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HIGHLIGHTS

® Suv39hl downregulation inhibits Ang II-stimulated migration and proliferation of VSMCs.
® Suv39h1 downregulation attenuates neointimal hyperplasia after vascular injury.
® Suv39h1 downregulation decreases Id3 production, and promotes p21 and p27Kipl expression.

ARTICLE INFO ABSTRACT
Keywords: Background and aims: Neointimal hyperplasia resulting from pathological vascular smooth muscle cells (VSMCs)
Suv39hl activation is a common pathophysiological basis for numerous proliferative vascular diseases, such as restenosis.
Neointimal hyperplasia Suv39h1, an important transcription suppressor, may be involved in this process. Herein, we investigated the
1d3 role of Suv39h1 in pathological intimal hyperplasia and its possible mechanisms in vitro and in vivo.
p2l . Methods: An adenovirus vector for Suv39hl overexpression and a lentiviral vector for its downregulation were
p27Kipl constructed and used to transfect cultured VSMCs in vitro. The functional changes in VSMCs stimulated by
angiotensin II (Ang II) were observed and the possible mechanism was investigated. Additionally, rat carotid
arteries with balloon injury were locally transfected with these viral vectors and changes in neointima formation,
proliferating cell nuclear antigen (Pcna) expression and collagen deposition were examined.
Results: Upon Ang II stimulation, the expression of Suv39hl and inhibitor of DNA binding 3 (Id3) was sig-
nificantly increased. Suv39h1 downregulation inhibited Ang II-stimulated migration and proliferation of VSMCs,
antagonized the production of Id3 and promoted p21 and p27Kipl expression. In contrast, Suv39hl over-
expression had the opposite effects. Suv39hl regulated the transcription of p21 and p27Kip1 by controlling
H3K9me3 in the proximal promoter regions. Consistent with the VSMCs results, Suv39h1 and Id3 expression was
significantly increased in blood vessels after balloon injury. Suv39h1 downregulation inhibited intimal hyper-
plasia, and attenuated Pcna expression and collagen synthesis in the intima, while Suv39h1 overexpression had
the opposite effects.
Conclusions: Suv39h1 downregulation effectively inhibited neointimal hyperplasia after vascular injury.
1. Introduction generation drug-eluting stents are still up to 14.6% and 12.2%, re-
spectively. In particular, there were more incidences of multiple high-
Although the incidence of in-stent restenosis significantly decreased risk factors and complex vascular lesions, which are the leading causes
by drug-eluting stents compared with bare metal stents, a few large of late stent complications [1].
clinical studies have shown that restenosis rates of first- and second- The pathology of restenosis involves multiple steps. After injury of
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the vascular endothelium, the subendothelial matrix is exposed to
peripheral circulating cells and various cytokines. Next, vascular
smooth muscle cells (VSMCs) in the tunica media transform from
contractile quiescent cells to synthetic cells. These proliferative and
migratory VSMCs under the intima synthesize a number of extracellular
matrix components and form the neointima. This results in loss of
lumen area and decreased perfusion [2]. Increased VMSC proliferation,
which is the basis of neointima formation, is a complex process and
various protein-protein interactions are involved in ensuring this ac-
curate biological process [3]. Cyclins and cyclin-dependent kinases
(CDKs) play a positive role in regulating cell cycle progression, while
CDK inhibitors (CDKIs) such as p21 and p27Kipl are negative reg-
ulators of the cell cycle [4]. Increasing p21 or p27Kipl expression
suppresses VSMC proliferation and neointimal hyperplasia [5,6]. In-
hibitor of DNA binding 3 (Id3), an important helix-loop-helix protein,
forms a homodimer or heterodimer complex by binding with another
type of helix-loop-helix (basic-helix-loop-helix, bHLH), to inhibit its
DNA-binding activity, thus promoting cell growth and tumor formation
[7]1. A previous study suggests that Id3 expression in vivo is significantly
increased on days 3 and 7 after vascular injury [8]. Additionally, up-
regulation of Id3 enhances VSMC growth and neointima formation in
response to carotid injury [9]. Importantly, there is a certain interaction
between Id3 and CDKIs including p21 and p27Kipl [10,11], which
provides new targets for the prevention of restenosis.

