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Epigenetic Regulation of Vascular Smooth
Muscle Cells by Histone H3 Lysine 9
Dimethylation Attenuates Target Gene-Induction
by Inflammatory Signaling
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0BJECTIVE: Vascular inflammation underlies cardiovascular disease. Vascular smooth muscle cells (VSMCs) upregulate selective
genes, including MMPs (matrix metalloproteinases) and proinflammatory cytokines upon local inflammation, which directly
contribute to vascular disease and adverse clinical outcome. Identification of factors controlling VSMC responses to inflammation is
therefore of considerable therapeutic importance. Here, we determine the role of Histone H3 lysine 9 di-methylation (H3K9me2),
a repressive epigenetic mark that is reduced in atherosclerotic lesions, in regulating the VSMC inflammatory response.

APPROACH AND RESULTS: We used VSMC-lineage tracing to reveal reduced H3K9me2 levels in VSMCs of arteries after injury
and in atherosclerotic lesions compared with control vessels. Intriguingly, chromatin immunoprecipitation showed H3K9me2
enrichment at a subset of inflammation-responsive gene promoters, including MMP3, MMP9, MMP12, and IL6, in mouse
and human VSMCs. Inhibition of GOA/GLP (G9A-like protein), the primary enzymes responsible for H3K9me2, significantly
potentiated inflammation-induced gene induction in vitro and in vivo without altering NFkB (nuclear factor kappa-light-chain-
enhancer of activated B cell) and MAPK (mitogen-activated protein kinase) signaling. Rather, reduced G9A/GLP activity
enhanced inflammation-induced binding of transcription factors NFkB-p65 and cJUN to H3K9me2 target gene promoters
MMP3 and IL6. Taken together, these results suggest that promoter-associated H3K9me2 directly attenuates the induction of
target genes in response to inflammation in human VSMCs.

CONCLUSIONS: This study implicates H3K9me2 in regulating the proinflammatory VSMC phenotype. Our findings suggest
that reduced H3K9me2 in disease enhance binding of NFkB and AP-1 (activator protein-1) transcription factors at specific
inflammation-responsive genes to augment proinflammatory stimuli in VSMC. Therefore, H3KOme2-regulation could be
targeted clinically to limit expression of MMPs and IL6, which are induced in vascular disease.

VISUAL OVERVIEW: An online visual overview is available for this article.
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atherosclerosis and vascular remodeling after injury. In ~ contractile proteins and upregulate selective gene sets,
response to proinflammatory stimuli, VSMCs downregulate ~ including matrix metalloproteinases, and proinflammatory

Vascular smooth muscle cell (VSMC) accumulation is
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Nonstandard Abbreviations and Acronyms

Highlights

AP-1 activator protein-1

ChIP chromatin immunoprecipitation
CvD cardiovascular disease

GLP G9A-like protein

H3K9me2 histone H3 Lysine 9 di-methyl
HFD high-fat diet

hVSMC  human aortic VSMC

IL interleukin

JNK cJUN N-terminal kinase
LCCA left common carotid artery
MAPK mitogen-activated protein kinase
MMP matrix metalloproteinase
mVSMC  murine VSMC

NFxB nuclear factor kappa-light-chain-
enhancer of activated B cell

TNF-a tumor necrosis factor-alpha
UNC UNC0638
VSMC vascular smooth muscle cell

cytokines (eg, IL [interleukin]-6), which directly contribute
to the progression of vascular disease."? Inflammation-
responsive gene expression is controlled by the NFxB
(nuclear factor kappa-light-chain-enhancer of activated B
cells) and AP-1 (activator protein 1) transcription factors,
and dysregulation of NFkB and MAPK (mitogen-activated
protein kinase)/AP-1 signaling is linked to the initiation and
progression of vascular dysfunction.? Indeed, directly reduc-
ing inflammation with Canakinumab, an IL1-f3 neutraliz-
ing antibody, significantly lowered cardiovascular events
compared with placebo in patients* although not in mice®
Identification of mechanisms that regulate inflammation-
associated changes in VSMC gene expression is therefore
of considerable therapeutic importance.

MMPs (matrix metalloproteinases) comprise a family of
proteases that degrade extracellular matrix components
and mediate many structural changes associated with vas-
cular disease8” For example, animal atherosclerosis studies
implicate MMP12 in plaque development and instability3°
MMP3 and MMP9 promote VSMC migration and neo-
intima formation after carotid ligation in mice.'® In addition,
increased MMP3, MMP9, and MMP12 activity is observed
in vulnerable compared with stable human atherosclerotic
lesions."'~"* The proinflammatory cytokine IL-6 also plays an
important role in vascular disease progression. IL-6 attenu-
ates VSMC contractility while promoting VSMC migration,
proliferation, and vascular calcification.'®” Furthermore,
elevated serum IL-6 is associated with greater CVD risk.'8-20

Gene expression is regulated by epigenetic pathways
that modify histone proteins, resulting in either increased
or reduced accessibility to the transcription machinery.?!
Decreased levels of histone H3 lysine 9 di-methylation
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+ The repressive epigenetic mark Histone H3 Lysine
9 Dimethylation (H3K9me?2) is reduced in vascular
smooth muscle cells on inflammation in cardiovas-
cular disease models.

* Loss of H3KOme2 in human and mouse vascular
smooth muscle cells exacerbates inflammation-
induced upregulation of disease-associated genes
in vitro and in vivo, with functional consequences for
matrix degradation and phenotypic switching.

+ H3K9me2 inhibits binding of NFkB (nuclear factor
kappa-light-chain-enhancer of activated B cell) and
AP-1 (activator protein-1) transcription factors to
their cognate sequences within MMP (matrix metal-
loproteinase) and cytokine gene promoters.

