injured vessels.

Infiltration of macrophages and T lymphocytes, and mRNA expression of chemokine

(C-C motif) ligand-5, interleukin-6, and intercellular adhesion molecule-1 was

decreased in the injured vessels of nutlin-3-administered mice. Nutlin-3 suppressed



NF-kB activation in VSMCs, but not in p53-siRNA transfected VSMCs.

Conclusions: MDM?2 antagonist nutlin-3 inhibits VSMC proliferation, migration, and

NF-«kB activation, and also attenuates neointimal hyperplasia after vascular injury in

mice, associated with suppression of vascular cell proliferation and inflammatory

response. Targeting MDM2 might be a potential therapeutic strategy for the

treatment of vascular proliferative diseases.
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Introduction

Vascular proliferation and inflammation, in which vascular smooth muscle

cells (VSMCs) are involved profoundly, contribute to the pathophysiology of

cardiovascular diseases including atherosclerosis, post-intervention restenosis, vein

bypass graft failure, and transplant vasculpoathy. Although the drug-eluting stent

(DES) technology has reduced restenosis after coronary intervention, further

elucidation of molecular mechanisms of vascular inflammation and proliferation is

required for the retainment of vascular patency and reduction of cardiovascular

events.!-3

The tumor protein pS3 (TpS53) governs fundamental cellular processes such

as apoptosis, cell cycle arrest, senescence, DNA repair, and cellular metabolism by

regulating the transcription of many genes in response to stress signals.4 p53 is

believed to be involved in cardiovascular pathogenesis, however, the role of p33 in

atherosclerotic diseases is Janus-faced. p53 deficiency exacerbates atherosclerosis in

genetic dyslipidemic mice models,58 while p33 overexpression enhances

atherosclerotic plaque rupture.®

P53 expression is regulated by numerous proteins; more than 160 studies

have been reported to date. Among them, murine double minute 2 (MDM2) is

regarded outstanding because they function as specific and indispensable inhibitors



of pS3 during embryonic development and their expression level is frequently affected

in cancers.!® MDM2 inhibits p53 transcriptional activity by occluding the

transactivation domain to interrupt a recruitment of co-activators, and ubiquitinates

the C-terminal domain promoting degradation by proteasome.!!

MDM2 is overexpressed in human atherosclerotic tissues,!2 and in VSMCs of

patients with primary aldosteronism,!3 indicating that MDM2 participates in

pathological vascular remodeling. These studies also suggest that p53 might be

suppressed by MDM2 in vascular proliferating process; therefore reactivation of the

pS3 pathway may be a novel therapeutic strategy for the treatment of vascular

remodeling.

Disruption of the MDM2-p53 interaction has attracted an interest as a novel

therapeutic strategy for cancers. Recently, a small molecule inhibitor of MDM2-p53

binding, nutlin-3, was developed.14 Nutlin-3 has antitumor effects by p53 activation

in various cancer cells,!5 and in vivo administration induces tumor regression in

mice. 14, 16-19

These studies prompted us to investigate the effects of nutlin-3 on vascular

remodeling process including VSMC proliferation and gene expression. In the present

study, we showed that nutlin-3 inhibited platelet-derived growth factor



(PDGF)-induced VSMC proliferation and NF-«kB activation, and also attenuated

neointimal hyperplasia after arterial injury in mice.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Invitrogen

(Carlsbad, CA, USA). Fetal bovine serum (FBS) was purchased from Nichirei

Biosciences (Tokyo, Japan). Recombinant rat PDGF-BB was purchased from R&D

Systems (Minneapolis, MN, USA). Bovine serum albumin (BSA), bromodeoxyuridine

(BrdU), propidium iodide (PI), anti-a-tubulin antibody, and FITC-conjugated

anti-a-smooth muscle actin antibody were from Sigma-Aldrich (St. Lois, MO, USA).