Suppressor of variegation 3-9 homolog 1 (Suv39h1), an important
histone methylation enzyme, trimethylates histone H3 on lysine 9
(H3K9me3), results in transcriptional repression or silencing of target
genes. However, some studies have shown that Suv39h1 plays complex
regulatory roles as a transcription suppressor, including inhibition of
proinflammatory genes and driving transcription of certain tumor-as-
sociated genes such as bcl-2 and c-myc [12]. Inhibition of Suv39h1 can
increase p21 expression via suppression of histone H3K9me3 levels at
the promoter of the p21 gene [13], suggesting Suv39hl is a potential
therapeutic target against VSMC proliferation. Nevertheless, Suv39h1
has been poorly investigated in cardiovascular diseases, especially
restenosis. Additionally, whether p27Kip1 or Id3 can be regulated by
H3K9me3 modification via alteration of Suv39hl expression is still
unclear. Therefore, we examined whether Suv39hl can regulate
neointimal hyperplasia after vascular injury completely or partially via
H3K9me3 modification at the promoter of Id3/p27/p27Kip1.

Herein, we constructed an adenovirus vector for Suv39hl over-
expression (Ad-Suv39h1l) and a lentiviral vector for Suv39hl down-
regulation (LV-Suv39h1), and used them to transfect VSMCs cultured in
vitro. We observed the functional changes in the cells under angiotensin
II (Ang II) stimulation and attempted to elucidate the mechanisms of
these effects. In addition, rat carotid arteries after balloon injury were
locally transfected with the virus vectors described above and the ef-
fects on neointima formation was examined. The long-term goal of this
research was to identify new clinical intervention targets for pro-
liferative vascular diseases such as restenosis.
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2. Materials and methods
2.1. Culture and virus transfection of rat vascular smooth muscle cells

All animal experimental protocols were approved by the
Institutional Animal Care and Use Committee of China Three Gorges
University and conformed to the Guide for the Care and Use of
Laboratory Animals by the National Institutes of Health. Male Sprague
Dawley (SD) rats (120-150 g, SPF grade, provided by the Experimental
Animal Center of China Three Gorges University) were anesthetized
with 2% pentobarbital sodium (Sigma) at a dose of 40 mg/kg. After
bluntly separating the thoracic aorta along the spine, we cut both ends
with ophthalmic scissors and placed the aortic segment in fresh
Dulbecco's modified Eagle's medium (Hyclone). Connective tissue and
adventitia surrounding the arteries were removed together with the
endothelium. The blood vessels were washed and cut into 2 X 2mm
tissue pieces and placed in a petri dish with an endothelial surface.
After incubation for 20 min at 37 °C in a 5% CO, atmosphere, medium
with 20% serum (Hyclone) was added. The medium was replaced at 3-d
intervals. When confluence of the attached cells reached 80%-90%,
they were subcultured at a ratio of 1:2 or 1:3. Cells were used for ex-
periments at passages 3-5.

VSMCs in logarithmic growth were transfected with Ad-Suv39hl or
a control vector (Ad-Null) at multiplicity of infection (MOI) = 15 for
4h. They were then cultured in medium with 10% fetal bovine serum
(FBS) for 3d. VSMCs in logarithmic growth were transfected with LV-
Suv39hl or the control vector (LV-NC) at MOI = 40 for 12h, in the
presence of polybrene at a final concentration of 5pg/ml. The cells
were further cultured in medium with 10% FBS for 5d. These stably
transfected VSMCs were used for the various intervention experiments.

2.2. Viral vector construction

The adenoviral vector carrying the rat Suv39hl gene was con-
structed by Vector Gene Technology Company Limited (Beijing, China).
Briefly, the Suv39hl cDNA was cloned into the adenovirus shuttle
plasmid, pDC316, and co-transfected with adenoviral backbone plas-
mids into 293 cells to generate Suv39hl adenoviruses (Ad-Suv39hl).
After amplification, purification and PCR identification, an Ad-Suv39h1
vector stably overexpressing Suv39hl with an infective titer of
5 x 10° pfu/mL was obtained. pDC316 with cloned green fluorescent
protein (GFP) was used to generate the control adenovirus (Ad-Null).

