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neointimal hyperplasia by suppressing trimethylation of H3K27
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Background and Purpose: The increased proliferation and migration of vascular
smooth muscle cells (VSMCs) after arterial injury contributes greatly to the patho-
genesis of neointimal hyperplasia. As a major component of epigenetics, histone
methylation plays an important role in several cardiovascular diseases. However, its
role in restenosis is still unclear.

Human aortic VSMCs were challenged with PDGF-BB,

and total histones were extracted and analysed by HPLC/MS. For the in vivo study,

Experimental Approach:

rats were subjected to wire-guided common carotid injury.

PDGF-BB markedly increased the H3K27me3 level, as demonstrated

by use of HPLC/MS and confirmed by western blot analysis. Enhancer of zeste

Key Results:

homologue 2 (EZH2), the histone H3K27 methyltransferase component of polycomb
repressive complex 2, was also up-regulated by PDGF-BB in VSMCs, and in the neo-
intimal hyperplasia induced by wire injury of the rat carotid artery. Furthermore,
inhibiting H3K27me3 by treatment with 3-uM UNC1999, an EZH2/1 inhibitor,
significantly suppressed PDGF-BB-induced VSMC proliferation compared with the
PDGF-BB-treated group. Consistently, neointimal formation was significantly attenu-
ated by oral or perivascular administration of UNC1999 compared with the sham
group. Mechanistically, the increase in H3K27me3 inhibited the transcription of the

6INK4A

cyclin-dependent kinase inhibitor p1 and thus promoted VSMC proliferation.

Conclusions and Implications: Vascular injury elevated the expression of EZH2 and

the downstream target H3K27me3, which suppressed p16™N<4A

expression in VSMCs
and promoted VSMC proliferation and neointimal hyperplasia. EZH2 inhibition might

be a potential therapeutic target for restenosis.

Abbreviations: EZH2, enhancer of zeste homologue 2; H3K27, histone H3 lysine 27; H3K27me3, trimethylation of H3K27; p16™ A cyclin dependent kinase inhibitor 2A; PRC2, polycomb
repressive complex 2; SM-22a, smooth muscle protein 22-a; VSMC, vascular smooth muscle cell; a-SMA, a-smooth muscle actin
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1 | INTRODUCTION

Atherosclerosis, a chronic inflammation of the arteries, is the trigger of
various cardiovascular diseases. The primary complications of athero-
sclerosis, including coronary heart disease, stroke, and peripheral
arterial disease, ascertain that it is the most common cause of death
due to vascular disorders (Herrington, Lacey, Sherliker, Armitage, &
Lewington, 2016). Angioplasty is a highly effective treatment for
narrowing of the coronary arteries. However, restenosis after angio-
plasty, the healing response of the arterial wall to mechanical injury,
greatly dampens the satisfactory prognosis of atherosclerosis
(He et al., 2018; Liu, Bauer, & Martin, 2016). The main pathogenesis
of restenosis is neointimal hyperplasia and vessel remodelling. Robust
proliferation and migration of vascular smooth muscle cells (VSMCs)
after arterial injury greatly contributes to neointimal hyperplasia
(Liu et al., 2016). Therefore, investigating the mechanism of altered
VSMC behaviour is vital to understanding the process of neointimal
hyperplasia and developing new strategies for the prevention and
treatment of restenosis.

Epigenetics, which involves the manipulation of gene expression
via chemical modification of DNA or chromatin proteins without
sequence alteration, is widely involved in the pathogenesis of multiple
cardiovascular diseases (Cao et al, 2014). Histone methylation is
one of the major mechanisms that alter chromatin architecture,
accompanied by altered gene expression (Dambacher, Hahn, &
Schotta, 2010). The major histone methylation sites are numerous
lysines located within the N-termini of histones as well as the nucleo-
some core region, mainly H3K4, H3K9, H3K27, H3K36, and H4K20
(Dambacher et al., 2010). Histone methylation plays an important role
in dilated cardiomyopathy, heart failure, cardiac hypertrophy, and
atherosclerosis (Cao et al., 2014; Leentjens et al., 2018).

Polycomb repressive complex 2 (PRC2) is essential for H3K27
di/trimethylation (Conway, Healy, & Bracken, 2015). This complex
is closely associated with cell differentiation, development, and
various cancers (Moritz & Trievel, 2018). The methyltransferase core,
enhancer of zeste homologue 2/1 (EZH2/1), is the core component
of PRC2, found to be involved in heart development, pulmonary
arterial hypertension, and aortic dissection (Ai et al., 2017; Aljubran
et al., 2012; Li et al., 2018). However, whether PRC2-mediated
methylation of H3K27 is involved in restenosis post-angioplasty is
unknown.