Nutlin-3 was purchased from Cayman Chemical (Ann Arbor, MI, USA). Antibodies

against p38MAPK, phospho-p38MAPK, ERK1/2, phospho-ERK1/2, JNK/SAPK,

phospho-JNK/SAPK, p33, and histone H3 were purchased from Cell Signaling

Technology (Beverly, MA, USA). Antibodies against p53, MDM2, PECAM-1, and

Mac-3 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-p21

antibodies were from BD Biosciences Pharmingen (San Diego, CA, USA) and Imgenex

(San Diego, CA, USA). Anti-CD3 antibody was from Abcam (Cambridge, MA, USA).

Cell Cultures



VSMCs were isolated from the thoracic aorta of Sprague-Dawley rats (Kyudo Co.,
Saga, Japan). Cells were maintained in DMEM supplemented with 10% FBS at 37°C
in a humidified atmosphere in 5% CO. in air. Before stimulation, cells were
serum-starved in DMEM with 0.1% BSA for 2 days.

Measurement of DNA Synthesis

VSMCs pretreated with nutlin-3 (10 umol/L) were stimulated with PDGF-BB (50
ng/mlL) for 24 hours and pulsed with [3H]-thymidine (1 pCi/mL) for the last 6 hours.
Following washing with PBS, cells were incubated with 10% trichloroacetic acid,
rinsed with a mixture of ethanol and diethylether (2:1), and dissolved in 0.5N NaOH.
The incorporation of [3H]-thymidine into cells was measured by a liquid scintillation
counter.

Flow cytometry

For cell cycle analysis, harvested VSMC were washed in PBS, and fixed in cold 70%
ethanol. After treatment with RNase A (25 mg/mL) at 37 C for 60 minutes, cells were
stained with PI (50 ug/mL) at 4C for 30 minutes. Samples were analyzed by BD
FACSCalibur (Becton, Dickinson & Co., Franklin Lakes, NJ, USA). The cell cycle
distribution was analyzed by ModFit LT software (Verity Software House, Topsham,
ME, USA). Apoptosis analysis was performed by using Annexin V-FITC Apoptosis

Detection Kit I (BD Biosciences Pharmingen) and BD FACSCalibur according to the



manufacturer’s instructions.

Small-interfering RNA (siRNA) transfection

pS3-targeting  siRNA  (#M-080060-00, a mixture of 4  siRNA: S

GAGAAUAUUUCACCCUUAA 3% 5" GCGACAGGGUCACCUAAUU 34 )

GUACUCAAUUUCCCUCAAU 3'; 5' CCACUAUCCACUACAAGUA 3') and negative

control non-targeting siRNA (D-001210-03) were purchased from Thermo Scientific

Dharmacon (Lafayette, CO, USA). siRNA was introduced into VSMCs by a lipid

transfection method. siRNA was mixed with lipofectamine RNAiIMAX (Invitrogen,

Carlsbad, CA, USA) in Opti-MEM I Reduced Serum Medium (Invitrogen) and

incubated for 20 minutes at room temperature. VSMCs were transfected with the

siRNA-lipofectamine complexes and incubated for 48 hours at 37°C in a CO;

incubator, and then used in the experiments.

Real-time Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted by the acid guanidinium thiocyanate-phenol chloroform

extraction method. RNA was reverse-transcribed using ReverTra Ace qPCR RT kit

(TOYOBO, Osaka, Japan) according to the manufacturer’s instructions. Real-time

quantitative PCR (qPCR) was performed using THUNDERBIRD SYBR qPCR Mix

(TOYOBO) and the Applied Biosystems 7500 Real Time PCR System (Applied

Biosystems, Foster City, CA, USA). Relative expression levels were determined by



comparative Ct (AACt) method. Hprt] mRNA was used for standardization. Primer

sequences used for amplification are as follows: <rat> 7Tp53 (forward)

5’ GAGGTCGGCTCCGACTATACCA 3’, (reverse) 5° AAAGCTGTCCCGTCCCAGAAG

3%, Hprtl (forward) 5’ TCCTCATGGACTGATTATGGACA  3’,  (reverse)

