


Figure 9. Effect of EZH1 or EZH2 gain- or loss-of-function on target gene expression.
MOVAS cells were pretreated with the pan-EZH1/2 inhibitor UNC1999 (5 μM) for 2 h, or transduced with lentivirus to silence or overexpress EZH1 or EZH2. Starved cells
were stimulated with PDGF-BB (final 20 ng/ml) for 24 or 48 h before harvest for qRT-PCR or Western blot assay, respectively. Quantification: Mean ± SEM; n = 3 independent
experiments. Statistics: one-way ANOVA with Bonferroni test, *P < 0.05, **P < 0.01. (A, B, C) Effect of pan-EZH1/2 inhibition on the expression of P57, cyclin-D1, and UHRF1.
(D, E, F) Effect of EZH1 or EZH2 silencing on the expression of P57, cyclin-D1, and UHRF1. (G, H, I) Effect of increasing EZH1 or EZH2 on the expression of P57, cyclin-D1, and
UHRF1. (J) ChIP-qPCR indicating H3K27ac or H3K4me1 binding at Ezh2 or Uhrf1. qPCR data were normalized to IgG control.
Source data are available for this figure.
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common carotid artery was partially dissected but not balloon-
injured, and hence served as the sham control. Briefly, an incision
was made in the neck of anesthetized animal. Through an opening
on the left external carotid artery, the balloon was inserted and
advanced ~1.5 cm into the common carotid artery, inflated (at 1.5
atm), withdrawn to the bifurcation, and then deflated before next
insertion. This procedure was repeated three times. Blood flow was
resumed in the common and internal carotid arteries (after ligating
the external artery). The animal was maintained in general anes-
thesia with inhalation of 2–2.5% of isoflurane. Analgesics including
carprofen and bupivacaine were injected to the animal recovering
from anesthesia. Animals were euthanized in a chamber slowly
filled with CO2.

Artery tissue ChIP sequencing and data processing

Tissue collection was performed at 7 d after balloon angioplasty.
From the same animal, we collected the endothelially damaged
central segment of the balloon-injured common carotid artery

(denoted as “injured” throughout this study) and the contralateral
common carotid artery without angioplasty (sham control, denoted
as “uninjured”). To preserve the artery “real-time” epigenetic in-
formation, the collected tissue samples were immediately snap-
frozen in liquid N2. Artery tissues (injured or uninjured) from 50 rats
were pooled for ChIPseq analysis at Active Motif per company
standard procedures, and the sequencing raw data satisfactorily
met quality control. In brief, chromatin was isolated after adding
lysis buffer, followed by disruption with a Dounce homogenizer.
Genomic DNA was sheared to an average length of 300–500 bp by
sonicating the lysates, and the segments of interest were immu-
noprecipitated using an antibody (4 μg) against BRD4, H3K27ac,
H3K27me3, or H3K4me1. The protein/DNA complexes eluted from
beads were treated with RNase and proteinase K, crosslink was
reversed, and the ChIP DNA was then purified for use in the
preparation of Illumina sequencing libraries. Standard steps in-
cluded end-polishing, dA-addition, adaptor ligation, and PCR
amplification. The DNA libraries were quantified and sequenced on
Illumina’s NextSeq 500, as previously described (Ozer et al, 2018).

Figure 10. Immunofluorescent detection of UHRF1 on artery cross sections.
(A, B) Decrease in UHRF1 due to tamoxifen-induced BRD4 KO in wire-injured mouse femoral arteries. Neointima is demarcated between arrow heads. Scale bar: 50 μm.
Fluorescence intensity was normalized to cell number. Quantification: Mean ± SEM; n = 5 mice. Statistics: nonparametric Mann–Whitney test following Shapiro–Wilk
normality determination, *P < 0.05; r.u., relative unit. (C, D) Increase of UHRF1 after EZH1 or EZH2 overexpression in angioplasty-injured rat carotid arteries. Neointima is
demarcated between arrow heads. Scale bar: 50 μm. Fluorescence intensity was normalized to cell number. Quantification: Mean ± SEM; n = 3 rats. Statistics:
nonparametric Mann–Whitney test following Shapiro–Wilk normality determination, *P < 0.05 compared with GFP control; r.u., relative unit.
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Sequence reads were aligned to the reference genome Rno5,
peak locations were identified using Macs2 algorithm (Zhang
et al, 2008) and annotated based on UCSC RefSeq. Differential
peak locations were called using SICER (Zang et al, 2009). In-
house shell and R scripts (https://www.r-project.org) were used
for data integration. To summarize and cluster genome-wide TSS
coverage as heat maps, deepTools (Ramirez et al, 2014) compute
matrix and plotheatmap functions were used. IGV (http://
www.broadinstitute.org/igv/) was used for visualization. Anno-
tation files were downloaded from UCSC. To quantify ChIPseq
peak values (Table S1), bigwig was converted to bedgraph and
mean coverage was calculated using bedtools map for genomic
regions mapped in IGV plots. Data are available through GEO with
accession number GSE194390.