UNC1999 (N-[(1,2-dihydro-6-methyl-2-oxo-4-propyl-3-pyridinyl)
methyl]-1-(1-methylethyl)-6-[6-[4-(1-methylethyl)-1-piperazinyl]-3-1H
-indazole-4-carboxamide) is a specific inhibitor of EZH2/1. It binds to
the S-adenosyl-L-methionine (SAM)-binding site within EZH2/1
through hydrogen bonds and hydrophobic interactions and thus
disrupts the association between EZH2/1 and SAM followed by
H3K27me3 reduction (Konze et al., 2013). Moreover, it is orally
bioavailable. It has been demonstrated that a single 50 mg-kg™* oral
dose of UNC1999 achieves a high C..x (4,700 nM). The plasma
concentration of UNC1999 declines at 8 hr and is maintained above
its cellular I1Csq for 20 hr (Konze et al., 2013). Thus, it is a useful tool
to investigate the role of EZH2/1 in vivo.
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What is already known
e EZH2/1-mediated H3K27me3 is

involved in heart development, pulmonary arterial

upregulation  of
hypertension, and aortic dissection.

What this study adds
e H3K27 trimethylation in VSMCs is positively associated

with restenosis.

o EZH2-mediated up-regulation of H3K27me3 promotes
the proliferation of VSMCs and restenosis by repressing
p16/NKeA

e The EZH2/1 inhibitor UNC1999 can attenuate restenosis
by reducing the H3K27me3 level followed by p16'NK4A
recovery.

What is the clinical significance
e EZH2 might be a potential therapeutic target for
restenosis.

To explore the role of histone methylation in neointimal hyperpla-
sia, we used quantitative MS of histones and demonstrated their
methylation in VSMCs treated with PDGF-BB. PDGF-BB increased
H3K27 trimethylation (H3K27me3) level in VSMCs. Moreover, the
levels of H3K27me3 and EZH2 were increased in rat injured carotid
arteries and PDGF-BB-treated human VSMCs. In VSMCs, PRC2
inhibition by UNC1999 significantly suppressed the migration and
proliferation of VSMCs induced by PDGF-BB. Accordingly, systemic
and perivascular application of UNC1999 greatly ameliorated wire
injury-induced restenosis. Mechanistically, this therapeutic effect of
UNC1999 was associated with de-repressed expression of the
cyclin-dependent kinase inhibitor p16™%4A. Our study demonstrated
a novel role of epigenetic regulation in vascular injury-induced VSMC
proliferation and neointimal hyperplasia, which suggests that resteno-
sis can be ameliorated by inhibiting EZH2.

2 | METHODS

2.1 | Cell culture

Human aortic VSMCs were purchased from FDCC (Shanghai, China)
and cultured in DMEM-F12 (Thermo Fisher Scientific Corp., Waltham,
MA, USA) complete medium (DMEM-F12, 10% FBS, recombinant
human EGF, insulin-like growth factor, and ascorbic acid). Cells were
passaged at 90% confluence and maintained in a humidified incubator
at 37°C with 5% CO,. Cells from passages 5 to 7 were used for exper-
iments. Before treatment, VSMCs were starved by incuabating them

in serum-free medium for 48 hr for de-dedifferentiation.


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2654
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2835
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8237
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4786
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5039

LIANG ET AL

3208 BRITISH
PHARMACOLOGICAL
SOCIETY

2.2 | Experimental animals and carotid wire-guided
injury model

Specific-pathogen-free male Sprague-Dawley rats (~200 g) were
obtained from the Experimental Animal Centre of Military Medical
Science Academy (RRID:RGD_734476; Beijing, China). All rats were
housed in a temperature-controlled environment in cages containing
with wood shavings as bedding (two to three per cage) with 12-hr
light/dark cycles and received food and water ad libitum. Carotid
wire-guided injury was used to model restenosis (Wang et al., 2015).
Briefly, 0.1% heparin sodium was injected via the tail vein of rats at
0.1 mg.100g’? body weight to avoid thrombosis. Rats were anaesthe-
tized with isoflurane (the induction dose was 3% in oxygen for 3 min,
and the maintenance dose was 2.5% in oxygen during the operation).
After the carotid artery had been isolated, a 0.83-mm wire was intro-
duced through the left external artery and advanced back and forth,
about 3 cm proximally, five times with gentle rotation. The left
external artery of the sham group was isolated and opened as for
the surgery group but without wire injury. After surgery, the opening
was sewed up followed by disinfection with iodine (2%). The rats were
placed on a heated operating table to maintain body temperature until
they recovered from the anaesthetic. Rats were randomized into
different groups in the study. The investigator was not blind to the
experimental groups. All procedures involving experimental animals
were performed under the principle for replacement, refinement, or
reduction (the 3Rs) and in accordance with U.S. National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, updated 2011) and were approved by the Insti-
tutional Animal Care and Use Committee of Tianjin Medical University
(Tianjin, China). Animal studies are reported in compliance with the
ARRIVE guidelines (Kilkenny et al., 2010) and with the recommenda-
tions made by the British Journal of Pharmacology.