(H3K9me?2) and histone H3 lysine 27 tri-methylation
(H3K27me3) are observed in VSMCs derived from
human atherosclerotic plaques compared with control
arteries.® However, how these mechanisms control
inflammation-associated changes in VSMC gene expres-
sion are unclear. Interestingly, H3K9me2, a repressive
mark associated with facultative heterochromatin?® and
directly regulating the expression of inducible genes in
other cells,?*"28 affects the growth rate, migration, and
contractility of pulmonary and airway smooth muscle
cells.2%30 Yet, the functional importance and target genes
of H3K9me2 in VSMCs remain largely unknown.

We demonstrate that global levels of H3KO9me2 in
VSMCs are reduced in atherosclerosis and in arteries
undergoing injury-induced remodeling, concomitant with
increased inflammation. H3K9me?2 is deposited at a sub-
set of inflammation-responsive VSMC genes, including
MMP3, MMPS, MMP12, and IL6, which are strongly associ-
ated with CVD."""'* Importantly, we show that H3K9me2
attenuates inflammation-associated upregulation of target
genes by inhibiting NFxB/p65 and/or AP-1/cJUN tran-
scription factor binding. These findings identify functional
consequences of loss of H3K9me2 in vascular disease and
suggest H3K9me2 as an important mechanism to prevent
spurious induction of a proinflammatory state in VSMCs.

METHODS

Disclosure Statement

The chromatin immunoprecipitation (ChIP)-seq data have been
made publicly available at the Gene Expression Omnibus with the
accession number GSE131212. All other supporting data are
available within the article and in the online-only Data Supplement.

Animal Experiments

All experiments were approved by the United Kingdom Home
Office (PPL70/7565 and P452C9545) and the local ethics
committee. Wild-type and Apolipoprotein E-null (Apoe™~) mice
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on a C57BI/6 background were purchased from Charles River.
Myh11-Cre®?  (Y-linked),®' Rosa26-Confetti Rosa26-EYFP
(enhanced yellow fluorescent protein), and Apoe™~ mice have
been described previously®'#2 MYH11 is a marker of differen-
tiated smooth muscle cells and the Myh11-Cre®? transgene
used here has been extensively tested for VSMC-specific
expression in major arteries.?'333¢ Experimental animals (all
males as the Myh11-Cre®®? transgene is Y-linked) received 10
intraperitoneal injections of 1 mg/mL tamoxifen between 4 and
8 weeks of age for lineage labeling. To inhibit GOA/GLP (G9A-
like protein), lineage-labeled Myh11-Cre®?/Rosa26-EYFP+
males were treated with A366 delivered by osmotic pumps (30
mg/kg per day in 98:2 PEG 400/polysorbate 80), or vehicle
alone, and either analyzed directly or subjected to ligation of the
left common carotid artery as described previously.®* Surgery
and tissue processing are described in the Methods in the
online-only Data Supplement.

ChIP and Analysis

ChIP was performed as described in the Methods in the online-
only Data Supplement. For genome-wide analysis, the DNA
SMART ChlIP-seq kit (Clontech, 634865) was used to gen-
erate lllumina-compatible sequencing libraries from 100 pg
to 2 ng of DNA from 2 independent H3K9me2 ChIP experi-
ments and associated input. Libraries were sequenced (lllumina
NextSeq) using paired-end 75 bp reads. ChIP-seq reads were
trimmed using Cutadapt v1.9,%" aligned to the mouse GRCm38
genome using Bowtie2 v2.2,%¢ and reads per gene promoter
(within =1 kb of the transcription start sites) quantified using
SeqMonk  v1.4  (http://www.bicinformatics.babraham.ac.uk/
projects/segmonk). Genes showing fewer than 20 read counts
in the input samples were removed from further analysis and
the ratio of H3K9me2/input signal was computed. Of genes
with H3KOme2/input ratios in the top 25th percentile, 63
genes were associated with arteriosclerosis according to the
Cardiovascular Disease Portal® (https://rgd.mcw.edu/rgdCura
tion/?module=portal&func=show&name=cardio).

VSMC Culture

Human aortic VSMCs (hVSMCs) were isolated as described*°
from patients undergoing aortic valve replacement with ethics
committee approval and used at passage 6 to 15. Primary mouse
aortic VSMCs were derived from 8- to 12-week-old wild-type
CB7BI/6 males and used at passage 4. VSMCs were treated
with UNCO0638 (UNC; 1 pM Tocris), small interfering RNA tar-
geting G9A (sc-43777,Santa Cruz), control small interfering RNA
(sc-37007, Santa Cruz), SP600125 (10 pM, Abcam), human
recombinant IL-1a (2 ng/mL, Peprotech), and human recom-
binant TNF-a (tumor necrosis factor-a), 90 ng/mL, Peprotech
as indicated and analyzed as described in the Methods in the
online-only Data Supplement.

Statistics

Data are shown as mean=SEM, unless otherwise indicated. The
number of animals per group and number of biologically inde-
pendent experiments are indicated in Figure legends (at least
3). Independent in vitro experiment were done using isolates
derived from different individuals for hVSMCs and independent
primary cultures for murine VSMCs. Data were analyzed using
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Mann-Whitney U test, Kruskal-Wallis 1-way ANOVA with Dunn
test to compare specific sample pairs, 1-sided exact Wilcoxon
rank-sum tests or a linear model (described in the online-only
Data Supplement) with £<0.05 as the threshold for consider-
ing results to be statistically significant.