S’ TAATCCAGCAGGTCAGCAAAGA 3% <mouse> Ccl5 (forward) S'

ACCAGCAGCAAGTGCTCCAA 3, (reverse) 5' TGGCTAGGACTAGAGCAAGCAATG 3';

16 (forward) S’ CCACTTCACAAGTCGGAGGCTTA 3, (reverse) 5’

GCAAGTGCATCATCGTTGTTCATAC 3% Icam1 (forward) 5’

GGCACCCAGCAGAAGTTGTT 3’, (reverse) 5’ CCTCAGTCACCTCTACCAAG 3’; Hprtl

(forward) S’ TTGTTGTTGGATATGCCCTTGACTA 3, (reverse) S’

AGGCAGATGGCCACAGGACTA 3’

Western blot Analysis

Cells were harvested with lysis buffer composed of 1 XRIPA, 1% aprotinin, 10 pmol/L

pepstatin A, 1 mmol/L PMSF, and 2.5 pg/mL leupepsin. Equal amounts of protein

samples were subjected to SDS-PAGE, and transferred to a polyvinylidene difluoride

membrane (Immobilon-P, Millipore Corp., Billerica, MA, USA). After blocking with 5%

skim milk, the membrane was incubated with a primary antibody, followed by a

horseradish peroxidase (HRP)-conjugated secondary antibody. Blots were detected by

chemiluminescence system using ECL Western Blotting Detection Reagent (GE



Healthcare UK). The membrane was exposed to X-ray film. The protein expression

level was quantified by densitometry.

Cell Migration Assay (in vitro scratch assay)

VSMCs were plated onto the 35-mm dish coated with type I collagen and grown to be

confluent. Following pretreatment with nutlin-3 (10 umol/L) for 24 hours, the VSMC

monolayer was scraped with a pipet tip to create scratch wound, and then stimulated

with PDGF-BB (50 ng/mlL). After 24-hour incubation, the number of cells which

migrated into the scratch area was counted under microscopy.

DNA-binding ELISA for NF-xB

TransAM NF-kB p65 assay Kit (Active Motif, Carlsbad, CA, USA) was used. Equal

amounts of nuclear extracts were added to the 96-well plate containing NF-xB

consensus sequence and subjected to binding reaction for 1 hour. Following

incubation with anti-NF-«xB p65 antibody for 1 hour, samples were incubated with

HRP-conjugated anti-IgG antibody for 1 hour. Then samples were subjected to

colorimetric reaction and absorbance at 450 nm was read by Mithras LB940

(Berthold Technologies, Bad Wildbad, Germany).

Animal Experiments

All procedures were approved by the institutional animal use and care committee,

and conducted in accordance with institutional guidelines and Guide for the Care



and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). C57B/6J

male mice were purchased from CLEA Japan (Tokyo, Japan) and fed a normal chow.

Mice (10-week-old) were anesthetized by intraperitoneal injection of 50 mg/kg

pentobarbital, and then arterial wire injury was performed by insertion of a wire

(0.38mm in diameter. #C-SF-15-15, COOK, Bloomington, IN, USA) into the femoral

artery as described previously.20 Mini-osmotic pumps (Alzet, DURECT, Cupertino, CA,

USA) delivering nutlin-3 (5 mg/kg/day) were placed into the intraperitonal space

immediately after the vascular injury operation. BrdU (25 mg/kg) was injected at 24

hours and 1 hour prior to tissue harvest. Mice were euthanized with injection of

overdose pentobarbital. Harvested femoral arteries were fixed in 10%

neutral-buffered formaldehyde solution. For RNA isolation, tissues were snap-frozen

in liquid nitrogen.