2.3 | UNC1999 application

For gastric gavage, UNC1999 (Selleck Chemicals, Houston, TX, USA)
was dissolved as described previously (Konze et al., 2013). UNC1999
was dissolved in 0.5% sodium carboxymethylcellulose and 0.1%
Tween-80 in sterile water. The dosage of UNC1999 was 50 mg-kg™?
body weight-day™l. UNC1999 was applied to the UNC1999 group,
and an equivalent amount of vehicle was applied to the sham and
surgery-only groups from 1 day pre-surgery to 2 weeks post-surgery.
Then, rats were killed, and the left common carotid arteries were
collected for analysis.

For perivascular application, UNC1999 was dissolved in DMSO at
50 mg:ml~L. The dose for the perivascular application of UNC1999
was 50 mgkg™! body weight mixed with 30% PF127 gel (Sigma
Aldrich, St. Louis, MO, USA) as described previously (Jain, Singh, Singh,
& Barthwal, 2015; Wang et al., 2009). After isolation of the left
common carotid artery, the mixture of UNC1999 and PF127 gel was
applied perivascularly to the UNC1999 group, and the mixture of
DMSO and PF127 was applied to the sham and surgery-only groups.

After recovery, rats were transferred to normal feeding conditions
and kept for 2 weeks. Then, rats were killed, and the left common
carotid arteries were collected for analysis.

2.4 | BP measurements

BP was monitored by a tail-cuff system (Softron BP-98A; Softron,
Tokyo, Japan), and the values were averaged from at least five consec-
utive measurements per rat. UNC1999 (50 mg-kg™* body weight-day ™)
was administered to the rats by gavage for 3 days, and BP was tested
for four sequential days starting from Day 1 before the administration
of UNC1999.

2.5 | Determination of histone modification by MS

H3 histones were extracted and analysed as described previously
(Yuan et al., 2015; Zhang et al., 2015). Briefly, total H3 histone pro-
teins were extracted by the acid extraction method and resolvedby
use of a 15% SDS-PAGE gel. After coomassie blue staining, the bands
of interest were excised and subjected to in-gel digestion. The peptide
extracts obtained were processed and analysed by quantitative MS
(NANO-HPLC/MS; Eksigent Technologies, Dublin, CA/Thermo Fisher
Scientific Corp.).

2.6 | MTS assay

VSMCs were seeded in 96-well plates (5 x 10° per well) in complete
DMEM-F12 medium, then starved for 48 hr by incubation in serum-
free DMEM. Then, cells were treated with PDGF-BB (40 ng-ml™) with
or without 3-uM UNC1999 for 36 hr. A treatment of 10-50 ng:ml™*
PDGF-BB for 24-48 hr was reported to induce VSMC proliferation
(Cai et al., 2015; Igata et al., 2005; Li et al., 2018; Liu et al., 2014; Song
et al., 2018; Wang et al., 2018). Thus, for the MTS assay and other
in vitro experiments, we treated the VSMCs with 40 ng:ml™! of
PDGF-BB for 36 hr. UNC1999 was dissolved in DMSO, and the
control groups were treated with the same volume of DMSO. MTS
reagent (Biovision, Milpitas, CA, USA) was added (20 ul per well) and
the samples were incubated at 37°C for 4 hr. The plate was shaken
on a shaker briefly, then underwent absorbance measurement by

using a plate reader set at 490 nm.

2.7 | Cell cycle determination by flow cytometry

Treated VSMCs were trypsinized and centrifuged at 150x g for 5 min
and washed in PBS three times. Cells were re-suspended in 0.5 ml of
pre-cooled PBS and fixed with 4.5 ml of 70% ethanol at 4°C for 2 hr.
Cells were then washed with ice-cold PBS twice. The cell pellets
obtained were resuspended with 10 pg-ml™* propidium iodide
(Beyotime Biotechnology, Shanghai, China) then incubated at 37°C
in the dark for 10 min. Then, the cell suspension was analysed by flow
cytometry (BD FACSVerse; BD Biosciences, San Jose, CA, USA).
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2.8 | Cell migration assays

Cell migration was analysed by transwell and scratching healing
assays. For the transwell assay, treated VSMCs were seeded in the
upper chamber at 1 x 10* cells, and DMEM with 2.5% FBS was placed
in the lower chamber. After 4-hr incubation, cells in the transwells
were fixed with 4% paraformaldehyde for 15 min. Cells attached in
the upper chamber were removed gently, and cells attached in the
lower chamber were stained with DAPI. Images were captured under
an inverted microscope. For the scratch-healing assay, after de-
dedifferentiation of cells and the corresponding treatments, straight
gaps were introduced to cells in the centre of the plate wells in com-
plete medium. After 12 hr, the gap width was measured under an

inverted microscope (Leica DFC-450, Wetzlar, Germany).