RESULTS

H3K9me2 Is Reduced Within VSMCs in
Atherosclerosis and Arterial Remodeling,
Concomitant With Inflammation

VSMCs downregulate lineage markers in atheroscle-
rosis and after injury, making specific quantification of
H3K9me2 in VSMCs difficult. We therefore used genetic
lineage tracing to definitively identify VSMCs by cross-
ing Myh11-Cref®?+ mice® with recombination reporter
alleles (Rosa26-Confetti®2 or Rosa26-EYFP33). Tamoxi-
fen treatment of these animals induces VSMC-specific
recombination and stable fluorescent protein expression
in 70% to 95% of VSMCs in Confetti** and 40% to 60%
in EYFP reporter mice.®3* Importantly, the fluorescent
lineage reporters are stably expressed, independent of
the expression status of the Myh17-Cref®2 transgene,
in medial VSMCs and in VSMC-derived neo-intimal and
plaque cells.®*

We first crossed Myh11-Cref*? /Rosa26-Confetti mice
with Apoe™~ mice to assess H3K9me2 levels in athero-
sclerosis. Male mice received tamoxifen and were then
fed an atherosclerosis-inducing high-fat diet (21% fat,
0.2% cholesterol) or a standard chow diet. Immunohis-
tochemistry in carotid artery sections of animals after 3
to 4 months of high-fat diet revealed significantly lower
H3K9me?2 levels in Confettit cells within the media, core,
and fibrous cap in atherosclerotic arteries compared with
cells in control vessels (Figure 1A). Western blot analysis
also indicated reduced H3K9me2 expression in aortas
of mice fed a high-fat diet for 6 months compared with
control aortas that had little or no visible plaque, and this
was associated with increased levels of phosphorylated
NFkB p65 (Figure 1B). This indicates that the previ-
ously reported reduced H3K9me?2 levels in human ath-
erosclerotic plaques compared with healthy controls?? is
because of downregulation in VSMCs.

To assess whether H3K9me?2 regulates early events
in the VSMC inflammatory response, we performed liga-
tion of the left common carotid artery, which elicits repro-
ducible vessel remodeling concomitant with changes
in VSMC gene expression, including induction of IL6
and MMPs.*'#2 Immunostaining revealed significantly
decreased H3K9me2 levels in lineage-labeled VSMC
nuclei in ligated compared with nonligated control arter-
ies at b, 7, and 28 days post-ligation (Figure 1C and Fig-
ure | in the online-only Data Supplement), suggesting
that H3K9me2 may regulate the inflammatory response
of VSMCs.
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Figure 1. Histone H3 lysine 9 dimethylation (H3K9me?2) is reduced in vascular smooth muscle cells (VSMCs) in atherosclerosis
and vascular remodeling.

A, Representative immunofluorescence images and quantification of H3K9me2 signal intensity in nuclei of Confetti* cells within left common
carotid arteries (LCCAs) from lineage-labeled Myh11-Cre**?+/Rosa26-Confetti* /Apoe™ males fed a standard (SD, n=3 animals) or high-fat diet
(HFD, n=5 animals). H3K9me2 quantification is displayed separately for medial, plaque core, and cap VSMCs in HFD mice. B, Western blot
and quantification of H3K9me2 and p-p65 (Ser 536) in aortic media from SD and HFD animals, normalized to 3-Actin; n=8 animals per group.
N.D., not detected. P were calculated as described in the online-only Data Supplement. C, Representative immunofluorescence images and
quantification of H3K9me2 signal intensity in nuclei of Confetti* cells within LCCAs from ligated (7 days post-ligation) relative to no surgery
control Myh11-Cre®®?+ /Rosa26-Confetti* mice. n=5 animals per group. A and C, Signals for H3K9me2 (magenta), Confetti reporter proteins
(red, blue, yellow, green) and DAPI (4/,6-diamidino-2-phenylindole; white) are shown. The dot plots show H3K9me2 intensity in individual nuclei
(of Confetti* cells) relative to the average H3K9me2 signal intensity in control animals (SD in A, nonligated control samples in C) analyzed in
the same batch (batches are indicated with symbols). Mean (line) and SEM (error bars) are indicated. *P<0.05 (linear model, see online-only
Data Supplement). A indicates adventitia; L, lumen; M, media; NI, neointima; and P, plaque.
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Figure 2. Histone H3 Lysine 9 Dimethylation (H3K9me2) is enriched at a subset of IL (interleukin)-1a—responsive gene

promoters.

A, Chromatin immunoprecipitation-qPCR analysis for H3K9me2 in untreated or IL-10-treated murine vascular smooth muscle cells (mVSMCs;
6 h). H3K9me2 enrichment (relative to Magea?) at Actb (negative control) and the promoters of Mmp3, Mmp9, and Mmp 12, compared with
signal observed using negative control IgG (immunoglobulin). Graph show mean+SEM of 3 independent primary cultures. n.s., not significant
(Kruskal-Wallis). B, RT-gPCR (reverse transcription with quantitative polymerase chain reaction) analysis of Mmp3, Mmp9, Mmp12, and Hprt1
in control and IL-1a-treated mVSMCs. Expression (meantSEM in 6 independent primary cultures) is shown relative to IL-10-treated mVSMCs,
normalized to housekeeping genes (Hmbs and Hprt1). *P<0.05 (2-tailed Mann-Whitney U test).

H3K9me2 Attenuates Inflammation-Induced
MMP Gene Induction

The reduction of H3K9me2 in VSMCs concomitant with
increased inflammation prompted us to examine local
levels of H3KOme2 at promoters of arteriosclerosis-
associated genes. Genome-wide mapping by ChIP-seq
demonstrated that H3KOme2 levels at gene promoters
correlated negatively with expression of the associated
gene in ex vivo murine VSMCs (Figure Il in the online-
only Data Supplement), which is expected for a repres-
sive epigenetic mark. We found that among the genes
with high H3K9me2 levels within £1kb of their transcrip-
tion start site were 63 genes listed as arteriosclerosis-
associated on the Cardiovascular Disease Portal®® (Table
I in the online-only Data Supplement), including several
inflammation-responsive MMPs, such as Mmp3, Mmp9,
and Mmp12. ChIP-gPCR using cultured primary murine
VSMCs confirmed abundant H3K9me?2 levels at Mmp3,
Mmp9, and Mmp12 as well as the positive control locus
Magea2 compared with the negative control, Actb (Fig-
ure 2A). Surprisingly, despite increased mRNA expres-
sion of Mmp3, Mmp9, and Mmp12 after IL-1a treatment
(Figure 2B), the levels of the repressive H3K9me2
modification at the Mmp3, Mmp9, and Mmp 12 promoters
were not reduced after IL-1a treatment (Figure 2A). The
continued presence of this repressive epigenetic mark at
target genes suggests that their activation in response to
inflammation could be obstructed.