Conditional KO of BRD4 and mouse femoral artery wire injury

The Brd4fl/flmouse line (Dey et al, 2019) with loxP sites flanking Brd4
exon 3 were kindly provided by Dr. Keiko Ozato from National In-
stitute of Child Health and Human Development (NICHD). The
smooth muscle lineage-specific, tamoxifen-inducible Cre strain
(Myh11-CreERT2) was purchased from The Jackson Laboratory. These
two strains were crossed, and the offsprings carrying Brd4fl/fl and/
or Myh11-CreERT2 were selected through genotyping as previously
described (Dey et al, 2019). Genotyping PCR primers are provided in
Table S2. Mice were fed with tamoxifen-citrate chow (TD.130860) for
10 d, and then with normal diet for another 7 d before femoral artery
wire injury to induce IH.

Mouse femoral artery wire injury was performed as described in
detail in our publication dedicated to this model (Takayama et al,
2015). Briefly, a midline incision wasmade in the ventral left thigh to
dissect the common femoral artery. The distal and proximal ends of
the femoral artery were temporally looped. An arteriotomy was
made on the deep femoral artery muscular branch, through which a
0.0150 guide wire (REF#C-SF-15-15; Cook Medical) was inserted and
kept stationary for 1 min. After removal of the wire, the muscular
branch was ligated and blood flow was resumed. At 28 d after injury,
femoral arteries were collected after perfusion fixation (with PBS
first and then 4% paraformaldehyde) at a physiological pressure of
100 mm Hg. The animal was kept anesthetized with inhalation of
2.5% of isoflurane throughout the terminal procedure. Animals were
euthanized in a chamber slowly filled with CO2.

Lentiviral vector construction for EZH1 or EZH2 silencing or
overexpression

To construct a lentiviral vector for the expression of EZH1- or EZH2-
specific shRNAs, the pLKO.1-puro empty vector was purchased from
Addgene. A scrambled shRNA control and shRNAs specific for the
mouse EZH1 and EZH2 genes were designed by RNAi Central (http://
cancan.cshl.edu/RNAi_central/step2.cgi). The corresponding shRNA-
expressing lentivectors were constructed by using the pLKO.1-puro
vector as a template. For each gene, shRNAs of three different se-
quenceswere used in combination (5:3:2). The sequences that proved
to be efficient are listed in Table S3. For EZHoverexpression, EZH1 and
EZH2 cDNA clones were purchased from Origene (Cat. no. RC202367
and Cat. no. RC202054). Lenti-EZH1-GFP and Lenti-EZH2-GFP were

constructed based on these cDNA clones using a GFP-expressing
lenti-vector as we previously described (Zhang et al, 2019). Lentivi-
ruses were packaged in Lenti-X 293T cells (Cat. no. 632180; Clontech)
using a three-plasmid expression system (pLKO.1-shRNAs-puro,
psPAX2 and pMD2.G) as described in our recent reports (Wang
et al, 2015; Zhang et al, 2019).

Gene-editing and non-gene editing CRISPR approaches

For enhancer deletion, we first took a gene-editing approach used
in our studies (El Refaey et al, 2017; Yang et al, 2019) and an online
software (http://crispor.tefor.net/) for sgRNA design and off-target
screening. Each of the pair of sgRNA oligos with sequences flanking
the enhancer region was cloned into the lentiCRISPR v2 vector,
which contains the gene of Streptococcus pyogenes CRISPR-Cas9
(ID52961; Addgene). The lentiCRISPR v2 vector without a sgRNA
sequence was used as “scrambled” control. The sequences of the
pair of sgRNAs are 59-AGACTGGCCAGGCACTCGCGCGG-39 (+1,161 bp
from TSS) and 59-AAATCTCTAGGGGTTGGTTGTGG-39 (+218 bp from
TSS). We also used a deactivated or dead Cas9 approach (without
genome editing). The CRISPR/dCas9 transcriptional repression
system was used (Kearns et al, 2014; Yang et al, 2019). The same
sgRNA pair as mentioned above were subcloned into the pLV-EGFP:
T2A:Neo-U6-sgRNA plasmid (ID VB210727; Vector Builder). Lentivirus
was packaged as described above and used to transduce MOVAS
cells.

Intraluminal infusion of lentivirus and perivascular inhibitor drug
delivery

To express a transgene or shRNA, lentivirus was infused into the
balloon-injured artery wall as we recently described in detail.
Briefly, immediately after angioplasty, a cannula was inserted
through the external carotid artery arteriotomy, advanced past the
bifurcation, and ligated to generate a sealed intraluminal space in
the common carotid artery. A syringe containing lentivirus was
connected to the cannula. The virus (total 150 μl, >1 × 109 IFU/ml)
was slowly injected, incubated for 25 min in the lumen. The lumen
was then flushed repeatedly with saline containing 20 U/ml
heparin and blood flow resumed. Heparin was also administered
perioperatively to prevent thrombosis.