2.9 | Immunofluorescence staining

Tissue or cell slides were rinsed with PBS for 5 min, fixed with 4% para-
formaldehyde for 15 min, penetrated with 0.1% Triton X-100 solution
for 15 min, and blocked with 1% BSA for 1 hr at room temperature.
Primary antibodies for H3K27me3 (1:300, cat#: 07449, RRID:
AB_310624; Millipore, Burlington, MA, USA), Ki67 (1:200, cat#:
11882, RRID:AB_2687824; CST, Danvers, IL, USA;), p16'™NK4A (1:50,
cat#: 108831, RRID:AB_2078303; Proteintech, Rosemont, IL, USA),
and a-smooth muscle actin (a-SMA; 1:400, cat#: A2547, RRID:
AB_476701; Sigma Aldrich) were incubated with tissue sections or cell
slides at 4°C overnight, then secondary antibodies (goat anti-mouse
IgG, 1:200, cat#: A11032, RRID:AB_2534091; goat anti-rabbit IgG,
1:200, cat#: A11034, RRID:AB_2576217; Invitrogen, Carlsbad, CA,
USA) were applied at room temperature for 1 hr followed by slide
mounting with DAPI-containing mounting medium. Images were cap-
tured under a Zeiss confocal microscope (Axio-lmager LSM-800,
Oberkochen, Germany). The Immuno-related procedures used comply
with the recommendations made by the British Journal of Pharmacology.

2.10 | Elastic tissue fibres-Verhoeff's van Gieson
staining (EVG)

Elastic tissue was demonstrated by use of an EVG staining kit
according to the manufacturer's instructions (Sigma Aldrich). Images
were captured under an inverted microscope (Leica DFC-450, Wetzlar,

Germany).

2.11 | Western blot analysis

Proteins from VSMCs or rat carotid arteries were resolved by 10% or
12% SDS-PAGE and transferred to PVDF membranes, which were
blocked with 5% non-fat milk for 2 hr at room temperature, then
incubated with primary antibodies for H3K27me3 (1:5,000, cat#:
07449), EZH1 (1:2,500, cat#: ABE281), and EZH2 (1:1,000,
cat#: 07689, RRID:AB_417397; all from Millipore); total H3 (1:3,000,
cat#: 4499, RRID:AB_10544537) and PCNA (1:1,000, cat#: 2586,
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RRID:AB_2160343; both from CST); a-SMA (1:8,000, cat#: A2547,
Sigma Aldrich); smooth muscle protein 22-a (SM-22a; 1:500, cat#:
SC-53932, RRID:AB_1129519) and a-tubulin (1:1,000, cat#: SC-
8035, RRID:AB_628408; both from Santa Cruz Biotechnology, CA,
USA); and GAPDH (1:10,000, cat#: 600041, RRID:AB_2107436;
Proteintech) at 4°C overnight, then secondary antibodies (goat
anti-mouse 1gG, 1:5,000, cat#: 4741806, RRID:AB_2307348; goat
anti-rabbit 1gG, 1:5,000, cat#: 0741506, RRID:AB_2721169; KPL,
Gaithersburg, MD, USA) were applied at room temperature for 1 hr.
Protein blots were visualized by using an enhanced chemilumines-
cence western blotting detection kit (Thermo Fisher Scientific Corp.)
and analysed by using ImageJ software (RRID:SCR_003070).

2.12 | Quantitative real-time PCR (qPCR)

Total RNA was extracted by using a kit (Transgene, Beijing, China).
RNA was reverse-transcribed into cDNA by using a reverse transcrip-
tion kit (Thermo Fisher Scientific Corp.). gPCR was performed with
SYBR Green PCR master mix (Transgene, Beijing, China) and followed
the Minimum Information for Publication of Quantitative Real-Time
PCR Experiments guidelines. The expression of genes was normalized
to that of GAPDH. All primers were designed by using Primer 3.0
(Table S1).