Four siRNA sequences for Suv39hl were designed to synthesize
shRNA-containing DNA sequences in vitro (Table 1). After double en-
zyme digestion, the linearized GV118 vector and the synthesized DNA
fragments were ligated and transformed, and positive clones were se-
lected for sequencing and identification (Genechem, Shanghai, China).
After co-transfection of GV118-Suv39h1 shRNA with lentiviral packa-
ging plasmids into 293T cells, lentiviruses (LV-Suv39h1l) were pro-
duced. The four different LV-Suv39h1 plasmids were then used to infect
isolated VSMCs at MOI of 40, and the steady-state mRNA level of

Table 1

Suv39h1-specific shRNA oligonucleotide sequences at 5’, stem, loop, stem, and 3’ areas.
NO. 5 STEM Loop STEM 3
Suv39h1-RNAi(KD1)-a T GGACAACAGCTTGCCGAAA CTCGAG TTTCGGCAAGCTGTTGTCC TTTTTTC
Suv39h1-RNAi(KD1)-b TCGAGAAAAAA GGACAACAGCTTGCCGAAA CTCGAG TTTCGGCAAGCTGTTGTCC A
Suv39h1-RNAi(KD2)-a T CAGAAAGGCATCCGCTACA CTCGAG TGTAGCGGATGCCTTTCTG TTTTTTC
Suv39h1-RNAi(KD2)-b TCGAGAAAAAA CAGAAAGGCATCCGCTACA CTCGAG TGTAGCGGATGCCTTTCTG A
Suv39h1-RNAi(KD3)-a T CACTGCAGGTGTACAACGTAT CTCGAG ATACGTTGTACACCTGCAGTG TTTTTTC
Suv39h1-RNAi(KD3)-b TCGAGAAAAAA CACTGCAGGTGTACAACGTAT CTCGAG ATACGTTGTACACCTGCAGTG A
Suv39h1-RNAi(KD4)-a T AAGCTTTCTTGTCCTGCCCTT CTCGAG AAGGGCAGGACAAGAAAGCTT TTTTTTC
Suv39h1-RNAi(KD4)-b TCGAGAAAAAA AAGCTTTCTTGTCCTGCCCTT CTCGAG AAGGGCAGGACAAGAAAGCTT A
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Suv39h1 was determined by qRT-PCR. The LV-Suv39h1 with the most
robust knockdown effect was used for the following experiments.
GV118 containing a control shRNA sequence that targets unknown rat
genes was used to generate control lentiviruses (LV-NC). The final titers
of these four recombinant lentivirus vectors were 7.5 x 10 TU/ml,
2 x 10° TU/ml, 2.5% 10° TU/ml and 2 x 10° TU/ml.

2.3. Carotid balloon injury model and local viral transfection

Seventy-two male SD rats (350-400 g) were randomly divided into
six groups (n = 12 in each group): sham operation, model, Ad-Null, Ad-
Suv39hl, LV-NC and LV-Suv39hl. The rats were anesthetized, im-
mobilized and sterilized. The skin covering the trachea was cut to se-
parate and expose the left common carotid, internal carotid and ex-
ternal carotid arteries. Then, 50 U/ml heparin sodium was injected at a
dose of 100 U/kg. A 1.25F balloon with a guide wire (balloon diameter
1.25mm, balloon length 1mm, Medtronic) was inserted into the
common carotid artery from the external carotid incision. After filling
the balloon, it was moved back and forth three times in the blood
vessel. After the pressure pump returned to zero, the balloon and
guidewire were withdrawn. Following completion of the balloon injury,
blood was washed from the surgical field of vision with normal saline.
The proximal ends of the internal carotid and common carotid arteries
were clamped with micro-artery clips to block blood flow in the bal-
loon-injured segment. Because of the limited volume of the injured
artery and the need for optimal transfection efficiency in vivo, virus
stock solutions (5 x 10° pfu/ml in the Ad groups, 7.5 x 10 TU/ml in
the LV groups and equal volumes of normal saline in the control groups)
were administered with an insulin needle as previously described [14].
After 20 min of local transfection, the blood flow was restored in the
common and internal carotid arteries. The wound was then sutured and
disinfected layer by layer. Rats were euthanized by anesthesia to har-
vest arterial samples after 7 or 28 days of conventional maintenance in
the animal facility.

2.4. Detection of cell migration by the transwell assay

Cells (10° cells in 200 ul) were planted in the upper chamber of a
Transwell apparatus (Corning) and stimulated with 0.2 pg/ml Ang II
(Peprotech) in the lower chamber for 8 h. Then, the upper chamber was
removed and cells that had not migrated were gently wiped off with a
swab. After washing and fixing with methanol, the Transwell mem-
branes were stained with 0.1% crystal violet for 15 min, and then wa-
shed and allowed to dry at room temperature. Under the 100 X ob-
jective of a microscope, cells in the upper, middle, lower, left and right
visual fields were counted, and the sum of these counts represents the
number of migrating cells in the chamber.