To directly test the importance of H3K9me2-marking
at MMP gene promoters, we pretreated cultured murine
VSMCs with UNC, an inhibitor of the main H3K9 dimeth-
yltransferases GOA/GLR, before IL-1a stimulation. UNC
treatment significantly reduced H3K9me?2 levels glob-
ally and at target gene promoters (Figure 3A and 3B).
UNC did not affect basal MMP gene expression, but

Arterioscler Thromb Vasc Biol. 2019;39:2289-2302. DOI: 10.1161/ATVBAHA.119.312765

significantly potentiated IL-1a-mediated upregulation of
Mmp3 (3.2-fold), Mmp9 (1.7-fold), and Mmp12 (7.1-fold)
(Figure 3C). In contrast, neither IL-1a nor UNC treat-
ment alone, or in combination, affected the expression
of MmpZ2, which is constitutively expressed by VSMCs.”
Importantly, UNC+IL-1a did not affect expression of
16 and Ccl2 (Figure 3C), which showed no H3K9me2
enrichment (Figure 3B), demonstrating that the effect
of UNC on MMP gene expression is not because of a
general upregulation of the inflammatory response. This
analysis suggests that H3K9me2 acts to specifically
repress the induction of target genes in response to
inflammatory signaling.

To assess whether MMP regulation by H3K9me2
could affect VSMC extracellular matrix remodeling, we
examined whether GOA/GLP inhibition affects matrix
degradation. We treated cultured murine VSMCs with
IL-1a. and UNC before incubating with dye-quenched
gelatin, which is converted into fluorescent peptides
upon digestion. Inhibition of GOA/GLP further increased
IL-10a-induced gelatin digestion (1.6-fold) compared with
VSMCs treated with IL-1a alone (Figure 3D), indicating
that HSK9me2-regulation of MMP expression in VSMCs
might affect vascular remodeling in disease.

VSMC-Specific Upregulation of Inflammation-
Responsive H3K9me2-Target Genes After
Carotid Ligation Is Enhanced by G9A/GLP
Inhibition

We next assessed the effect of reducing H3K9me2 in
vivo on injury-induced MMP expression following carotid
artery ligation (Figure 4A). VSMC-lineage-labeled ani-
mals  (Myh11-Cre®*?/Rosa26-EYFP) were adminis-
tered A366, a GOA/GLP inhibitor that displays similar
specificity and efficacy but improved pharmacokinetics
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Figure 3. Inhibition of G9A/GLP (G9A-like protein) reduces Histone H3 Lysine 9 Dimethylation (H3K9me2) at MMP (matrix
metalloproteinase) gene promoters and potentiates their upregulation in response to IL-1a.

A, Representative western blot and quantification of H3K9me?2 in UNC (UNC0638)-treated murine vascular smooth muscle cells (mVSMCs;

48 h) relative to controls (~UNC), normalized to -actin. Graph shows mean+SEM of 4 independent primary cultures. *<0.05 (Mann-Whitney
Utest). B, Chromatin immunoprecipitation-gPCR analysis in control and UNC-treated mVSMCs showing H3K9me2 enrichment (meant+SEM of
4 independent primary cultures) at control loci (Magea2, positive and Actb, negative) and the promoters of Mmp2, Mmp3, Mmp9, Mmp 12, Ii6, and
Ccl2 compared with negative control IgG. *£<0.05 (Kruskal-Wallis). C, RT-gPCR (reverse transcription with quantitative polymerase chain reaction)
analysis of Mmp2, Mmp3, Mmp9, Mmp 12, ll6, and Ccl2 in control (white bars), UNC (black), IL-1a (gray), and IL-10+UNC-treated (red) mVSMCs.
Expression (meantSEM of 4-5 independent primary cultures) is shown relative to cells treated with UNC+IL-1a (red bars) and normalized to
housekeeping genes (Hmbs and Ywhaz). *F<0.05, n.s., not significant (Kruskal-Wallis). D, Representative images and quantification of dye-
quenched (DQ)-gelatin digestion in control (top left), UNC (top right), IL-1a (lower left), and UNC+IL-1a-treated mVSMCs (lower right). Signals
for digested DQ-gelatin (green) and DAPI (4’,6-diamidino-2-phenylindole)-stained nuclei (blue) are shown. Scale bars, 25 pm. Bar plot shows the
corrected total fluorescence (CTF), relative to untreated cells (meantSEM of 6 independent primary cultures). *A<0.05 (Kruskal-Wallis).

compared with UNC0638* *. Two weeks of A366
treatment resulted in reproducible reduction of global
H3K9me2 levels in VSMCs as revealed by immunos-
taining (45%, Figure 4B) and Western blotting (40%,
Figure 4C), compared with vehicle-treated controls. Sub-
sequent to A366 administration, the left common carotid

2294  November 2019

artery was ligated and vessels were analyzed 7 days later
(Figure 4A). We confirmed by ChIP that H3K9me?2 levels
were reduced at target gene promoters at the end of
the protocol (Figure 4D). Interestingly, analysis of con-
trol animals revealed that H3K9me2 was also enriched
at the /6 promoter in VSMCs within tissue (Figure 4D,

Arterioscler Thromb Vasc Biol. 2019;39:2289-2302. DOI: 10.1161/ATVBAHA.119.312765
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Figure 4. Vascular smooth muscle cell (VSMC)-specific upregulation of histone H3 lysine 9 dimethylation (H3K9me2)-target genes after
carotid ligation is enhanced by G9A/GLP (G9A-like protein) inhibition.