2.13 | Chromatin immunoprecipitation (ChIP)

The ChIP assay was performed as described previously (Li et al., 2017;
Yao et al., 2016). Briefly, VSMCs were treated with 40 ng-ml’1 PDGF-
BB for 36 hr. Cells were cross-linked with 1% formaldehyde before
being re-suspended with SDS lysis buffer. Chromatin fragments of
200-500 bp were generated by high-power sonication for seven
cycles of 30-s ON and 30-s OFF. The length of the sonication product
was examined by agarose gel electrophoresis. Anti-H3K27me3 anti-
body was added to the sonication product and gently rotated at 4°C
for 12 hr. Then, magnetic beads (Thermo Fisher Scientific Corp.) were
added to the immunoprecipitation (IP) complex and incubated with
gentle rotation at 4°C for 4 hr. Thereafter, the bead-IP complex was
rinsed with ChIP buffer sequentially, followed by cross-linking rever-
sal. Precipitated genomic DNA was amplified by gPCR and normalized
to input DNA. Primers were as previously reported (Maruo et al.,
2011) and are in Table S1. Data were from three independent experi-

ments (n < 5) and were not subjected to statistical analysis.

2.14 | Data and statistical analysis

Data are presented as mean + SEM, and two or more groups were
compared by Student's t test or one-way ANOVA (GraphPad Prism 5,
RRID:SCR_002798; GraphPad Software, Inc.). For one-way ANOVA,
Bonferroni's multiple comparison post hoc test was performed only
when F achieved P < .05, and there was no significant variance
inhomogeneity. Statistical significance was set at P < .05. The data

and statistical analysis comply with the recommendations of the
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British Journal of Pharmacology on experimental design and analysis in

pharmacology (Curtis et al., 2018).

2.15 | Materials

UNC1999 was from Selleck Chemicals. PF127 gel was from Sigma
Aldrich. MTS reagent was from Biovision. Propidium iodide was from
Beyotime Biotechnology, Shanghai, China. EVG staining kit was from
Sigma Aldrich. Cycloheximide was from Cell Signaling Technology.
Antibodies for H3K27me3 and EZH2 were from Merck Millipore.
Antibodies for PCNA, total H3, and Kié7 were from Cell Signaling
Technology. Antibody for a-SMA was from Sigma Aldrich. Antibodies
for p16 ™K4A and GAPDH were from Proteintech. Antibodies for
SM22a and a-tubulin were from Santa Cruz Biotechnology. Enhanced
chemiluminescence western blotting detection kit was from Thermo
Fisher Scientific Corp. Total RNA extraction kit was from Transgene,
Beijing, China. Reverse transcription kit was from Thermo Fisher
Scientific Corp. SYBR Green PCR master mix was from Transgene,
Beijing, China. Magnetic beads for ChIP assay was from Thermo

Fisher Scientific Corp.

2.16 | Nomenclature of targets and ligands statement

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Cidlowski,
et al., 2017; Alexander, Fabbro, et al., 2017).

3 | RESULTS

3.1 | H3K27me3 level was increased in PDGF-BB-
treated VSMCs and injured rat carotid arteries

To study the role of histone methylation during VSMC migration and
proliferation, we first used quantitative MS to profile the histone
methylation in VSMCs treated with PDGF-BB (40 ng:ml™%, 36 hr).
The increase in methylation was the highest for H3K27me3 among
all modifications in PDGF-BB-treated cells as compared with untreated
control cells (Figure 1a). To further verify this finding, we treated
VSMCs with 10% FBS or PDGF-BB and found H3K27me3 level
significantly increased as compared with control group (Figure 1b,c).
In vivo in rats, at 14 days after carotid artery wire injury for neointimal
hyperplasia, H3K27me3 level was increased in the neointima of the
carotid artery (Figure 1d). Along with increased H3K27me3 level in
injured arteries, the expression of contractile markers of VSMC,
including a-SMA and SM-22a, was decreased and that of the
proliferative marker PCNA was increased (Figure 1e,f). These results
suggest that H3K27me3 may play a role in neointimal formation.

We further tested the change in H3K27me3 level at 0, 3, 7, and

14 days after wire injury in the rat arteries. H3K27me3 level was up-

regulated 3 days after wire injury (Figure 2a,b). The methyltransferases
EZH2/1, the core component of PRC2, play a crucial role during H3K27
methylation (Margueron & Reinberg, 2011). Although EZH2/1 confers
methyltransferase activity during this process, the expression was
much lower for EZH1 than for EZH2 in VSMCs (Figure S1A). PRC2
containing EZH1 was reported to have lower methyltransferase activ-
ity relative to that containing EZH2 (Margueron & Reinberg, 2011).
In addition, we found a similar expression pattern of EZH2 and PCNA
as H3K27me3 (Figure 2b,c). Conversely, a-SMA and SM-22a levels
were decreased to the lowest at Day 7 post-injury (Figure 2c). Consis-
tent with the in vivo study, EZH2 level was increased after PDGF-BB
and FBS treatment in VSMCs (Figure 2d,e). In contrast, PDGF-BB
treatment did not affect the protein level of EZH1 (Figure S1B). Thus,
carotid artery wire injury and PDGF-BB treatment increased
H3K27me3 level by up-regulating the expression of EZH2.