2.5. Western blot analysis

Western blot analysis was performed as previously described [14].
The total cellular protein of cell pellets was extracted with RIPA lysis
buffer (Beyotime). After quantification by the BCA method (Beyotime),
the samples were denatured. Proteins were separated by 12% SDS-
PAGE (Beyotime) and transferred to PVDF membranes for western
blotting. Membranes were incubated with primary antibodies for
Suv39hl (1:800; Abcam), Pcna (1:300; Bioss), Gapdh (1:1000; Cell
Signaling), Id3 (1:800; Abcam), p21 (1:200; Abcam) and p27Kipl
(1:200; Abcam), followed by secondary antibodies (1:1500-1:2000;
Boster) diluted in blocking solution. An electrochemiluminescence
(ECL) kit (Beyotime) was used to visualize immunostained bands.
Quantity one image analysis software was used to determine the optical
densities of the bands, and the optical density of Gapdh was used as a
standard to calculate the relative level of each protein.
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2.6. Real-time PCR analysis

Seven days after surgery, homogenates of common carotid arterial
samples from the injured side were prepared. Total RNA was extracted
by the TRIzol method (Invitrogen), reverse transcribed into cDNA and
stored at —80 °C. The cDNA was added to the reaction system and pre-
denatured at 95 °C for 10 min, denatured at 95 °C for 10 s, and annealed
and extended at 60 °C for 60s. A total of 40 cycles of real-time PCR
amplification was performed and data were collected. Statistical ana-
lysis was conducted using the 222t method. The following primer se-
quences were used:

Suv39hl: forward 5’-CGTGGATGCCGCCTATTATG-3’; reverse
5’-GGGGTAGTCGCTCATCAAGGT-3’ Id3: forward 5’-TGCCACAGCCCT
CTTCATTT-3; reverse 5'-CAGGCCACCCAAGTTCAGTC-3’ p21: forward
5-AGTATGCCGTCGTCTGTTCG-3’; reverse 5-GAGTGCAAGACAGCGA
CAAG-3’ p27Kip1: forward 5-GATACGAGTGGCAGGAGGTG -3’; reverse
5’-TCTGACGAGTCAGGCATTTG-3’ Gapdh: forward 5-GGAAAGCTGTG
GCGTGAT-3; reverse 5-AAGGTGGAAGAATGGGAGTT-3".

2.7. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were performed with
ChIP kits (Millipore) as previously described [14]. Briefly, VSMCs were
grown to 60% confluence, and then infected with LV-NC or LV-Suv39h1
for 5 days. After stimulation with Ang II for 1 h, the cells were washed
and crosslinked with 1% formaldehyde, which was stopped by 1.25M
glycine. The cell lysates were sonicated and subjected to im-
munoprecipitation with H3K9me3 antibody (Abcam) or IgG (Santa
Cruz). Immune complexes were collected and eluted with buffer. Pro-
tein-DNA crosslinks were reversed, and the DNA was extracted. ChIP-
enriched DNA samples were analyzed by real-time qPCR using primer
sequences near the promoter site of p21 and p27kipl. The data were
analyzed using the 2**°* method and normalized against input sam-
ples. The results are expressed as fold change relative to the LV-NC
group. The primer sequences used were:

Id3: forward 5-CAGCTCTTCCTCATTCCGCG-3’; reverse 5-GCTTCC
TCTGGCTGGTCGG-3’ p21: forward 5-AACCCTAAACATGGCATT
CGC-3’; reverse 5-GGCTCTAGCAGACCCTCAAAA-3p27Kip1: forward
5-AGGTTTCCTGGATCTTTCGCCTA-3’; reverse 5-GCTAGTTCAACCCA
CCTGCATTC-3".

2.8. Histology

On day 28 after surgery the common carotid artery at the injured
segment was harvested and fixed in 4% paraformaldehyde for 72 h.
After 70%-100% ethanol gradient dehydration, xylene gradient vi-
trification and paraffin embedding, 4-um sections were cut. Sections
were dewaxed and hydrated, stained with hematoxylin-eosin (H&E)
and photographed under a microscope. Image Pro Plus 6.0 image
analysis software was used to measure the areas of the tunica media,
neointima and blood vessel lumen, as well as to evaluate intimal hy-
perplasia in each injured vessel.