Morphometric Analysis and Immunohistochemistry

Neointimal and medial areas were quantified by NIH ImageJ software. Percent

stenosis was determined as the ratio of the intimal area and the area inside the

internal elastic lamina X 100. For enzyme immunohistochemistry,

paraffin-embedded tissue sections were deparaffinized and rehydrated, and then

autoclaved in 10 mmol/L citrate buffer for antigen retrieval. Following quenching

endogenous peroxidase and blocking with 3% skim milk, sections were incubated

-10.



with primary antibodies at 4 C overnight. After incubation with biotinylated

secondary antibodies and treatment with streptoavidine-horseradish peroxidase

conjugate, sections were incubated in 3,3’-diaminobenzidine (DAB) solution and

counterstained with hematoxylin. For fluorescent immunohistochemistry, sections

were incubated with FITC-conjugated primary antibodies for 2 hours at room

temperature, and then observed by fluorescent microscopy. Apoptotic cells were

detected by the terminal deoxynucleotidyl transferase dUTP nick end labeling

(TUNEL) method with Apoptosis in situ Detection Kit (Wako Pure Chemical Industries,

Osaka, Japan). Incorporated BrdU was detected using Cell Proliferation Kit (GE

Healthcare UK).

Statistical Analysis

Experimental data were analyzed by one-way ANOVA and Fisher’s post hoc test.

Results are expressed as mean=SEM. Values of p<0.05 were considered statistically

significant.

Results

Nutlin-3 activates p53 pathway and inhibits cellular proliferation and migration

in VSMCs

At first, the effect of nutlin-3 on rat VSMC proliferation was examined. DNA synthesis

.11.



assay showed that enhanced [3H]-thymidine uptake induced by PDGF was

dose-dependently suppressed by nutlin-3 treatment in VSMCs (Figure 1A). We further

assessed the effects of nutlin-3 on VSMC migration by in vitro scratch assay. Treatment

with nutlin-3 attenuated VSMC migration induced by PDGF (Figure 1B).

We next verified whether nutlin-3 induces p53 in VSMCs. p53 protein expression was

up-regulated by treatment with nutlin-3 (Figure 1C). p21 and MDM2, pS53

downstream target molecules, were also up-regulated by nutlin-3 (Figure 1C),

indicating functional activation of the p53 pathway in VSMCs. MAP kinases are

known to be important mediators of PDGF signaling pathway.2! However, nutlin-3

had no effects on the phosphorylation of p38MAPK, ERK1/2, and JNK/SAPK

stimulated by PDGF (Supplementary Figure I). In order to exclude the possibility that

the reduction of the number of proliferating cells was caused by apoptosis, we also

evaluated VSMC apoptosis by flow cytometry. Treatment with nutlin-3 did not

instigate apoptosis at basal condition, and did not enhance H,O;-induced apoptosis

either (Figure 1D). These results imply that the inhibitory effect of nutlin-3 on VSMC

proliferation may not be attributable to inhibition of MAP kinases or induction of

apoptosis.

Nutlin-3 induces cell cycle arrest in a p53-dependent manner in VSMCs

The effect of nutlin-3 on the cell cycle profile in rat VSMCs was analyzed by flow

-12.



cytometry. To confirm whether the inhibitory effect of nutlin-3 on cell proliferation

depends on p53, assays were performed with or without p53 knock down by siRNA.

Transfection of p53-targeting siRNA significantly down-regulated p53 mRNA

expression in VSMCs, while transfection of control siRNA did not affect p53 mRNA

expression levels (Figure 2A). Flow cytometric analysis revealed that the increase in

the proportion of S-phase and the decrease in the proportion of G1-phase induced by

PDGF was attenuated by treatment with nutlin-3 in VSMCs transfected with control

siRNA (Figure 2B), whereas nutlin-3 failed to prevent cell cycle progression

stimulated by PDGF in VSMCs transfected with p53-siRNA (Figure 2B). The cell cycle

arrest-inducing effect of nutlin-3 was also abrogated in p53-deficient mouse VSMCs

(Supplementary Figure II). These results suggest that nutlin-3 inhibited VSMC

proliferation via p5S3-dependent cell cycle arrest at G1 phase.