Next, we found that the mRNA level of EZH2 was not changed
when treated with PDGF-BB (Figure 2f). Further, when treated with
cycloheximide to prevent the translation of proteins, the protein level
of EZH2 was declined at 8 hr, which was suppressed by PDGF-BB
(Figure 2g). These data indicate that PGDF-BB stabilized EZH2 protein
and increased its protein level.

3.2 | Repressed H3K27me3 level suppressed VSMC
proliferation

To elucidate the role of increased H3K27me3 level in VSMCs, we
treated cells with UNC1999, an inhibitor highly selective for EZH2/1,
to inhibit the methyltransferase activity of PRC2. UNC1999 was co-
incubated with PDGF-BB for 36 hr after 48-hr serum starvation of
VSMCs. UNC1999 concentration-dependently repressed H3K27me3
level induced by PDGF-BB (Figure 3a). The 3-uM UNC1999 reversed
the increased in H3K27me3 level induced by PDGF-BB (Figures 3a
and S2A), and we used 3-uM UNC1999 for the following in vitro
experiments. Then, we characterized the role of UNC1999 in VSMC
proliferation. Increased VSMC number induced by PDGF-BB was
markedly inhibited by UNC1999 (Figure S2B). Also, the viability of
VSMCs was attenuated by UNC1999 treatment (Figure 3b). On immu-
nofluorescence, UNC1999 decreased the number of Kié7-positive
cells in PDGF-BB-challenged VSMCs (Figure 3c). Furthermore, flow
cytometry revealed fewer cells in the GO-G1 cell phase and more cells
in the S phase on PDGF-BB challenge, which was reversed with
UNC1999 treatment (Figure 3d,e). Thus, UNC1999 was able to block
the S phase entry. Consistently, UNC1999 also blocked the PDGF-
BB-induced PCNA expression (Figure 3f,g) and inhibited PDGF-BB-
induced VSMC migration (Figure S2C,D).

3.3 | PDGF-BB-induced H3K27me3 suppressed the
expression of p16NK4A

6'NK4A \was reported to be

The cyclin-dependent kinase inhibitor p1
regulated by the polycomb group of chromatin regulators, with

EZH2 playing a critical role (Ito, Teo, Evans, Neretti, & Sedivy, 2018).
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carotid arteries. (a) VSMCs were treated with PDGF-BB (40 ng-ml™?) for 36 hr after serum starvation. Histone methylation was detected by
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P16™K arrests VSMC proliferation by preventing G1/S phase pro-
(Gizard et al, 2008). Thus, we detected enriched
H3K27me3 level at the p16™%** locus by ChIP analysis, indicating

that PDGF-BB increased H3K27me3 level within 0.6-kb upstream
gression and 0.5-kb downstream of the promotor of p16™NK4A (Figure 4a).

Furthermore, p16™ ** mRNA level was significantly suppressed by
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PDGF-BB compared with control group, which was reversed by 3.4 | Systemic or local administration of UNC1999
UNC1999 treatment (Figure 4b). In addition, immunofluorescence protected against carotid artery wire injury-induced
staining showed a changed protein level of P16'™NK*A consistent with neointimal formation

the mRNA level (Figure 4c). These results indicate that PDGF-BB-

induced H3K27me3 promoted VSMC proliferation by repressing UNC1999 was found orally bioavailable in mice (Konze et al., 2013).
p16'™NK4A expression. Following a single 50 mgkg™ oral dose of UNC1999, its plasma



LIANG ET AL m—@ EE}ATRImCOLOGICAL—I—3213
SOCIETY
E(’;’)\A4' *
(a) PDGF-BB - + + + + §%§ *
UNC1999 - - 05uM 1M 3uM §BE3]
°RE
HaKo7mes| e WD e S, S3C )
Total H3 | L Si— e S — | 17 KD §§g1.
GAPDH | e S ssss—— S s 37 KD 0"
PDGFBB - + + + 4
UNC1999 ~ - 05pM 1pM 3 pM
(b) (c) Ctrl UNC1999
o
* S 60y
15 * = S . -
3 * ¥4 52
2= 22
>0 PDGF- BB PDGF-BB+UNC1999 §% .
©905 =9 201
O™ — D5
kS & L‘E
0.0 2 +
PDGF-BB- - © PDGF BB- -+
UNC1999- *+ -+ X UNC1999 = + - %
(d)
Ctrl UNC1999 PDGF-BB PDGF-BB+UNC1999
& SEELI5% 2 GO-G174.7% g ¢ G0:6176.2%
Lyl G0-G168.0% <
ok 5 5 5 ¥ g+
£ £ €, £,
Z 9 Z % i 2 z 522%
. G2:M 26.5% GZM23.7% ol Galy 0% R G2-M20.9%