For pharmacological local treatment of injured rat carotid ar-
teries, a thermosensitive hydrogel (AK12; Akina Inc.) was used for
perivascular administration of the EZH1/2 inhibitor UNC1999, fol-
lowing our published method. Briefly, immediately after angio-
plasty, UNC1999 (10 mg/rat) or an equal amount of DMSO (vehicle
control) dispersed in 400 μl AK12 gel was applied around the
balloon-injured artery. The surgery was then finished as described
above for the angioplasty model.

Morphometric analysis of IH and restenosis

Paraffin cross sections (5-μm thick) were cut using a microtome
(Leica) at equally spaced intervals and then stained (hematoxy-
lin and eosin, H&E) for morphometric analysis, as described in
our previous reports. Morphometric parameters as follows were
measured on the sections and calculated by using ImageJ software:
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area inside external elastic lamina (EEL area), area inside internal
elastic lamina (IEL area), lumen area, intima area (= IEL area − lumen
area), and media area (= EEL area − IEL area). Intimal hyperplasia
(IH) was quantified as a ratio of intima area versusmedia area (I/M).
Measurements were performed by an independent researcher
blinded to the experimental conditions using three to six sections
from each of rat. The data from all sections were pooled to generate
the mean for each animal. The means from all the animals in each
treatment group were then averaged, and the SEM was calculated.

Immunofluorescence and microscopy

We used the samemethod as described in our recent report (Zhang
et al, 2018). Briefly, artery paraffin sections were de-paraffinized and
subjected to antigen retrieval. Following blocking, a primary anti-
body was added and incubated overnight. The sections were rinsed
and incubated in a fluorescence-labeled secondary antibody for an
hour. Detection of immunofluorescence was performed under an
EVOS M7000 microscope (Thermo Fisher Scientific). For quantifi-
cation, 3–5 immunostained sections from each animal were used.
Nuclei were stained with 49,69-diamidino-2-phenylindole (DAPI) for
counting cell numbers. Fluorescence intensity in each image field
was quantified by using ImageJ software (National Institutes of
Health) and normalized to cell number. The values from all sections
of each animal were pooled to generate an average value. The
averaged values from all the animals in each treatment group were
averaged again to produce mean ± SEM.

Immunoblotting

Cells or rat carotid artery homogenates (pulverized in liquid ni-
trogen) were lysed in radio-immunoprecipitation assay (RIPA)
buffer containing protease inhibitors (50 mM Tris, 150 mM NaCl, 1%
Nonidet P-40, 0.1% sodium dodecyl sulfate, and 10 μg/ml aprotinin).
Approximately 15–30 μg of proteins from each sample were sep-
arated via sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on a 10% gel. The proteins were then transferred to a
polyvinylidene difluoride membrane and detected by immuno-
blotting. The antibody sources and dilution ratios are listed in Table
S4. Specific protein bands on the blots were illuminated by applying
enhanced chemiluminescence reagents (Cat. no. 32106; Thermo
Fisher Scientific) and then recorded with an Azur LAS-4000 Mini
Imager (GE Healthcare Bio-Sciences). Band intensity was quantified
by using ImageJ software.

Assays for proliferation and migration

Proliferation was determined by using the CellTiter-Glo Lumines-
cent Cell Viability kit (Promega) following the manufacturer’s in-
structions. Wild-type or lentiviral-infected MOVAS (a mouse vascular
smooth muscle line) cells were seeded in 96-well plates at a
density of 2,000 cells per well with a final volume of 200 μl DMEM
(10% FBS). Cells were starved with 0.5% FBS overnight and then
stimulated with PDGF-BB (20 ng/ml). At 72 h of PDGF-BB treatment,
plates were decanted, refilled with 50 μl CellTiter-Glo reagent/50
μl phosphate-buffered saline per well, and incubated at room

temperature for 10 min before reading in a FlexStation 3 Benchtop
Multi-Mode Microplate Reader (Molecular Devices).

To determine cell migration, scratch (wound healing) assay was
performed as described in our previous report (Wang et al, 2015).
Briefly, wild-type or lentiviral-infected MOVAS cells were cultured to
a 90% confluency in six-well plates and then starved overnight. A
sterile pipette tip was used to generate an ~1 mm cell-free gap.
Dislodged cells were washed away with PBS. Plates were then
refilled with fresh medium containing 20 ng/ml of PDGF-BB and
incubated for 24 h. Calcein AM was then added (2 μM) to illuminate
the cells. After a 15-min incubation, cells were washed three times
with PBS, and images were then taken. Cell migration was quan-
tified by ImageJ software based on the change in the width of the
cell-free gap before and after PDGF-BB stimulation.

Quantitative real-time polymerase chain reaction (qPCR)

Assays were performed following our published methods. Briefly,
total ribonucleic acid was isolated from cultured cells or rat carotid
arteries (pulverized in liquid nitrogen) by using a Trizol reagent
(Thermo Fisher Scientific) following the manufacturer’s protocol.
Potential contaminating genomic deoxyribonucleic acid (DNA) was
removed by using gDNA Eliminator columns provided in the kit.
Total ribonucleic acid of 1 μg was used for the first-strand com-
plementary DNA synthesis (Thermo Fisher Scientific). Quantitative
real-time polymerase chain reaction was performed by using Quant
Studio 3 (Thermo Fisher Scientific). Each complementary DNA
template was amplified in triplicate PerfeCTa SYBR Green SuperMix
(Quantabio). Primers are listed in Table S5.