Nutlin-3 attenuates neointimal hyperplasia after vascular injury

We next explored the effects of nutlin-3 on neointimal formation in mice.

Administration of nutlin-3 (5 mg/kg/day) had no apparent effects on body weight and

hemodynamics including blood pressure and heart rate (data not shown). No

sickness behavior and mortality occurred during the experimental period. No

apparent macroscopic organ damage and tissue abnormalities were observed in

nutlin-3-administered mice. Neointimal hyperplasia provoked by arterial wire-injury

-13.



was significantly attenuated in nutlin-3-treated mice compared with control mice at

28 days after injury (Figure 3A and 3B). In both groups, most of the neointimal tissues

were composed of a-smooth muscle actin (a-SMA) positive VSMCs (Figure 3C). Sirius Red

staining revealed that the neointimal tissues in both groups were also abundant in

collagen fibers (Figure 3D). The collagen fiber hues under observation by polarizing

microscopy were yellowish similarly in each group, suggesting that there would not be

differences in collagen fiber properties affecting tissue stability (Figure 3D).

Immunostaining of PECAM-1 showed that the luminal surface of the neointima was

overlaid with endothelial cells in both control and nutlin-3 groups, indicating that

administration of nutlin-3 did not impair re-endothelialization (Figure 3E). These results

suggest that treatment with nutlin-3 attenuates neointimal overgrowth without affecting

vascular tissue integrity. Expression of p53 and p21 was up-regulated in the vascular

tissues of nutlin-3-administered mice compared with untreated mice (Figure 3F).

MDM2 expression was unaffected by treatment with nutlin-3 (Figure 3F).

Effects of MDM2 inhibition on vascular proliferation and inflammation

Incorporation of BrdU into the neointima cells was decreased in nutlin-3-treated mice

compared with control mice at 14 days but not 28 days after vascular injury (Figure

4A). There were only a few TUNEL-positive apoptotic cells detected at 7 days after

injury, however, enhanced apoptosis was not observed in nutlin-3-administered mice

-14.



(Figure 4B). TUNEL-positive cells were not detected either in control or nutlin-3

groups at 14 and 28 days after injury (Figure 4B). These results suggest minor

contribution of apoptosis to the inhibition of neointimal growth by nutlin-3. Vascular

inflammation is mainly regulated by NF-kB-dependent gene transcription,??2 and

involved in the progression of vascular proliferative diseases.!-3 Since it has been

reported that pS3 inhibits NF-kB pathway,23-27 we also investigated whether nutlin-3

affects NF-kB-regulated gene expression and infiltration of inflammatory cells in

injured vascular tissues. Infiltration of macrophages and T lymphocytes in the injured

vessels was significantly attenuated in nutlin-3-administered mice (Figure 4C and 4D).

RT-qPCR of the injured vessels showed that mRNA expression of NF-kB-regulated

genes including chemokine (C-C motif) ligand 5 (CCLS5), interleukin-6 (IL-6), and

intercellular adhesion molecule-1 (ICAM-1) was suppressed in nutlin-3-treated mice

(Figure S5A).

Nutlin-3 suppresses nuclear activation of NF-xB dependently on p5S3

To elucidate the mechanism of the decrease in proinflammatory gene expression in

the injured vessels of nutlin-3-treated mice, we performed NF-«B DNA-binding ELISA

using cultured rat VSMCs. Treatment with nutlin-3 significantly attenuated NF-xB

activation induced by TNFa in VSMCs transfected with control siRNA (Figure 5B),

while this inhibitory effect was abrogated in VSMCs transfected with p53-targeting

-15.



siRNA (Figure 5B). The NF-kB-suppressing effect of nutlin-3 was also abolished in

p53-deficient mouse VSMCs (Supplementary Figure III). These results suggest that

the inhibitory effect of nutlin-3 on NF-kB activation depends on p53.