The vascular specimens were immersed in 3% H,0, at room tem-
perature for 10 min after vitrification, ethanol gradient dehydration
and hydration. Microwave antigen retrieval and serum blocking were
sequentially performed. Immunohistochemical staining with an anti-
body against Pcna (Bioss) and immunofluorescence staining with an
antibody against H3K9me3 (Abcam) were performed. For the im-
munohistochemistry analysis, the number of positively stained cells was
quantified from five random fields under 200 x magnification. For the
immunofluorescence staining, cell nuclei were stained with DAPI, and
the fluorescence was observed under an immunofluorescence micro-
scope. Masson trichrome staining was also performed on vessel sections
and the collagen area ratio was calculated [collagen area ratio = col-
lagen area/(collagen area + muscle area) X 100%)].
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Fig. 1. Suv39h1 plays a crucial role in Ang II-induced VSMCs proliferation and migration.

(A) The change in Suv39h1 and Id3 protein expression stimulated by Ang II for different durations was examined by Western blotting. (B) The proliferation of VSMCs
was evaluated by examining protein expression of Pcna. Representative gel images are shown in the upper panel and quantification (the ratio relative to the internal
control protein Gapdh) in the lower panel. (C) The migration of VSMCs was examined using the Transwell method. It is represented as fold change relative to the
corresponding control group. “p < 0.05, compared with the 0 h group (n = 3). p < 0.05, compared with the Ad-Null group; “p < 0.05, compared with the LV-NC

group (n = 3). The results are representative of three independent experiments.

2.9. Statistical analysis

All statistical analysis was conducted using SPSS 17.0 software.
Quantitative data are presented as means = SD. Student's t-test was
used for comparisons between two groups and one-way ANOVA was
used for multiple comparisons. Tukey's honestly significant difference
test was used for pairwise comparisons among multiple samples.
p < 0.05 was considered statistically significant.

3. Results
3.1. The inhibitory effect of LV-Suv39h1 on Suv39h1 mRNA expression

Four different LV-Suv39hl shRNA were transfected into VSMCs
with MOI = 40 for 96 h. Compared with the NC group, the knockdown
efficiency of Suv39h1 in the KD2 group was 52%, in the KD3 and KD4
groups it was over 60%, and in the KD1 group it was over 80%
(Supplementary Fig. 1). As KD1 had the best silencing effect on
Suv39h1, it was selected for subsequent experiments.

3.2. Ang II transiently stimulates Suv39h1 and Id3 expression in VSMCs

In VSMCs stimulated with 0.2 ug/ml Ang II for 1h, Suv39hl ex-
pression approximately doubled that in the control (CON) group
(Fig. 1A). However, at 6 h after Ang II stimulation, the Suv39hl ex-
pression was lower than that at 1 and 3h, and was not significantly
different from that in the CON group. Furthermore, at 1 h after Ang II
stimulation, Id3 expression was 1.2-fold increase than that in the CON
group. However, after longer stimulation (3 and 6h), Id3 expression
gradually decreased, approaching pre-stimulation levels at 6h
(Fig. 1A).

79

3.3. Suv39h1 downregulation inhibits migration and proliferation of Ang II-
stimulated VSMCs

Transected with Ad-Suv39h1, proliferation and migration of Ang II-
stimulated VSMCs significantly increased. Compared with the Ad-Null
group, Pcna protein expression (Fig. 1B), an indicator of cell pro-
liferation [15], and the number of migrating cells (Fig. 1C) in the Ad-
Suv39hl group were significantly increased. In contrast, after Suv39h1
knockdown, migration and proliferation of Ang II-stimulated VSMCs
were significantly inhibited. Compared with the LV-NC group, Pcna
expression in the LV-Suv39h1 group decreased to 50% and the number
of migrating cells was 80% lower (Fig. 1B and C, respectively).

3.4. Suv39h1 participates in the regulation of Ang Il-induced Id3 expression
and the activation of its downstream genes via modulation of H3K9me3 at
the proximal promoter region

After Suv39hl expression was upregulated in VSMCs by Ad-
Suv39hl transfection, cells were stimulated for 1h with Ang II. 1d3
expression was 1.6-fold increase in cells transfected with Ad-Suv39h1
compared with the control, and p21 and p27Kipl protein levels were
decreased by 52% and 40%, respectively (Fig. 2A). Conversely, after
transfection of cells with LV-Suv39h1, 1d3 expression decreased by 50%,
compared with the LV-NC group, which was consistent with the de-
crease in Suv39hl expression. In contrast, the p21 and p27Kipl levels
increased by 75% and 62%, respectively, in the LV-Suv39hl group
(Fig. 2A).