A, Schematic of experimental model. Lineage-labeled Myh11-Cre"*? /ROSA26-EYFP (enhanced yellow fluorescent protein) mice were administered A366
(80 mg/kg per d) or vehicle control and subjected to ligation of the left common carotid artery (CCA). B, Representative immunofluorescence staining and
quantification of H3K9me2 in left (L) CCA cryosections from mice administered vehicle control or A366 for 14 d. Signals for H3K9me2 (magenta) and
DAPI (4’,6-diamidino-2-phenylindole; white) are shown. Scale bars, 50 um. Dot plot shows H3K9me2 signal in individual medial cell nuclei, defined by
their location between elastic lamina, relative to the average H3K9me2 signal in vehicle controls analyzed in the same batch (batches are indicated with
symbols). Mean (line) and SEM (error bars) are indicated. n=4 animals for vehicle, n=3 animals for A366. *A<0.05 (linear model, see online-only Data
Supplement). C, Representative western blot and quantification of H3K9me?2 levels in aortic medial VSMCs of mice administered (Continued)
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green bars), contrasting with observations in cultured
cells (Figure 3B).

To assess the specific effect of H3K9me2 on injury-
induced gene regulation in VSMCs, we performed
reverse transcription with quantitative polymerase
chain reaction on lineage-labeled, EYFP* VSMCs iso-
lated by flow cytometry from ligated and control carotid
arteries 7 days after surgery. Compared with vehicle-
treated control mice, injury-induced expression of
Mmp3, Mmp12, and /I6 was significantly increased in
those treated with A366 (Figure 4E), correlating with
reduced H3K9me2 at their promoters (Figure 4D).
Interestingly, A366 also significantly increased expres-
sion of Sca1/Ly6a, a marker of phenotypically switched
VSMCs,*® suggesting an increased VSMC response to
injury compared with controls (Figure 4E). We con-
firmed that flow cytometry-purified VSMC cell popula-
tions did not express markers of adventitial fibroblasts
(Pdgfra), endothelial cells (Cd31), or bone marrow-
derived cells (Cd45), beyond background (Figure Il in
the online-only Data Supplement). Importantly, A366
did not affect expression of H3KOme2 target genes
in uninjured vessels, the response of Cc/2 to ligation-
injury, or the reduction of contractiie VSMC gene
expression after ligation (Figure 4E; Figure Ill in the
online-only Data Supplement). Together, these results
suggest that H3K9me2 attenuates induction of inflam-
mation-responsive H3K9me?2 target genes in VSMCs
in vivo and inhibits VSMC phenotypic switching to a
more proinflammatory state.

H3K9me2-Mediated Regulation of
Inflammation-Associated VSMC Gene
Expression Changes Is Conserved in Humans

ChIP analysis in primary hVSMC cultures revealed that
enrichment of H3K9me2 at the MMP3, MMP9, and
MMP12 gene promoters compared with the active ACTB
control locus with and without IL-1a treatment was con-
served in human (Figure BA; Figure IV in the online-only
Data Supplement). Similar to murine tissue VSMCs, IL6
was also a H3K9me?2 target in hVSMCs, whereas this
repressive epigenetic mark was not present at CCL2 and
MMP2 promoters (Figure 5A). UNC treatment reduced
global H3K9me2 levels 10-fold (Figure 5B) and potenti-
ated the IL-1a response of H3K9me?2 target genes at
both the transcript and protein level (Figure 5C, D). This
was most pronounced 6 hours after IL- 1o stimulation for

H3K9me2 Regulates the VSMC Inflammatory Response

IL6, when expression peaked, whereas potentiation of
MMP3, MMPS, and MMP12 transcript levels by UNC was
also observed 24 hours after stimulation (Figure 5C).

To ensure that the observed changes in gene expres-
sion were because of specific effects of UNC, we used
siRNA to silence the GOA subunit of the heterodimeric
GOA/GLP H3K9-methyltransferase complex. G9A
knockdown resulted in > 7.5-fold reduction in GOA pro-
tein levels, which lead to a 2.7-fold reduction in global
H3KOme2 levels compared with scrambled siRNA-
transfected cells (Figure 5E). G9A knockdown alone
did not influence basal transcript levels but enhanced
IL-1a-induced MMP3, MMP9, MMP12 and IL6 expres-
sion (Figure 5F). Consistent with the effect of UNC,
siRNA-mediated GO9A knockdown did not affect the
expression of MMPZ2 or the response of CCL2to IL-1a
(Figure 5F).

H3K9me2 Does Not Affect Inflammation-
Induced Signal Transduction

In addition to their role as histone methyltransferases,
G9A/GLP have nonhistone targets,*® which may influence
protein stability,*® protein-protein interactions,”™*® and cel-
lular signaling pathways.*>“® We therefore tested whether
reducing GOA/GLP activity affects signaling cascades
downstream of IL-1a (Figure VA in the online-only Data
Supplement). Expression levels of the IL-1 receptor was
modestly increased in IL-1a-treated hVSMCs but was not
affected by UNC-mediated G9A/GLP inhibition (Figure
VB in the online-only Data Supplement). Similar to IL-1a,
TNF-a-mediated induction of H3K9me2 target genes
MMP3, MMP9, MMP12, and IL6 was also potentiated
by UNC, whereas MMPZ2 or CCL2 expression was not
affected (Figure VC in the online-only Data Supplement).
This suggests that UNC acts downstream of receptor
binding and affects a factor that is common to TNF-a
and IL-Ta signaling such as NFkB and MAPK-mediated
activation of the AP-1 transcription factor (Figure VA in
the online-only Data Supplement). Binding of NFkB and
AP-1 transcription factors to a number of MMP and pro-
inflammatory cytokine promoters, including MMP3%52,
MMPP', MMP128" and IL6%, has been reported as nec-
essary to induce their expression.