Chromatin immunoprecipitation (ChIP)-qPCR

ChIP was performed as described in detail in our recent report (Xie
et al, 2020). The Pierce Magnetic ChIP kit (26157; Thermo Fisher
Scientific) was used. In brief, MOVAS cells treated with solvent
control or 20 ng/ml of PDGF-BB were subjected to crosslinking. The
washed cells were lysed for nuclei extraction. After DNA digestion
with MNase, the nuclei were recovered and burst by sonication.
ChIP was then performed by incubating chromatin extracts with a
H3K27ac antibody (or IgG control included in the kit) and ChIP-grade
Protein A/G Magnetic Beads. Proteins and RNAs were digested and
DNA fragments were purified, which were used for qRT-PCR. The
primers are listed in Table S6.

Statistical analysis

Data are presented as mean ± SEM. In statistical analysis, one-way
ANOVA followed by post-hoc Bonferroni test was applied to multi-
group comparison. For two-group comparison, either parametric t
test or nonparametric Mann–Whitney test was applied, on the basis
of data normality determination using Shapiro–Wilk normality test,
as specified in figure legends. Statistical significance was set at P <
0.05 using GraphPad Prism (Graphpad Software) except for ChIPseq
data. For ChIPseq data specifically, statistical analyses were per-
formed using SAS/STAT software, version 9.2 (SAS Institute, Inc.) (for
SICER-df_intervals, see Table S7).

Epigenomic remodeling upon neointima formation Zhang et al. https://doi.org/10.26508/lsa.202101114 vol 5 | no 5 | e202101114 15 of 18

https://doi.org/10.26508/lsa.202101114


Data Availability

The data that support the findings of this study are available
through GEO with accession number GSE194390 or from the cor-
responding authors upon reasonable request.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202101114.

Acknowledgements

We thank Dr. Keiko Ozato (Section on Molecular Genetics of Immunity,
National Institute of Child Health and Human Development) for kindly
providing the Brd4fl/flmouse strain. We also thank Drs. Matthew Stratton and
Noah Weisleder for discussions This work was supported by NIH grants R01
HL133665 (to L-W Guo), R01HL-143469 and R01HL-129785 (to KC Kent, L-W
Guo), AHA pre-doctoral award 17PRE33670865 (to M Zhang), AHA post-doc-
toral award 20POST35210967(to M Zhang) and Overseas Research Fellow-
ships and The Uehara Memorial Foundation in Japan (to T Shirasu). R Han is
supported by NIH grants (R01HL116546, R01HL159900, R01AR070752) and a
Parent Project Muscular Dystrophy award.

Author Contributions

M Zhang: data curation and investigation.
G Urabe: data curation and formal analysis.
HG Ozer: formal analysis, investigation, and visualization.
X Xie: data curation and methodology.
A Webb: formal analysis, investigation, and visualization.
T Shirasu: data curation.
J Li: data curation.
R Han: formal analysis, supervision, funding acquisition, investi-
gation, methodology, and gene editing methodology.
C Kent: supervision and funding acquisition.
B Wang: conceptualization, formal analysis, investigation, and
writing—review and editing.
L-W Guo: conceptualization, supervision, funding acquisition,
project administration, and writing—original draft, review, and
editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Ai S, Yu X, Li Y, Peng Y, Li C, Yue Y, Tao G, Li C, Pu WT, He A (2017) Divergent
requirements for ezh1 in heart development versus regeneration. Circ
Res 121: 106–112. doi:10.1161/CIRCRESAHA.117.311212

Anders L, Guenther MG, Qi J, Fan ZP, Marineau JJ, Rahl PB, Loven J, Sigova AA,
Smith WB, Lee TI, et al (2014) Genome-wide localization of small
molecules. Nat Biotechnol 32: 92–96. doi:10.1038/nbt.2776

Babbio F, Pistore C, Curti L, Castiglioni I, Kunderfranco P, Brino L, Oudet P,
Seiler R, Thalman GN, Roggero E, et al (2012) The sra protein uhrf1
promotes epigenetic crosstalks and is involved in prostate cancer
progression. Oncogene 31: 4878–4887. doi:10.1038/onc.2011.641

Borck PC, Guo LW, Plutzky J (2020) Bet epigenetic reader proteins in
cardiovascular transcriptional programs. Circ Res 126: 1190–1208.
doi:10.1161/CIRCRESAHA.120.315929

Bradner JE, Hnisz D, Young RA (2017) Transcriptional addiction in cancer. Cell
168: 629–643. doi:10.1016/j.cell.2016.12.013

Brown JD, Lin CY, Duan Q, Griffin G, Federation AJ, Paranal RM, Bair S, Newton
G, Lichtman AH, Kung AL, et al (2014) Nf-kappab directs dynamic super
enhancer formation in inflammation and atherogenesis. Mol Cell 56:
219–231. doi:10.1016/j.molcel.2014.08.024