H3K9me3 is the main substrate of Suv39h1, which correlates with
gene repression. To determine whether the upregulation of p21 and
p27Kip1 is due to the inhibition of H3K9me3 after Suv39hl down-
regulation, western blotting was performed to examine the total
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Fig. 2. Suv39hl is the key regulator of Id3, p21 and p27Kipl induced by Ang

1L

(A) Protein expression changes in Suv39h1, H3K9me3, Id3, p21 and p27Kip1 after transfection with Ad-Suv39h1, Ad-Null, LV- Suv39h1 or LV-NC. (B-D) H3K9me3
levels at the promoters of Id3 (B), p21 (C) and p27Kip1 (D) in VSMCs were quantified by ChIP-PCR. The protein expression is relative to Gapdh. ‘p < 0.05, compared
with Ad-Null group; *p < 0.05, compared with LV-NC group (n = 3). The results are representative of three independent experiments.

H3K9me3 level. As shown in Fig. 2A, H3K9me3 increased after
Suv39hl upregulation in Ang II-treated VSMCs, whereas Suv39hl
knockdown displayed an inhibiting effect. Furthermore, ChIP-qPCR
assays indicated that although there was no significant difference in
H3K9me3 expression in the proximal promoter region of Id3 (Fig. 2B,
p > 0.05), H3K9me3 at the promoters of p21 and p27Kipl was de-
creased by nearly 40% and 30%, respectively, due to Suv39h1 knock-
down in VSMCs under Ang II stimulation (Fig. 2C and D). These results
suggest that Suv39hl regulated p21 and p27Kipl transcription by
controlling H3K9me3 at their proximal promoter region.

3.5. Balloon injury induces Suv39hl1 and Id3 expression

In blood vessels with balloon injury, Suv39hl and Id3 expression
was upregulated. Compared with the sham operation group, the
Suv39h1 mRNA levels in the model group were nearly 1.2-fold increase
(Fig. 3A) and the Id3 mRNA levels increased by 90% (Fig. 3B) at 7 days
after injury (p < 0.05).
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3.6. Suv39h1 regulates Id3 and H3K9me3 activation after vascular injury

The efficiency of local virus infection was optimal 7 days after in-
jury (Supplementary Fig. 2). The H3K9me3 level was enhanced in the
Ad-Suv39hl group, but suppressed by Suv39hl knockdown in blood
vessels at 28 d after balloon injury (Fig. 3C). Ad-Suv39hl was trans-
fected into blood vessels of rats after balloon injury, resulting in a
nearly 7-fold upregulation of Suv39hl mRNA expression. Con-
comitantly, the Id3 mRNA expression increased by 97% in the Ad-
Suv39hl group than in the Ad-Null group. After LV-Suv39hl was
transfected into injured blood vessels, the Suv39h1 levels decreased by
nearly 42% and those of Id3 by 31%, compared with the LV-NC group
(Fig. 3D-G). Along with the Id3 change, the expression of p21 and p27
Kip1 was suppressed by Suv39hl upregulation (Fig. 3H and J) and in-
creased by Suv39h1 downregulation (Fig. 3I and K).
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Fig. 3. Suv39hl plays a vital regulation role in the expression of Id3 and total H3K9me3 under vascular injury.

Real-time PCR was used to examine the mRNA expression of Suv39h1 and Id3 on day 7 after balloon injury. The mRNA expression of Suv39h1 (A) and Id3 (B) is
displayed as fold change compared with the sham operation group. The total H3K9me3 levels in carotid arteries on day 28 after balloon injury were determined by
immunofluorescence staining (C). The mRNA expression of Suv39h1, Id3, p21 and p27Kip1 after transfection with Ad-Suv39h1, Ad-Null (D, F, H and J), LV-Suv39h1
or LV-NC (E, G, I and K) was examined by real-time PCR. Gapdh was used for normalization. Red denotes the immunofluorescence of H3K9me3. Blue denotes nuclear
staining by DAPL. “p < 0.05, compared with the sham group. "p < 0.05, compared with the Ad-Null group; *p < 0.05, compared with the LV-NC group. The
results are representative of three separate experiments. Three carotid arteries were pooled in each experiment. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

3.7. Suv39h1 downregulation inhibits neointimal hyperplasia after vascular
injury

Vascular histological staining on day 28 after balloon injury in-
dicated that Suv39hl overexpression promoted intimal hyperplasia.
Compared with the Ad-Null group, the neointimal area in the Ad-
Suv39hl group was increased by 75% (p = 0.049) and the intima/
media ratio was increased by 84%. After Suv39hl downregulation,
neointima formation was significantly inhibited. Compared with the
LV-NC group, the intimal area in the LV-Suv39h1 group was reduced by
nearly 72% and the intima/media ratio was decreased by 64%
(Fig. 4A).

