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Bromodomain protein BRD4 reads histone acetylation
(H3K27ac), an epigenomic mark of transcription enhancers.
CCAAT enhancer binding protein delta (CEBPD) is a tran-
scription factor typically studied in metabolism. While both
are potent effectors and potential therapeutic targets, their
relationship was previously unknown. Here we investigated
their interplay in vascular smooth muscle cell (SMC) inflamma-
tion. Chromatin immunoprecipitation followed by high-
throughput sequencing (ChIP-seq) revealed H3K27ac/BRD4
enrichment at Cebpd in injured rat carotid arteries. While
genomic deletion of BRD4-associated enhancer in SMCs
in vitro decreased Cebpd transcripts, BRD4 gene silencing
also diminished Cebpd mRNA and protein, indicative of a
BRD4 control over CEBPD expression. Bromodomain-1, but
not bromodomain-2, accounted for this BRD4 function. More-
over, endogenous BRD4 protein co-immunoprecipitated with
CEBPD, and both proteins co-immunoprecipitated the Cebpd
promoter and enhancer DNA fragments. These co-immuno-
precipitations (coIPs) were all abolished by the BRD4-bromo-
domain blocker JQ1, suggesting a BRD4/CEBPD /promoter/
enhancer complex. While BRD4 and CEBPD were both
upregulated upon tumor necrosis factor alpha (TNF-o)
stimulation of SMC inflammation (increased interleukin
[IL]-1b, IL-6, and MCP-1), they mediated this stimulation via
preferentially elevated expression of platelet-derived growth
factor receptor alpha (PDGFRa, versus PDGFRJ), as indicated
by loss- and gain-of-function experiments. Taken together, our
study unravels a hierarchical yet collaborative BRD4/CEBPD
relationship, a previously unrecognized mechanism that
prompts SMC inflammation and may underlie other patho-
physiological processes as well.

INTRODUCTION

Vascular smooth muscle cells (SMCs) maintain vessel wall homeostasis
as a major component and signaling hub. However, upon extra- and
intra-cellular perturbations, they undergo various state transitions,
losing innate identity and function while acquiring new phenotypes.
This SMC plasticity is now known as enabled by epigenetics' —regula-
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tions critical in biology particularly in development and disease.
Depending on micro-environmental cues, SMCs may transition to in-
flammatory and/or migro-proliferative or other states, contributing to
a range of vascular disorders such as neointimal hyperplasia (IH) that
lead to stenotic vascular diseases.” Therefore, in the pursuit of new in-
terventional paradigms, it is important to interpret the disease mecha-
nisms from an epigenetic perspective. However, epigenetic determi-
nants of SMC state transitions are only beginning to be unveiled.”

Our previous reports suggested that BRD4 is a determinant of SMC
state transitions in vitro and of IH in 1/1'1/0,3’4 motivating further
research to decipher its molecular underpinning. BRD4 belongs to
the family of BETs (Bromo/ExtraTerminal domain-containing pro-
teins), including BRD2, BRD3, BRD4, and BRDT (testis-restricted).
Rapid progress, particularly in cancer research, reveals that histone
acetylation reader BRD4 is closely associated with cell state/identity
changes and hence critical to an array of pathogenic processes.”’
As a result, BRD4 is being intensively targeted in human trials, for
cancers and beyond. BRD4 is found to potently prompt RNA poly-
merase II pause release, thereby co-activating transcription elonga-
tion in response to stimulation.” This action involves multiple factors
such as the elongation factor complex and central machinery of tran-
scription. It remains poorly understood how BRD4, a seeming global
regulator, assumes its functional specificity in different cell types and
micro-environments.” Transcription factors (TFs) and enhancers are
thought to confer BRD4 a gene loci specificity in the genomic land-
scape.”® However, little is known as to how BRD4 and specific TFs
and enhancers govern different SMC state transitions.”

The CCAAT enhancer binding proteins (CEBPs) comprise a family
of TFs highly versatile in their pathophysiological functions. They
are most notably involved in adipogenesis and immune cell
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differentiation, among other activities. CEBPA and CEBPB have
been the most studied, whereas CEBPD is much less understood.
Evidence collectively implicates CEBPD as a central player in re-
sponses to inflammatory stimuli,® as mostly reported in immune
cells with a paucity of data from SMCs. CEBPD’s function is highly
contextual. Dichotomous or even opposing effects mediated by
CEBPD have been reported (e.g., in cell proliferation and in macro-
phage differentiation).” Obviously, CEBPD-associated regulations
reported in other cell types or signaling contexts cannot be simply
extrapolated to SMCs. Interestingly, while CEBPD expression is
generally low in normal conditions, it rapidly increases in response
to environmental perturbations, such as arterial injury that induces
IH.>'" This raises an important question as to what epigenetic fac-
tors govern CEBPD’s expression and its functional impact on SMC
state transitions.''