To investigate whether GOA/GLP regulates inflam-
mation-induced NFxB activity, we analyzed regulation
of the p65 subunit, which contains the transactiva-
tion domain necessary for gene induction.®* Compared

Figure 4 Continued. vehicle control or A366 for 14 days. Data (meanSEM of 3 biological replicates) are shown relative to vehicle control,
normalized to f3-actin. D, Chromatin immunoprecipitation-qPCR analysis of the aortic medial layer (adventitial and endothelial cells removed)
from mice 21 days after insertion of an osmotic pump delivering A366 or vehicle control. H3K9me2 enrichment at control loci (MageaZ2, positive
and Actb, negative) and Mmp3, Mmp 12, 1I6, and Ccl2 promoters is shown alongside negative control IgG. Mean+SEM of 5 to 6 biological
replicates. *F<0.05 (Kruskal-Wallis). E, RT-gPCR (reverse transcription with quantitative polymerase chain reaction) analysis of Mmp2, Mmp3,
Mmp12, 116, Ccl2, and Scal (Ly6a) in EYFP* carotid VSMCs isolated by flow cytometry 7 d after carotid ligation. Mmp9 transcripts were not
detected in any sample. Data (meantSEM of 4 experiments) are shown relative to ligated LCCA from vehicle control (striped, green bars) and
normalized to housekeeping genes (Hprt1 and Hmbs). *F<0.05 (Kruskal-Wallis). L indicates left, and R, right CCA.

2296  November 2019

Arterioscler Thromb Vasc Biol. 2019;39:2289-2302. DOI: 10.1161/ATVBAHA.119.312765



Harman et al H3K9me2 Regulates the VSMC Inflammatory Response

A B =
~ 107 @ ] 1gG 1.2 2
<< —

w B H3K9me2 [} o

2 G 084 ] 0.8 2

23 UNC: -+ £ s

£ o = £ (=

2% Hakomez [N 170 @ & 0.4 &
2 ™ !

"3 ATV [ o0 3
£ 0.0-

Q) 4\@ QrL Qrb QQ p\']r \:0 \‘;l/ UNC: - +
AR N SN A e
\@0 Ll R R S\ ©

c = -UNC [J +UNC

= MMP2 MMP3 MMP9

T 24 10 15 "

= 8

Z 16 6 10

14

£

4

2 08 5

2 2 o -

& 0.0 0 ol el

E E £ £ £ £ E E E £ £ £ £ E E E £ £ £ £

IL-1a: © 2 Q l.‘i_‘) ™ © % ©c o f ™ © ¥ °c o g f ® © ¥

T 6000 MMP12 H412 ILe . 1.2 ccL2

240001 m e

= 2000

2 =l 08 08

€ 20

g 19 = Ml 04 0.4

2 1.0 :

T 05

& 0.0 0.0 BB EL 00 S —

E E E £ £ £ £ E E E £ £ £ E E E E £ £ £ =

L1 © © = f ™ © 3 © o g 2 ® o % °© o g 2 ™ o 3

SiRNA
D E L GOA
Q —_ [u] -
<} 1.5
263 T 4ol —
° 1.2 * o
UNC: - + - + £ 1) 0.0 =
Lo - - + + g B-ACTIN O Hakemez
a -9
mvps [ sokp @ 0.4 Hakome? [N 170 § 1.01— —
& S (5 .
- = o 05
T aml 0§ poacy [ w0 £ 0% || |+
UNC: - + - + Mock Scr G9A
IL-1q; - - + + siRNA

F

% Mock

% ScrsiRNA | - |L-1¢

2 GOYA siRNA

o Mock

£ ScrsiRNA | +IL-1a

2 GYA siRNA

MMP2  MMP3  MMP9  MMP12 L6 ccL2

Figure 5. Histone H3 lysine 9 dimethylation (H3K9me2)-mediated regulation of inflammation-associated genes is conserved in
human aortic VSMCs (hVSMCs).

A, Chromatin immunoprecipitation-gPCR analysis in cultured hVSMCs, showing enrichment for H3K9me?2 relative to MAGEAZ (positive
control) at ACTB (negative control) and MMP2, MMP3, MMP9, IL6, and CCL2 promoters compared with signals for (Continued)
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with untreated control cells, p65 levels (Figure VI A in
the online-only Data Supplement) were unchanged in
hVSMCs treated with UNCxIL-1a. UNC treatment nei-
ther affected the nuclear-to-cytoplasmic ratio of p65 at
basal conditions nor its nuclear translocation in response
to IL-1a or TNF-a stimulation (Figure VI in the online-only
Data Supplement). These results suggest that potentia-
tion of IL-1a/TNF-a-induced /L6 and MMP expression
by UNC is not because of increased upstream NFxB
signaling.

Inflammatory cytokines induce phosphorylation of
MAPKs at specific residues, which ultimately leads to
phosphorylation of AP-1 subunits, such as cJUN.®%
Western blotting showed that neither timing nor levels
of phosphorylated JNK (cJUN N-terminal kinase), ERK
(extracellular regulating kinase) 1/2, and p38 kinase
(p38) were affected by UNC treatment before IL-1a
stimulation (Figure VII in the online-only Data Supple-
ment), suggesting that GOA/GLP inhibition does not
influence MAPK activation.

H3K9me2 Attenuates NFkB and AP-1 Binding
to Inflammation-Responsive Target Gene
Promoters

Binding sites for NFkB and AP-1 and IL-1-responsive
elements have been reported within 2 kb of the tran-
scriptional start site of MMP3 IL6, and CCL2 (Fig-
ure BA).50-55% To investigate whether H3K9me?2 affects
transcription factor binding at target gene promoters, we
performed ChIP for p65 (NFkB) and cJUN (AP-1) in
hVSMCs treated with IL-1a and UNC. Compared with
the ACTB negative control locus, p65 was enriched at
the IL6 and CCL2 gene promoters in untreated cells.
At the IL6 locus, p65 binding was increased by IL-1a
stimulation, and this was significantly enhanced by UNC
pretreatment (Figure 6B). Increased p65 binding in
UNC-treated cells correlated with reduced H3K9me?2,
suggesting that H3K9me?2 at the /L6 locus prevents
NFxB binding to its cognate sequence. In contrast, the
enrichment of p65 at CCLZ2, which is not a H3K9me?2
target (Figure BA), was unaffected by inhibition of G9A/
GLP (Figure 6B).