Discussion

In the present study, we demonstrated that an MDM2 inhibitor nutlin-3

suppressed VSMC proliferation through cell cycle arrest at G1 phase. The effects of

nutlin-3 depend on p53 because nutlin-3 failed to show any effects on VSMCs

transfected with p53-targeting siRNA and pS3-deficient VSMCs. We also

demonstrated that treatment with nutlin-3 attenuated neointimal hyperplasia after

vascular injury without increasing vascular tissue vulnerability. Inhibition of

vascular cell proliferation, inflammatory cell infiltration, and proinflammatory gene

expression was observed in the injured vessels of nutlin-3-administered mice,

suggesting that nutlin-3 ameliorated maladaptive vascular remodeling through

inhibition of neointimal VSMC growth and modulation of inflammatory process.

Infiltration of leukocytes mediated by chemokines and VSMC proliferation are critical

to neointimal growth after vascular injury.3 Therefore, a therapeutic strategy against

both cell proliferation and vascular inflammation is rational for efficacious remedy for

neointimal hyperplasia. MDM2 inhibitors may have unique therapeutic potential

-16.



because it is capable of inhibiting NF-kB activation in as well as inducing cell cycle

arrest via p53 activation.

Previous reports have demonstrated that the protective role of p53 against

neointimal hyperplasia.28-3¢ Such an effect has been thought to be brought about by

increased apoptosis or inhibition of proliferation of VSMCs. These studies adopted,

however, p53 gene transfer by adenovirus vectors, liposome, or transgenic technique,

which are technically and ethically difficult to utilize in the clinical settings. Indeed

pS3 activation can be instigated by anticancer drugs, which is inevitably associated

with DNA damage leading to enhanced apoptosis and tissue damage.!5 The fact that

nutlin-3 can activate p53 by inhibition of MDM2, not by DNA damage-triggered

induction, encourages us to apply the “p53 activation” to the conquest of vascular

proliferative diseases practically.

Since MDM?2 is a downstream target gene of p53 as well as p21, MDM2

up-regulation by treatment with MDM2 inhibitor nutlin-3 is thought to result from a

negative feedback mechanism. Although the kinetics of p53, p21, and MDM2 in

VSMCs seems parallel in time in our results, up-regulation of p21 and MDM2 may

follow the induction of p53 in a delayed fashion at the early phase after stimulation

with nutlin-3 like seen in other cells.18. 19

Nutlin-3 inhibits cell proliferation by pS3 activation leading to p21-mediated

-17.



cell cycle arrest at G1 phase. p53 can also induce apoptosis in response to stress

signals, but apoptosis-inducing effect of p53 might depend on cell type or require

further cofactors or modifications.35 Nutlin-3 does not induce apoptosis of vascular

endothelial cells,36 neutrophils, and macrophages.23 In this study, acceleration of

apoptosis was not observed either in nutlin-3-treated VSMCs or neointima of

nutlin-3-administered mice after vascular injury, which is consistent with previous

studies. Very early apoptosis after vascular injury is relevant for vascular remodeling.

SMC apoptosis is induced immediately after vascular injury, attaining to the peak in

0.5-1 hour, and declines rapidly.3?” Considering the fact that administration of

nutlin-3 was instituted by implantation of mini-osmotic pumps following vascular

injury and the concentration of nutlin-3 would reach steady state for at least several

hours, it is unlikely that nutlin-3 affects apoptosis which occurs very early after

vascular injury in our models.

pS53 activation is known to suppress NF-kB-dependent gene expression.23-25 [t

has been reported that pS3 and NF-«B can repress the transactivation of each other

via competition for transcriptional co-activator p300/CREB-binding protein (CBP).26,

27 We showed that nutlin-3 suppressed NF-«B activation in VSMCs. Though a direct

proof of NF-xkB activation is lacking in our animal experiments, inhibition of the

expression of NF-kB-regulated proinflammatory genes such as CCLS, IL-6, and

.18.