Channels (PE-A-PE-A)

(e) (f)

Channels (PE-A-PE-A)

PCNA

Channels (PE -A-PE-A)

(9) PCNA | — |36 KD

X a- tubul|n|- -—|53 KD

Channels (PE-A-PE-A)

)

EN =)

foIdNof Ctrl mean

Relative protein level
(PCNA/a-tubulin)

- CccG2-M =mm S mmm GO-G1
& 1007 < 3
2 % s
[0}
5 5 E 2
o i T E
4 80 33
e oo
[$) E=
5 5L
o Q
60- x 0
PDGF-BB ~ + + PDGF-BB -
UNC1999 - + = * UNC1999 -

€

PDGF-BB - +
UNC1999 - ~

+ +
- +

FIGURE 3 UNC1999 prevented PDGF-BB-induced VSMC proliferation. (a) VSMCs were treated with PDGF-BB (40 ng-ml™%) with or without
UNC1999 (0.5, 1, and 3 uM, respectively) for 36 hr. Western blot analysis of protein levels of H3K27me3, total H3, and GAPDH. (b-g) VSMCs
were treated with PDGF-BB (40 ng-ml™%) with or without UNC1999 (3 uM) for 36 hr. (b) MTS analysis of cell viability. (c) Representative
immunofluorescence staining of Ki67 and DAPI (left panel, scale bar = 50 um); quantification of percentage of Kié7-positive cells (right panel). (d,e)

Cell cycle determination by flow cytometry. Levels of mRNA (f) and protein (g) of PCNA. Data are mean + SEM, n =

concentration was maintained above its cellular ICsq for approximately
20 hr. No adverse effects were observed at this dosage (Konze et al.,
2013). Thus, we treated the rats with UNC1999 (50 mg-kg *-day™%)
by gavage for 3 days and found that the BP of these rats were not
affected by UNC1999 (Figure S3). Then, we treated rats with
50 mg-kg t-day™* UNC1999 at 1 day before carotid artery wire injury
and lasting for 15 days (Figure 5a). As compared with the injured arter-
ies, UNC1999 significantly suppressed carotid artery wire injury-up-

5, *P < .05. Ctrl, control

regulated H3K27me3 (Figure 5b). At Day 14 post-injury, neointimal
formation was attenuated by UNC1999, as evidenced by H&E staining
(Figure 5c) and EVG staining (Figure S4A). UNC1999 markedly reduced
the neointimal area and ratio of neointima to media area of injured
arteries. However, media area and circumference of external elastic
lamina were comparable between the groups (Figures 5¢c and S4A).
To further explore the therapeutic potential of UNC1999 as a
stent-coating drug, we studied the local effects of UNC1999 on
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injured arteries. We applied 50 mg-kg™* body weight UNC1999 mixed
with 30% PF127 gel perivascularly by mixing it in pluronic gel immedi-
ately after wire injury surgery (Figure 5d). Similar to oral administration
of UNC1999, perivascular delivery significantly ameliorated injury-
induced neointimal formation in comparison with injured arteries, as
evidenced by reduced neointima area and ratio of neointima to media
area (Figures 5e,f and S4B). Again, media area and circumference of
external elastic lamina were not affected by the surgery and
UNC1999 application (Figures 5f and S4B). Consistent with the in vitro
study, p16™<** level was decreased markedly 14 days after wire
injury and recovered by systemic or local application of UNC1999
(Figure 6a,b). Thus, our results suggest that UNC1999 could prevent
carotid artery wire injury-induced neointimal formation systemically

and locally.

4 | DISCUSSION

Restenosis, a serious complication occurring after angioplasty or
in-stent surgery for arterial narrowing diseases, is involved in various
life-threatening conditions, such as heart infarction and stroke
(Boulanger et al., 2015). Here, we found that levels of H3K27me3, a

gene expression silencer, and its specific regulator EZH2 were

increased in VSMCs implicated in neointimal formation. With oral or
perivascular administration of UNC1999, an inhibitor of EZH2/1,
neointimal formation was markedly attenuated in vivo in rats. In vitro,
UNC1999 was able to inhibit VSMC proliferation. Mechanistically,
elevated EZH2 level up-regulated H3K27me3, which in turn inhibited
the transcription of p16™K** and promoted VSMC proliferation
(Figure 7).