H3K9me2 Regulates the VSMC Inflammatory Response

Notably, p65 enrichment was not detected at the
reported IL-1-responsive element in the proximal
MMP3 promoter,°'®2 nor at a reported NFkB site 1.5 kb
upstream of the transcriptional start site,*® irrespective
of cell stimulation (Figure 6B). In contrast, binding of the
AP-1 subunit cJUN was detected at both /L6 and MMP3
promoters on IL-1a stimulation, and cJUN enrichment
was significantly increased by UNC-mediated H3K9me2
depletion (Figure 6B). No cJUN binding was observed at
the CCL2 promoter under any condition (Figure 6B).

To explore the impact of differences in transcription
factor binding at the MMP3 and IL6 loci, we measured
the sensitivity of IL-1a-induced transcription to inhibition
of JNK (SP600125%), the primary MAPK responsible
for cJUN phosphorylation at Ser63.°° Treatment with
SP600125 significantly reduced IL-1a-induced p-cJUN
levels (3.9-fold to 4.7-fold; Figure 6C). Interestingly,
G9A/GLP inhibition caused a modest (2-fold) increase
in p-cJUN in hVSMCs stimulated with IL-1a, despite
not affecting the levels of phosphorylated MAPKs (Fig-
ure 6C; Figure VIl in the online-only Data Supplement)
or total cJUN (Figure VIl in the online-only Data Supple-
ment). Reduced levels of p-cJUN in SP600125-treated
cells selectively affected MMP3 gene expression result-
ing in an attenuated induction by IL-1a, whereas IL-1a-
induced /L6 and CCLZ2 expression was not affected by
JNK inhibition (Figure 6D). These results suggest that
JNK-mediated cJUN phosphorylation is necessary for
IL-1a-induced expression of MMPS3 but not required for
activation of the NFxB target IL6.

Taken together, these findings suggest that H3K9me?2
acts directly at the MMP3 and /L6 promoter to restrain
IL-1a-induced upregulation by inhibiting NFkB (p65) and
AP-1 (cJUN) transcription factor binding and demon-
strates that inflammation-induced expression of MMPS3,
IL6, and CCLZ2 are regulated via different mechanisms.

DISCUSSION

We here demonstrate an evolutionary conserved role
of H3K9me2 in regulating the proinflammatory VSMC
phenotype associated with vascular disease and identify
a subset of inflammation-responsive genes, including

Figure 5 Continued. negative control IgG (immunoglobulin). Graph show meantSEM of 6 experiments. *£<0.05 (Kruskal-Wallis, H3K9me2
enrichment compared with ACTB). B, Representative western blot and densitometric analysis of H3K9me2 levels in control ((UNC [UNC0638])
and UNC-treated (+UNC) cultured hVSMCs. Data (meant+SEM of 3 experiments) are shown relative to untreated cells and normalized to f3-
actin. C, RT-qPCR (reverse transcription with quantitative polymerase chain reaction) analysis of MMP2, MMP3, MMP9, MMP12, IL6, and CCL2in
control hVSMCs and after IL-1a treatment for 10, 30 min, 1.5, 3, 6, or 24 h, without (-UNC, black bars) and with prior UNC treatment (+UNC,
white bars). Data are relative to cells treated with UNC+IL-1a. for 6 h and normalized to housekeeping genes (HMBS and YWHAZ). Graph show
mean=SEM of 4 to 10 experiments. *F<0.05 (Kruskal-Wallis). D, Representative western blot and densitomeric analysis of MMP3 in control,
UNGC, IL-1a, and UNC+IL-1a-treated cultured hVSMCs. MeantSEM of 3 experiments is shown relative to cells treated with UNC+IL-1a and
normalized to B-actin. *F<0.05 (Kruskal-Wallis). E, Representative western blot and densitometric analysis of GOA and H3K9me?2 levels in mock,
scrambled (Scr) siRNA, and G9A siRNA transfected hVSMCs. Data are shown relative to mock-transfected hVSMCs and normalized to B-actin
(meantSEM of 4 experiments). *F<0.05 (Kruskal-Wallis, compared with Scr). F, RT-qPCR analysis of MMP2, MMP3, MMP9, MMP12, IL6, and
CCL2in mock, Scr siRNA and G9A siRNA-transfected hVSMCs with and without IL-10. stimulation. Data (mean+SEM of 4 experiments) are
relative to hVSMCs treated with G9A siRNA+IL-1a and normalized to housekeeping genes (HPRT1 and YWHAZ). *F<0.05 (Kruskal-Wallis,
compared with GOA siRNA+IL-1a). Each experiment used hVSMC isolates derived from different individuals.
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Figure 6. IL (interleukin)-1a-induced binding of p65 and cJUN at histone H3 lysine 9 dimethylation (H3K9me2)-target genes is
enhanced by G9A/GLP (G9A-like protein) inhibition.
A, Schematic indicating positions of reported p65 and cJUN binding sites and an IL-1-responsive element at the MMP3 (Borghaei
et al, Clark et al, Quinones et al),*'"** IL6 (Gomard et al),** and CCL2 (Sutcliffe et al)*® promoters. Red lines indicate chromatin
immunoprecipitation (ChlP)-gPCR amplicons. B, ChIP-qPCR analysis of p65 and cJUN binding relative to input in untreated control (white
bars), UNC (UNCO0638; black), IL-1a (gray), and UNC+IL-1a-treated human aortic VSMCs (hWSMCs; red) showing enrichment levels at the
reported binding sites within the MMP3, IL6, and CCLZ2 promoters and the ACTB negative control locus compared with negative control