Byrne RA, Joner M, Kastrati A (2015) Stent thrombosis and restenosis: What
have we learned and where are we going? The andreas gruntzig
lecture esc 2014. Eur Heart J 36: 3320–3331. doi:10.1093/eurheartj/
ehv511

Clowes AW, Reidy MA, Clowes MM (1983) Mechanisms of stenosis after arterial
injury. Lab Invest 49: 208–215

Corriere MA, Rogers CM, Eliason JL, Faulk J, Kume T, Hogan BL, Guzman RJ
(2008) Endothelial bmp4 is induced during arterial remodeling:
Effects on smooth muscle cell migration and proliferation. J Surg Res
145: 142–149. doi:10.1016/j.jss.2007.03.077

Das S, Senapati P, Chen Z, Reddy MA, Ganguly R, Lanting L, Mandi V, Bansal A,
Leung A, Zhang S, et al (2017) Regulation of angiotensin ii actions by
enhancers and super-enhancers in vascular smoothmuscle cells.Nat
Commun 8: 1467. doi:10.1038/s41467-017-01629-7

Dey A, Yang W, Gegonne A, Nishiyama A, Pan R, Yagi R, Grinberg A, Finkelman
FD, Pfeifer K, Zhu J, et al (2019) Brd4 directs hematopoietic stem cell
development and modulates macrophage inflammatory responses.
EMBO J 38: e100293. doi:10.15252/embj.2018100293

Doni Jayavelu N, Jajodia A, Mishra A, Hawkins RD (2020) Candidate silencer
elements for the human and mouse genomes. Nat Commun 11: 1061.
doi:10.1038/s41467-020-14853-5

Dutzmann J, Haertle M, Daniel JM, Kloss F, Musmann RJ, Kalies K, Knopp K,
Pilowski C, Sirisko M, Sieweke JT, et al (2021) Bet bromodomain-
containing epigenetic reader proteins regulate vascular smooth
muscle cell proliferation and neointima formation. Cardiovasc Res
117: 850–862. doi:10.1093/cvr/cvaa121

El Refaey M, Xu L, Gao Y, Canan BD, Adesanya TMA, Warner SC, Akagi K, Symer
DE, Mohler PJ, Ma J, et al (2017) In vivo genome editing restores
dystrophin expression and cardiac function in dystrophic mice. Circ
Res 121: 923–929. doi:10.1161/CIRCRESAHA.117.310996

Elia L, Kunderfranco P, Carullo P, Vacchiano M, Farina FM, Hall IF, Mantero S,
Panico C, Papait R, Condorelli G, et al (2018) Uhrf1 epigenetically
orchestrates smooth muscle cell plasticity in arterial disease. J Clin
Invest 128: 2473–2486. doi:10.1172/JCI96121

Ezhkova E, LienWH, Stokes N, Pasolli HA, Silva JM, Fuchs E (2011) Ezh1 and ezh2
cogovern histone h3k27 trimethylation and are essential for hair
follicle homeostasis and wound repair. Genes Dev 25: 485–498.
doi:10.1101/gad.2019811

Ezhkova E, Pasolli HA, Parker JS, Stokes N, Su IH, Hannon G, Tarakhovsky A,
Fuchs E (2009) Ezh2 orchestrates gene expression for the stepwise
differentiation of tissue-specific stem cells. Cell 136: 1122–1135.
doi:10.1016/j.cell.2008.12.043

Gomez D, Swiatlowska P, Owens GK (2015) Epigenetic control of smooth
muscle cell identity and lineage memory. Arterioscler Thromb Vasc
Biol 35: 2508–2516. doi:10.1161/ATVBAHA.115.305044

He M, Huang TS, Li S, Hong HC, Chen Z, Martin M, Zhou X, Huang HY, Su SH,
Zhang J, et al (2019) Atheroprotective flow upregulates itpr3 (inositol
1,4,5-trisphosphate receptor 3) in vascular endothelium via klf4
(kruppel-like factor 4)-mediated histone modifications. Arterioscler
Thromb Vasc Biol 39: 902–914. doi:10.1161/ATVBAHA.118.312301

Epigenomic remodeling upon neointima formation Zhang et al. https://doi.org/10.26508/lsa.202101114 vol 5 | no 5 | e202101114 16 of 18

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE194390
https://doi.org/10.26508/lsa.202101114
https://doi.org/10.26508/lsa.202101114
https://doi.org/10.1161/CIRCRESAHA.117.311212
https://doi.org/10.1038/nbt.2776
https://doi.org/10.1038/onc.2011.641
https://doi.org/10.1161/CIRCRESAHA.120.315929
https://doi.org/10.1016/j.cell.2016.12.013
https://doi.org/10.1016/j.molcel.2014.08.024
https://doi.org/10.1093/eurheartj/ehv511
https://doi.org/10.1093/eurheartj/ehv511
https://doi.org/10.1016/j.jss.2007.03.077
https://doi.org/10.1038/s41467-017-01629-7
https://doi.org/10.15252/embj.2018100293
https://doi.org/10.1038/s41467-020-14853-5
https://doi.org/10.1093/cvr/cvaa121
https://doi.org/10.1161/CIRCRESAHA.117.310996
https://doi.org/10.1172/JCI96121
https://doi.org/10.1101/gad.2019811
https://doi.org/10.1016/j.cell.2008.12.043
https://doi.org/10.1161/ATVBAHA.115.305044
https://doi.org/10.1161/ATVBAHA.118.312301
https://doi.org/10.26508/lsa.202101114