3.8. Suv39h1 downregulation inhibits neointimal Pcna expression

Suv39hl overexpression promoted Pcna expression in the neoin-
tima, while Suv39hl downregulation inhibited this injury-induced
change. The ratio of Pcna-positive cells in the Ad-Suv39h1 group was
35% higher than that in the Ad-Null group. In the LV-Suv39h1 group, it
was 30% lower than that in the LV-NC group (Fig. 4B).

3.9. Suv39h1 downregulation inhibits collagen deposition after vascular
injury

Collagen, the main component of extracellular matrix (ECM) se-
creted by proliferating VSMCs, was expressed at a higher level in ar-
teries transfected with Ad-Suv39hl, but at a lower level in arteries
transfected with LV-Suv39h1, compared with the corresponding control
groups. The collagen area ratio in the Ad-Suv39h1 group was 2.02-fold
than that in the Ad-Null group. In the LV-Suv39hl group, it was re-
duced by 44% compared with the LV-NC group (Fig. 4C).

4. Discussion
The results of this study suggest that Suv39hl plays an important

regulatory role during pathological activation of VSMCs that causes
neointimal hyperplasia after vascular injury. Suv39hl overexpression
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promoted migration and proliferation of VSMCs stimulated by Ang II in
vitro, and neointima formation after balloon injury in vivo. Furthermore,
Suv39h1 downregulation significantly inhibited pathological activation
of VSMCs, and attenuated pathological remodeling after vascular in-
jury. The Suv39h1 mechanism of action may be through affecting the
expression of the downstream proteins p21 and p27Kipl via Id3 reg-
ulation and H3K9me3 modulation.

Consistent with previous studies [16], our results demonstrated that
Ang II stimulation induced increased Id3 expression in VSMCs. Unlike
the earlier studies, our time course experiments showed that the ex-
pression of both Suv39h1 and Id3 reached peak values at 1 h after Ang
IT stimulation, and then gradually decreased to pre-stimulation levels.
The consistent time-dependent changes in Suv39h1 and Id3 expression
suggests that Id3 is a regulatory factor in the biological effects of
Suv39hl in VSMCs. This hypothesis was further supported by our
findings that Id3 was upregulated and downregulated by Suv39hl
overexpression and shRNA silencing, respectively. However, suppres-
sion of Id3 by Suv39hl silencing is not necessarily associated with the
increase in H3K9me3 at the target promoters, as demonstrated by
previous results [17]. One possibility is that other repressive histone
markers have been deposited to cause the repression. H3K4me3 and
H3K27me3 can also bind to the Id3 promoter [18], thus Suv39hl
downregulation would suppress H3K4me3, resulting in Id3 knockdown.
In addition, neither H3K27me3 nor H3K9me3 changed at the HER2
promoter when Suv39h1 was overexpressed by the dCas9 method [17],
which indicated the transcription regulation by Suv39hl may not
completely require histone methylation.

Similar to E12 and E47 from the common E2A family, Id3 can bind
to transcription factors such as MyoD, Pax and TCF, and inhibit DNA
binding, and thus transcription [7,19-21]. It has recently been shown
that the KIP/CIP subclasses of the CDKIs, including p21 and p27Kipl,
also affected protein binding by Id3 [10,11]. As broad spectrum CDKIs,
p21 and p27Kipl can bind to almost all CDKs to inhibit key integration
factors of the mitotic pathway, leading to cell cycle arrest [22]. Under
Ang II stimulation, the induced Id3 can bind to p21 and p27Kipl,
promoting increased levels of free CDKs. This induces VSMCs to enter
an active division and proliferation stage. In contrast, Suv39hl
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Fig. 4. Suv39h1 significantly inhibits neointimal hyperplasia under balloon injury.