IgG (immunoglobulin). Background levels of p65 binding, indicated by a line, are based on enrichment at ACTB. Graph shows meantSEM

of 4 experiments. C, Representative western blot and densitometric analysis p-cJUN (Ser63) in untreated control hVSMCs and cells

stimulated with IL-1a, without and with prior treatment with UNC and SP600125 for 48 h. Data (meantSEM of 4 experiments) are relative
to +UNC+IL-1a-SP600125 and normalized to B-TUBULIN levels. D, RT-gPCR (reverse transcription with quantitative polymerase chain
reaction) analysis of MMP2, MMP3, IL6, and CCLZ2 in control and IL-1a-treated hVSMCs, without and with prior UNC and/or SP600125
treatment. Data (meant+SEM of 4 experiments) are relative to +UNC+IL-10—SP600125 and normalized to the average of 2 housekeeping
genes (HPRT1 and YWHAZ). Each experiment used hVSMCs derived from different individuals; */£<0.05 (Kruskal-Wallis).
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MMP3, MMPS, MMP12, and IL6, as direct H3K9me2
targets in VSMCs. We show that loss of H3K9me2
increases binding of inflammation-induced transcription
factors and increases expression of these MMP and pro-
inflammatory VSMC genes in response to inflammatory
stimuli both in vitro and in vivo. This functional role of
H3K9me2 suggests that this epigenetic mark acts to
restrain inflammation-induced, CVD-associated gene
expression in VSMCs. It is therefore tempting to spec-
ulate that the reduced H3K9me2 levels we observed
in atherosclerosis and after injury is required to elicit
VSMC inflammatory activation and vascular remodeling.
Increasing H3K9me2 levels by stimulating GOA/GLP
activity or inhibiting H3K9me2-specific demethylases
(eg, KDM3A) might therefore be a strategy for therapeu-
tic targeting in CVD.

The global loss of H3K9me2 in VSMCs from athero-
sclerotic lesions and in arteries undergoing remodel-
ing after vascular injury is consistent with the reported
H3KOme2 reduction in atherosclerotic plaques from
patients compared with healthy human arteries.?? Our
analysis of lineage traced VSMCs supports the obser-
vation that aSMA-positive plaque cells have lower
H3K9me2 levels®' and further indicates that this epigen-
etic mark is also reduced in VSMC-derived cells within
the lesion core, that do not express contractile markers.

H3K9me2-mediated regulation of inflammation-
induced genes in VSMCs might also explain the accel-
erated neointima formation following vascular injury
previously detected in diabetic rats when H3K9me?2
levels were reduced by overexpression of KDM3A, a
H3K9me2-specific demethylase 5252 VSMCs from dia-
betic patients also display reduced levels of H3K9me?2
compared with nondiabetic controls, and KDM3A is
induced by high insulin levels.®2%* Therefore, dysregula-
tion of H3K9me2 might contribute to diabetes-associ-
ated vascular complications.

An inverse correlation between H3K9me2 occu-
pancy at MMP and other inflammatory gene promot-
ers and their expression has also been reported in
other cell types.?*?" For example, H3K9me2 depletion
at the Mmp9 promoter correlates with elevated Mmp9
expression in retinal endothelial cells from diabetic rats
compared with controls.?” Similarly, solar-stimulated UV
radiation induces loss of H3K9me2 at the MMPS3 pro-
moter in primary human dermal fibroblasts, correlating
with enhanced MMP3 mRNA levels.?® In addition, genetic
ablation or pharmacological inhibition of G9A/GLP stim-
ulates the expression of inflammatory genes in mouse
embryonic fibroblasts.?* Similar to our findings in VSMCs,
reduction of H3K9me?2 levels in fibroblasts potentiates
poly(I:C)-induced upregulation of inflammatory genes.?*
Moreover, G9A-deficient flies are hypersensitive to RNA
virus infection and succumb faster to infection than wild-
type controls.?® These observations suggest that GOA/

2300  November 2019

H3K9me2 Regulates the VSMC Inflammatory Response

GLP represents an evolutionarily conserved mecha-
nism to control genes involved in processes that require
tight and dynamic regulation—such as the inflammatory
response—in a variety of cell types.

We demonstrate increased binding of AP-1 and
NFxB specifically at H3K9me2 target genes on
reduction of H3K9me2 levels following GOA/GLP
inhibition (see Graphical Abstract). In contrast, inhibi-
tion of G9A/GLP did not affect IL-1a/TNF-a-induced
activation of upstream signaling, including p65 activa-
tion and phosphorylation of p38, JNK, and ERK1/2.
MAPKs can phosphorylate substrates once bound
to chromatin®® We propose that the 2-fold increase
in p-cJUN in IL-Ta-stimulated cells after GO9A/GLP
inhibition could be because of increased phosphory-
lation efficiency of chromatin-associated cJUN, which
potentiates transactivation.®%¢” Alternatively, G9A/GLP
might regulate an as-yet-unidentified cJUN phos-
phatase.®® Regardless, our data demonstrate that key
inflammation-induced genes have distinct regulatory
mechanisms in VSMCs. Non-H3K9me2 targets such
as CCLZ2 display transcription factor binding at basal
levels resulting in rapid induction upon stimulation. In
contrast, H3K9me2 target gene induction is delayed in
a context-specific manner, which could depend on both
specific transcription factor usage and locus-specific
chromatin regulation.

In conclusion, our data implicate H3K9me?2 as a func-
tional epigenetic regulator of the VSMC inflammatory
response. We propose that H3K9me2 acts to prevent
spurious induction of CVD-associated proinflammatory
genes, including MMPs and IL6. Differential transcrip-
tional regulation of selective MMPs and other inflamma-
tion-induced genes could be leveraged for developing
more specific drugs for future clinical use.
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