ICAM-1 suggests that nutlin-3 may suppress NF-«B activation in injured vessels as

shown in cultured VSMCs. These observations about the effects of MDM?2 inhibitor

beyond anti-proliferation, that is, anti-inflammatory activities, implicate that it may

be applicable to the treatment of atherosclerotic vascular diseases as well as

post-intervention restenosis.

In the resent study, we did not investigate the mechanism by which nutlin-3

suppressed VSMC migration. Nutlin-3 inhibits cancer cell migration via cytoskeletal

rearrangement in a pS3-dependent manner.38 Reportedly, pS3 inhibits cell migration by

regulation of Cdc42 and Racl pathways.39 40 While we speculate that nutlin-3 inhibits

VSMC migration through p53-mediated suppression of Rho GTPases, further

examination is required.

The limitation of the present study is that we did not verify the effects of

nutlin-3 on neointima formation in p53-deficient mice to establish the definite link

between the effects of nutlin-3 and p33 in vivo. However, we observed that nutlin-3

failed to inhibit cell cycle progression and NF-kB activation in p53-knocked down

VSMCs and p53-deficient VSMCs, strongly suggesting that the effects of nutlin-3

depend on p53. Furthermore, there are many reports demonstrating that in vivo

administration of nutlin-3 suppressed the growth of tumors with wild-type p53

whereas treatment with nutlin-3 did not affect the growth of p53-deficient or mutant

-19.



pS53-bearing tumors in mice.!7. 18,41 These findings including our results suggest that

the pharmacological action of nutlin-3 in vivo is dependent on p53 as well. For

another point, we cannot exclude possible secondary effects of nutlin-3 on neointima

formation by way of, for example, inhibition of systemic cytokine expression and

direct inhibitory effects on inflammatory cells such as macrophages and leukocytes.

Further investigations are required on this point.

In conclusion, pS53 activation by MDM?2 inhibition prevented cellular

proliferation, migration, and NF-kB activation in VSMCs; and besides attenuated

neointimal hyperplasia with prevention of vascular proliferation and inflammatory

responses. Targeting MDM2-p53 interaction might be a novel therapeutic strategy for

treatment of vascular proliferative diseases.
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Figure Lgends

Figure 1. Effects of nutlin-3 on proliferation, migration, and p53 pathways in

VSMCs. (A) VSMCs pretreated with nutlin-3 for 6 hours were stimulated with

PDGF-BB (50 ng/mlL) for 24 hours and [3H]-thymidine incorporation was counted.

*p<0.05, **p<0.01 vs PDGF(-)-Nutlin-3(); T p<0.05, + T p<0.01 vs

PDGF(+)-Nutlin-3(-) (n=3). (B) Effects of nutlin-3 on VSMC migration by in vitro

scratch assay. VSMC monolayers were scratched and then stimulated with PDGF-BB

(50 ng/mlL) for 24 hours in the presence or absence of nutlin-3. Nuclei were stained

with DAPI. Representative microphotographs and the quantitative analysis are

shown. *p<0.005 vs control, T p<0.05vs PDGF (n=3). (C) The expression levels of p53,

p21, and MDM2 in VSMCs stimulated with nutlin-3 (10 umol/L) were assessed by

Western blot analysis. Histone H3 was used for loading control. The same results

were obtained in three other independent experiments. (D) The effect of nutlin-3 on

VSMC apoptosis was analyzed by flow cytometry. After pretreatment with nutlin-3

(10 umol/L) for 24 hours and incubation with H>O2 (5 mmol/L) for 1 hour, VSMCs

were stained with PI and Annexin V-FITC. The percentage of apoptotic cells (Annexin

V-positive and Pl-negative fraction) is shown. n.s.: not significant (n=3). Values

represent mean=*SEM.
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Figure 2. Nutlin-3 induces cell cycle arrest in a p53-dependent manner in VSMC.