Holy EW, Jakob P, Eickner T, Camici GG, Beer JH, Akhmedov A, Sternberg K,
Schmitz KP, Luscher TF, Tanner FC (2014) Pi3k/p110alpha inhibition
selectively interferes with arterial thrombosis and neointima
formation, but not re-endothelialization: Potential implications for
drug-eluting stent design. Eur Heart J 35: 808–820. doi:10.1093/
eurheartj/eht496

Huang X, Yan J, Zhang M, Wang Y, Chen Y, Fu X, Wei R, Zheng XL, Liu Z, Zhang X,
et al (2018) Targeting epigenetic crosstalk as a therapeutic strategy for
ezh2-aberrant solid tumors. Cell 175: 186–199.e19. doi:10.1016/
j.cell.2018.08.058

Huang Y, Urabe G, Zhang M, Li J, Ozer HG, Wang B, Kent KC, Guo LW (2020)
Nullifying epigenetic writer dot1l attenuates neointimal hyperplasia.
Atherosclerosis 308: 22–31. doi:10.1016/j.atherosclerosis.2020.06.002

Kearns NA, Genga RM, Enuameh MS, Garber M, Wolfe SA, Maehr R (2014) Cas9
effector-mediated regulation of transcription and differentiation in
human pluripotent stem cells. Development 141: 219–223. doi:10.1242/
dev.103341

King KE, Iyemere VP, Weissberg PL, Shanahan CM (2003) Kruppel-like factor 4
(klf4/gklf) is a target of bone morphogenetic proteins and
transforming growth factor beta 1 in the regulation of vascular
smooth muscle cell phenotype. J Biol Chem 278: 11661–11669.
doi:10.1074/jbc.M211337200

Lavarone E, Barbieri CM, Pasini D (2019) Dissecting the role of h3k27
acetylation and methylation in prc2 mediated control of cellular
identity. Nat Commun 10: 1679. doi:10.1038/s41467-019-09624-w

Liang J, Li Q, Cai W, Zhang X, Yang B, Li X, Jiang S, Tian S, Zhang K, Song H, et al
(2019) Inhibition of polycomb repressor complex 2 ameliorates
neointimal hyperplasia by suppressing trimethylation of h3k27 in
vascular smooth muscle cells. Br J Pharmacol 176: 3206–3219.
doi:10.1111/bph.14754

Lino Cardenas CL, Kessinger CW, Chou EL, Ghoshhajra B, Yeri AS, Das S,
Weintraub NL, Malhotra R, Jaffer FA, Lindsay ME (2019) Hdac9 complex
inhibition improves smooth muscle-dependent stenotic vascular
disease. JCI Insight 4: e124706. doi:10.1172/jci.insight.124706

Marx SO, Totary-Jain H, Marks AR (2011) Vascular smooth muscle cell
proliferation in restenosis. Circ Cardiovasc Interv 4: 104–111.
doi:10.1161/CIRCINTERVENTIONS.110.957332

Mulder KW, Wang X, Escriu C, Ito Y, Schwarz RF, Gillis J, Sirokmany G, Donati G,
Uribe-Lewis S, Pavlidis P, et al (2012) Diverse epigenetic strategies
interact to control epidermal differentiation. Nat Cell Biol 14: 753–763.
doi:10.1038/ncb2520

Ostriker AC,Martin KA (2015) Bromodomain blockade for intimal hyperplasia - a
good bet? EBioMedicine 2: 1574–1575. doi:10.1016/j.ebiom.2015.11.007

Ozer HG, El-Gamal D, Powell B, Hing ZA, Blachly JS, Harrington B, Mitchell S,
Grieselhuber NR, Williams K, Lai TH, et al (2018) Brd4 profiling
identifies critical chronic lymphocytic leukemia oncogenic circuits
and reveals sensitivity to plx51107, a novel structurally distinct bet
inhibitor. Cancer Discov 8: 458–477. doi:10.1158/2159-8290.CD-17-0902

Pang B, Snyder MP (2020) Systematic identification of silencers in human
cells. Nat Genet 52: 254–263. doi:10.1038/s41588-020-0578-5

Pellet-Many C, Mehta V, Fields L, MahmoudM, Lowe V, Evans I, Ruivo J, Zachary
I (2015) Neuropilins 1 and 2 mediate neointimal hyperplasia and re-
endothelialization following arterial injury. Cardiovasc Res 108:
288–298. doi:10.1093/cvr/cvv229