Enrichment of H3K27me3 on chromatin leads to gene silencing,
which is more important for maintaining gene repression than
H3K27 dimethylation in vivo (Margueron & Reinberg, 2011). H3K27
methylation is specifically catalysed by PRC2 containing the EZH2
catalytic subunit, which has higher methyltransferase activity than that
containing EZH1 (Margueron & Reinberg, 2011). Our data revealed
higher expression of EZH2 than EZH1 in VSMCs, which suggests that
EZH2 is the dominant catalytic subunit in VSMCs. Furthermore, pro-
tein level of EZH2 was increased and that of EZH1 was not changed
in VSMCs by PDGF-BB treatment. Thus, the increased H3K27me3
level in PDGF-BB-treated VSMCs was mainly mediated by EZH2.
EZH2-mediated trimethylation of H3K27 plays important roles in
cancer and cardiovascular diseases. Inhibition of EZH2 improved
thoracic aortic aneurysm in a mouse model of Marfan syndrome (Lino
Cardenas et al., 2018). EZH2 mediated the inflammatory responses of

VSMCs to tumour necrosis factor a stimulation (Shu et al., 2017). Also,
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FIGURE 5 Systemic or local application of UNC1999 attenuated neointimal formation induced by wire injury. (a-c) Rats underwent oral gavage
with 50 mg-kg™t-day™* UNC1999 at 1 day before wire injury and continued for 15 days. (d-f) Rats underwent perivascular application of
UNC1999 (50 mg-kg’i) immediately after the wire injury and were killed 14 days after the wire injury. (a,d) Schematic representation of the
treatment. (b,e) Representative immunofluorescence staining of H3K27me3, a-SMA, and DAPI (scale bar = 50 um). (c,f) H&E staining showing the
neointimal formation and quantification of neointima, media area, ratio of neointima to media area, and circumference of external elastic lamina;
scale bar = 50 um. Data are mean + SEM, n = 5 rats in each group, *P < .05. ns, not significant
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hyperhomocysteinaemia, a risk factor of atherosclerosis, up-regulated
the expression of EZH2 in the aorta of ApoE™~ mice (Xiaoling et al.,
2016). In VSMCs, decreased EZH2 expression induced excessive
autophagosome formation and thus accelerated aortic dissection
occurrence (Li, Yi, et al., 2018). In our study, we found that EZH2 level
increased in VSMCs implicated in injured carotid arteries and cultured
VSMCs treated with PDGF-BB. Inhibiting the catalytic activity of
EZH2 with a specific inhibitor ameliorated the neointimal formation
by attenuating VSMC proliferation.

p16™NKA 3 critical cyclin-dependent kinase inhibitor, has inhibitory
effects on VSMC proliferation. Gizard et al. (2005) and Gizard et al.
(2008) reported that PPAR-a protected against intimal hyperplasia
by inducing p16™K** expression (Gizard et al., 2005; Gizard et al.,
2008). Also, dehydroepiandrosterone sulfate up-regulated p16™K*A
and thereby inhibited VSMC proliferation (li et al., 2009). In contrast,
9p21.3 risk variants for coronary artery disease in human aortic SMCs

were found associated with reduced p16™K** level and increased

SMC proliferation (Almontashiri et al., 2015). Of note, p16'NK4A was
reported to be regulated by EZH2. Loss of EZH2 induced p16™NK4
by reducing H3K27me3 enrichment (Chen et al., 2018; Ito et al.,
2018). Thus, we detected p16™K** in VSMCs under different treat-
ments. PDGF-BB reduced its expression, which was reversed by
UNC1999. Consistent with in vitro study, carotid artery injury in rats
decreased p16™K*A in VSMCs, which was reversed by UNC1999
application. These data suggest that increased H3K27me3 level pro-
moted VSMC proliferation by reducing p16™ A expression.

We demonstrated that UNC1999 largely ameliorated restenosis by
oral application and also perivascular delivery. Despite no adverse
effects observed in mice when UNC1999 was orally delivered,
EZH2/1 has multiple effects on various tissues other than arteries.
Thus, we found that UNC1999 could be delivered and sustained
locally to prevent restenosis. The effects of UNC1999 when it was
applied via perivascular delivery to injured arteries demonstrated that

it has potential as a stent-coating drug for restenosis. However, the
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local concentration of UNC1999 was not determined because of tech-
nical limitations, which is a limitation of the presented study.

In summary, we showed that the level of H3K27me3 was
increased during neointimal formation after wire injury to rat carotid
arteries, which was associated with increased expression of EZH2.
Mechanistically, this increased H3K27me3 level inhibited the tran-
scription of p16™“** and de-repressed VSMC proliferation. Inhibiting
PRC2 activity by UNC1999 systemically or locally protected against
restenosis. Our results indicate that PRC2 inhibitors have potential

as candidate drugs for restenosis.
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