(A) The expression levels of p53 mRNA in VSMCs transfected with p53-targeting

siRNA (25 nmol/L) or negative control siRNA (25 nmol/L) for 48 hours were assessed

by RT-qPCR (n=4). NT: non-treated. n.s.: not significant. (B) Cell cycle profile analyzed

by flow cytometry. VSMCs transfected with p53-siRNA (25 nmol/L) or control siRNA

(25 nmol/L) were pretreated with nutlin-3 (10 pmol/L) for 6 hours and then

stimulated with PDGF-BB (50 ng/mL) for 24 hours. Representative histograms and

the percentage of cell cycle distribution are shown. CTRL: control, NUT: nutlin-3.

*p<0.05 vs control, Tp<0.01 vs PDGF (n=3 each).

Figure 3. Nutlin-3 attenuates neointimal hyperplasia after vascular injury. (A)

Femoral arteries at 28 days after vascular injury (elastica van Gieson staining).

Arrows indicate external elastic lamina. Arrowheads indicate internal elastic lamina.

(B) Intimal area, medial area, intima/media (I/M) area ratio, and percent stenosis at

28 days after injury were analyzed. Values represent mean = SEM. *p<0.05 vs control,

**p<0.01 vs control (control n=9, nutlin-3 n=7). (C) Wire-injured arteries (28 days)

stained with FITC-conjugated anti-oa-SMA antibody. Green: a-SMA. Blue: nuclei (DAPI).

(D) Sirius red staining of injured vessels (28 days). Collagen fibers were stained in red
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(upper panels). The Sirius Red-stained tissue specimens identical to upper panels were

observed by polarizing microscopy (lower panels). (E) Immunostaining of PECAM-1 in

vascular tissues at 28 days after injury. (F) Immunostaining of p53, p21, and MDM2 in

the injured vessels (28 days). The same results were obtained in other samples

(control n=9, nutlin-3 n=7).

Figure 4. Modulation of vascular proliferation and inflammatory responses by

MDM?2 inhibition. (A) Cell proliferation was assessed by BrdU incorporation at 14

days and 28 days after vascular injury. (Upper) Representative micrographs are

shown. Arrowheads indicate internal elastic lamina. (Lower) Quantitative analysis of

BrdU-positive cells in the neointima and the media. *p<0.05. n.s.: not significant. (14

d: control n=15, nutlin-3 n=11. 28 d: control n=9, nutlin-3 n=7). (B) (Upper) Apoptotic

cells assessed by TUNEL method at 7, 14, and 28 days after injury. Arrows indicate

TUNEL-positive cells. Positive control was the tissue specimen biochemically treated

with DNase I, while negative control was the specimen incubated without TdT.

(Lower) Quantitative analysis of TUNEL-positive cells in the neointima and media at 7

days after injury. n.s.: not significant. (control: n=7, nutlin-3: n=8). (C) Infiltration of

inflammatory cells at 7days after vascular injury. Macrophages were immunostained with

anti-Mac-3 antibody. T lymphocytes were stained with anti-CD3 antibody. (D)
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Quantitative analysis of the number of inflammatory cells which infiltrated per section.

*p<0.05 vs control (n=5 each).

Figure 5. Effects of MDM2 inhibition on inflammatory gene expression and

NF-xB transcriptional activity. (A) mRNA expression levels of CCLS, IL-6, and

ICAM-1 at 7 days after vascular injury were determined by RT-qPCR. C: control, N:

nutlin-3. *p<0.005 vs control (uninjured); T p<0.05, T T p<0.01 vs control (injured)

(control n=10, nutlin-3 n=10). Values represent mean +=SEM. (B) Effect of nutlin-3 on

NF-«kB transactivation in VSMCs was assessed by DNA-binding ELISA for NF-«B p65.

VSMCs transfected with control siRNA or p53-siRNA were stimulated with TNFa (20

ng/mlL) for 1 hour after pretreatment with nutlin-3 (10 pmol/L) for 24 hours (n=3

each). Values represent mean = SEM. CTRL: control, NUT: nutlin-3. *p<0.05,

**p<0.001 vs control, T p<0.05 vs TNFa, n.s.: not significant (n=3).
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