Perisic Matic L, Rykaczewska U, Razuvaev A, Sabater-Lleal M, Lengquist M,
Miller CL, Ericsson I, Rohl S, Kronqvist M, Aldi S, et al (2016) Phenotypic
modulation of smooth muscle cells in atherosclerosis is associated
with downregulation of lmod1, synpo2, pdlim7, pln, and synm.
Arterioscler Thromb Vasc Biol 36: 1947–1961. doi:10.1161/
ATVBAHA.116.307893

Ramirez F, Dundar F, Diehl S, Gruning BA, Manke T (2014) Deeptools: A flexible
platform for exploring deep-sequencing data. Nucleic Acids Res 42:
W187–W191. doi:10.1093/nar/gku365

Saito A, Shimizu H, Doi Y, Ishida T, Fujimura M, Inoue T, Kiwada H, Tominaga T
(2011) Immunoliposomal drug-delivery system targeting lectin-like
oxidized low-density lipoprotein receptor-1 for carotid plaque lesions
in rats. J Neurosurg 115: 720–727. doi:10.3171/2011.5.JNS10227

Sermer D, Pasqualucci L, Wendel HG, Melnick A, Younes A (2019) Emerging
epigenetic-modulating therapies in lymphoma. Nat Rev Clin Oncol 16:
494–507. doi:10.1038/s41571-019-0190-8

Shi J, Vakoc CR (2014) The mechanisms behind the therapeutic activity of bet
bromodomain inhibition. Mol Cell 54: 728–736. doi:10.1016/
j.molcel.2014.05.016

Shi Y, Johnson J, Wang B, Chen B, Fisher GL, Urabe G, Shi X, Kent KC, Guo LW, Li L
(2019) Mass spectrometric imaging reveals temporal and spatial
dynamics of bioactive lipids in arteries undergoing restenosis.
J Proteome Res 18: 1669–1678. doi:10.1021/acs.jproteome.8b00941

Shin DG, Bayarsaihan D (2017) A novel epi-drug therapy based on the
suppression of bet family epigenetic readers. Yale J Biol Med 90: 63–71.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5369046/.

Stratton MS, Farina FM, Elia L (2019) Epigenetics and vascular diseases. J Mol
Cell Cardiol 133: 148–163. doi:10.1016/j.yjmcc.2019.06.010

Takayama T, Shi X, Wang B, Franco S, Zhou Y, DiRenzo D, Kent A, Hartig P, Zent J,
Guo LW (2015) A murine model of arterial restenosis: Technical
aspects of femoral wire injury. J Vis Exp: 52561. doi:10.3791/52561

Taniue K, Hayashi T, Kamoshida Y, Kurimoto A, Takeda Y, Negishi L, Iwasaki K,
Kawamura Y, Goshima N, Akiyama T (2020) Uhrf1-kat7-mediated
regulation of tusc3 expression via histone methylation/acetylation is
critical for the proliferation of colon cancer cells. Oncogene 39:
1018–1030. doi:10.1038/s41388-019-1032-y

Wang B, Chen G, Urabe G, Xie R, Wang Y, Shi X, Guo LW, Gong S, Kent KC (2018) A
paradigm of endothelium-protective and stent-free anti-restenotic
therapy using biomimetic nanoclusters. Biomaterials 178: 293–301.
doi:10.1016/j.biomaterials.2018.06.025

Wang B, Zhang M, Takayama T, Shi X, Roenneburg DA, Kent KC, Guo LW (2015)
Bet bromodomain blockade mitigates intimal hyperplasia in rat
carotid arteries. EBioMedicine 2: 1650–1661. doi:10.1016/j.ebiom.
2015.09.045

Wassef M, Luscan A, Aflaki S, Zielinski D, Jansen P, Baymaz HI, Battistella A,
Kersouani C, Servant N, Wallace MR, et al (2019) Ezh1/2 functionmostly
within canonical prc2 and exhibit proliferation-dependent
redundancy that shapes mutational signatures in cancer. Proc Natl
Acad Sci U S A 116: 6075–6080. doi:10.1073/pnas.1814634116

Xie X, Urabe G, Marcho L, Williams C, Guo LW, Kent KC (2020) Smad3 regulates
neuropilin 2 transcription by binding to its 59 untranslated region.
J Am Heart Assoc 9: e015487. doi:10.1161/JAHA.119.015487

Yang H, Shen H, Li J, Guo LW (2019) Sigmar1/sigma-1 receptor ablation impairs
autophagosome clearance. Autophagy 15: 1539–1557. doi:10.1080/
15548627.2019.1586248

Yao F, Yu P, Li Y, Yuan X, Li Z, Zhang T, Liu F, Wang Y, Wang Y, Li D, et al (2018)
Histone variant h2a.Z is required for the maintenance of smooth
muscle cell identity as revealed by single-cell transcriptomics.
Circulation 138: 2274–2288. doi:10.1161/CIRCULATIONAHA.117.033114

Yoshida T, Kaestner KH, Owens GK (2008) Conditional deletion of kruppel-like
factor 4 delays downregulation of smooth muscle cell differentiation
markers but accelerates neointimal formation following vascular
injury. Circ Res 102: 1548–1557. doi:10.1161/CIRCRESAHA.108.176974