Atherosclerosis 288 (2019) 76-84

H&E staining was performed for each group to measure the medial area (MA), intimal area (IA) and I/M ratio 28 days after balloon injury (A). Inmunohistochemistry
analysis of Pcna expression in neointima was performed on day 28 after balloon injury (B). Pcna labeled nuclei are dark brown. The left side is a representative image
of each group; the right side is the Pcna-positive cell ratio. Representative Masson's trichrome-stained photomicrographs of carotid arteries from different groups
were also taken on day 28 after balloon injury (C). Collagen is blue. p < 0.05, compared with the Ad-Null group; “p < 0.05, compared with the LV-NC group. The
results are representative of six separate experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

downregulation decreases Id3 binding to p21 and p27Kipl, leading to
increased p21 and p27Kipl levels and DNA binding. This promotes
inhibition of VSMC proliferation. Consistent with a previous study [23],
Suv39h1 downregulation also promoted p21 and p27Kipl expression
by inhibiting methylation of promoter regions, leading to inhibition of
VSMCs proliferation under pathological stimulation. Previous studies
have confirmed that p27Kipl overexpression significantly inhibited
Suv39h1 transcription [24]. Therefore, we hypothesized that Suv39hl,
Id3 and p27Kipl form a regulatory feedback loop. Suv39hl down-
regulation induces p21 and p27Kipl expression through two pathways.
First, Id3 downregulation decreases its binding to p21 and p27Kipl.
Second, decreased histone H3K9 trimethylation at the p21 and p27Kip1
promoter regions after Suv39hl downregulation increases p21 and
p27Kipl expression. In addition, increased expression of p27Kipl fur-
ther inhibits Suv39h1 transcription, enhancing the inhibition of cell
cycle activation associated with Suv39h1 downregulation.

As a member of the histone methyltransferase family, Suv39h1 has a
conserved SET catalytic domain, inhibiting transcription through H3K9
methylation [25], and it plays a vital role in diabetes-induced “meta-
bolic memory” and “inflammatory memory” [26]. By inhibiting
Suv39hl and H3K9 methylation, miR-125b promotes IL-6 and MCP-1
expression in VSMCs, inducing diabetes and aggravating the in-
flammatory response [27]. However, it is unclear whether miR-125b
inhibits proliferation and migration of VSMCs. Suv39h1 overexpression
promoted trimethylation of H3K9 at the NF-xB, IL-6, MCP-1 and caspase
3 promoter regions when renal tubular epithelial cells were stimulated
by high glucose. This resulted in significant anti-inflammatory and
antioxidant effects, thereby inhibiting apoptosis [28]. Recently, on-
cology studies have shown that Suv39h1 inhibited the transduction of
apoptosis-related signals by promoting trimethylation of the apoptosis-
inducing genes, Fas and PUMA, thereby promoting the occurrence of
glioblastoma [29]. In addition, Suv39hl induced breast cancer cell
proliferation through modified methylation of the tumor suppressor
gene, RASSF8 [30]. The level of H3K9 trimethylation in the erosive
tissue of colon cancer was significantly higher than in normal tissue,
and Suv39h1 overexpression increased tumorigenicity and mortality in
mice [31]. Furthermore, metformin inhibited migration of prostate
cancer cells through Suv39hl downregulation [32]. Another study has
demonstrated that vascular injury was accompanied by an imbalance in
expression of proliferative and anti-proliferative factors [33]. However,
a few studies have revealed that Suv39h1 suppressed cell proliferation
via H3K9me3 at the promoters of oncogenes. Methylation of Sp1 in-
creased the recruitment of Suv39hl to the cyclin B1 promoter, which
resulted in trimethylation of H3K9 and subsequent downregulation of
cyclin B1, leading to cell cycle arrest at the G2 phase [34]. Global gene
expression analysis revealed that cyclins, polo-like kinase and other cell
cycle regulators were significantly decreased in Suv39hl-over-
expressing fish, which indicated that Suv39hl may be a suppressor of
rhabdomyosarcoma formation [35]. This study found that Suv39h1, a
transcriptional inhibitor, has a weaker effect on the proliferation-re-
lated gene, Id3, than the anti-proliferative-related genes, p21 and
p27Kip1, thus resulting in pathological activation of VSMCs and
neointima formation. This evidence suggests that the effect and me-
chanism of Suv39h1 on cell proliferation is complicated and depends on
cell type, stimulus and intervention strategy. However, further research
is required to fully elucidate the mechanism.

In conclusion, downregulation of Suv39hl can effectively inhibit
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neointima formation after vascular injury, which provides a new in-
tervention target for the prevention and treatment of proliferative
vascular diseases like restenosis.
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