Zang C, Schones DE, Zeng C, Cui K, Zhao K, Peng W (2009) A clustering
approach for identification of enriched domains from histone
modification chip-seq data. Bioinformatics 25: 1952–1958. doi:10.1093/
bioinformatics/btp340

Zhang M, Urabe G, Little C, Wang B, Kent AM, Huang Y, Kent KC, Guo LW (2018)
Hdac6 regulates the mrtf-a/srf axis and vascular smooth muscle cell
plasticity. JACC Basic Transl Sci 3: 782–795. doi:10.1016/
j.jacbts.2018.08.010

Epigenomic remodeling upon neointima formation Zhang et al. https://doi.org/10.26508/lsa.202101114 vol 5 | no 5 | e202101114 17 of 18

https://doi.org/10.1093/eurheartj/eht496
https://doi.org/10.1093/eurheartj/eht496
https://doi.org/10.1016/j.cell.2018.08.058
https://doi.org/10.1016/j.cell.2018.08.058
https://doi.org/10.1016/j.atherosclerosis.2020.06.002
https://doi.org/10.1242/dev.103341
https://doi.org/10.1242/dev.103341
https://doi.org/10.1074/jbc.M211337200
https://doi.org/10.1038/s41467-019-09624-w
https://doi.org/10.1111/bph.14754
https://doi.org/10.1172/jci.insight.124706
https://doi.org/10.1161/CIRCINTERVENTIONS.110.957332
https://doi.org/10.1038/ncb2520
https://doi.org/10.1016/j.ebiom.2015.11.007
https://doi.org/10.1158/2159-8290.CD-17-0902
https://doi.org/10.1038/s41588-020-0578-5
https://doi.org/10.1093/cvr/cvv229
https://doi.org/10.1161/ATVBAHA.116.307893
https://doi.org/10.1161/ATVBAHA.116.307893
https://doi.org/10.1093/nar/gku365
https://doi.org/10.3171/2011.5.JNS10227
https://doi.org/10.1038/s41571-019-0190-8
https://doi.org/10.1016/j.molcel.2014.05.016
https://doi.org/10.1016/j.molcel.2014.05.016
https://doi.org/10.1021/acs.jproteome.8b00941
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5369046/
https://doi.org/10.1016/j.yjmcc.2019.06.010
https://doi.org/10.3791/52561
https://doi.org/10.1038/s41388-019-1032-y
https://doi.org/10.1016/j.biomaterials.2018.06.025
https://doi.org/10.1016/j.ebiom.2015.09.045
https://doi.org/10.1016/j.ebiom.2015.09.045
https://doi.org/10.1073/pnas.1814634116
https://doi.org/10.1161/JAHA.119.015487
https://doi.org/10.1080/15548627.2019.1586248
https://doi.org/10.1080/15548627.2019.1586248
https://doi.org/10.1161/CIRCULATIONAHA.117.033114
https://doi.org/10.1161/CIRCRESAHA.108.176974
https://doi.org/10.1093/bioinformatics/btp340
https://doi.org/10.1093/bioinformatics/btp340
https://doi.org/10.1016/j.jacbts.2018.08.010
https://doi.org/10.1016/j.jacbts.2018.08.010
https://doi.org/10.26508/lsa.202101114


Zhang M, Wang B, Urabe G, Huang Y, Plutzky J, Kent KC, Guo LW (2019) The
bd2 domain of brd4 is a determinant in endomt and vein graft
neointima formation. Cell Signal 61: 20–29. doi:10.1016/
j.cellsig.2019.05.005

Zhang M, Wang B, Urabe G, Ozer HG, Han R, Kent KC, Guo LW. 2020.
Angioplasty-induced epigenomic remodeling entails brd4 and ezh2
hierarchical regulations. BioRxiv. doi:10.1101/2020.03.12.989640.
(Preprint posted March 14, 2020).

Zhang M, Wang B, Urabe G, Shi X, Guo LW (2017) Inhibition of the enhancer of
zeste homolog family mitigates intimal hyperplasia in rat carotid

arteries. Arterioscler Thromb Vasc Biol 37: A332.
https://www.ahajournals.org/doi/abs/10.1161/atvb.37.suppl_1.332.

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C,
Myers RM, Brown M, Li W, et al (2008) Model-based analysis of chip-
seq (macs). Genome Biol 9: R137. doi:10.1186/gb-2008-9-9-r137

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

Epigenomic remodeling upon neointima formation Zhang et al. https://doi.org/10.26508/lsa.202101114 vol 5 | no 5 | e202101114 18 of 18

https://doi.org/10.1016/j.cellsig.2019.05.005
https://doi.org/10.1016/j.cellsig.2019.05.005
https://doi.org/10.1101/2020.03.12.989640
https://www.ahajournals.org/doi/abs/10.1161/atvb.37.suppl_1.332
https://doi.org/10.1186/gb-2008-9-9-r137
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.202101114