In the current study, as we sought to identify BRD4’s downstream
functional mediators and CEBPD’s upstream epigenetic determinants
in SMCs, the two searches converged. Using the information from
chromatin immunoprecipitation and high-throughput sequencing
(ChIP-seq) as a guide,'” we observed that angioplasty injury induced
enrichment of BRD4 and H3K27ac at the CEBPD gene. Indeed, BRD4
dominated CEBPD expression in SMCs. Moreover, CEBPD co-
immunoprecipitated with BRD4, its own promoter, and BRD4/
H3K27ac-associated enhancer as well. The function of BRD4/CEBPD
cooperativity manifested in heightened expression of pro-inflamma-
tory cytokines. On the whole, this study explored a previously under-
appreciated area, where we identified a BRD4/CEBPD hierarchical yet
collaborative relationship that critically promotes the inflammatory
SMC state transition.

RESULTS

BRD4 and H3K27ac enrichment at the CEBPD gene in injured rat
carotid arteries

We previously found that blocking BETs’ bromodomains with JQ1
effectively curbed neointima progression in an authentic model of
angioplasty-induced IH in rat carotid arteries.”'> BRD4 drastically
increased in the angioplasty-injured artery wall, and in vitro and
in vivo data indicated that BRD4 was a determinant of TH.>*"
To further identify the mediators of BRD4’s pro-IH function, we
performed high-throughput ChIP-seq with injured (and unin-
jured) carotid arteries using the same angioplasty model of IH.
Angioplasty abruptly alters the SMC micro-environment as it de-
nudes the endothelium and mechanically damages the artery wall.
This action exposes SMCs to a myriad of blood-borne stimulants
typical of cytokines, such as TNF-o. and PDGF, which potently
trigger various SMC state transitions that perpetuate IH.'*'®
Arteries were collected for ChIP-seq at post-angioplasty day 7,
the peak time of pro-IH molecular and cellular events.'®'
Epigenomic marks involved in transcriptional activation, including
BRD4, H3K27ac, and H3K4mel,'® were chosen for ChIP-seq ex-
periments. BRD4 and H3K27ac are associated with active en-
hancers, and H3K4mel can be found with active, inactive, or
poised enhancers."’

Guided by the ChIP-seq data, we noticed that the ChIP-seq peaks for
BRD4 and H3K27ac were enriched at the gene of CEBPD, which is a
TF poorly studied for SMC state transitions and IH. Both BRD4 and
H3K27ac ChIP-seq peaks enriched in a Cebpd promoter region that
was a TSS proximal enhancer (Figures 1A and 1B) and also showed
strong co-localization in other loci (Figure 1C). H3K4mel ChIP-
seq peaks aligned with BRD4 and H3K27ac peaks in non-coding re-
gions and also increased in injured (versus uninjured) arteries, albeit
with relative lower overall intensity (Figure 1A). By contrast, ChIP-
seq signal for H3K27me3 was negligible and did not align with the
other three marks. As opposed to H3K27ac, H3K27me3 is a gene
repression mark. Thus, the relatively extremely low signals from
H3K27me3 and also input conferred negative controls, indicating
excellent specificity of the BRD4 and H3K27ac ChIP-seq peaks.
Furthermore, to validate the functional significance of BRD4/
H3K27ac-associated enhancer, we performed CRISPR-mediated
enhancer region deletion. As a result, Cebpd transcripts were signifi-
cantly reduced, as detected by quantitative real-time PCR (Figure 1D).
The mRNA level of platelet-derived growth factor receptor alpha
(PDGFRa), a known target of CEBPD’s TF activity,zo was reduced
as well. Together, these results suggested that BRD4 may regulate
the expression of transcription factor CEBPD.

BRD4 silencing, but not BRD2 or BRD3 silencing, diminishes
CEBPD expression

The family of BET's includes BRD2, BRD3, BRD4, and BRDT, which
is testis-restricted and hence irrelevant here.” Although our previous
studies showed BRD4 as the determinant of IH, BRD2 was upregu-
lated as well in angioplasty-injured rat arteries (Figure 1E), and func-
tional overlap of BRD2 and BRD4 has been reported in non-vascular
settings.” In addition, BRD3 appeared to have a function opposite to
that of BRD4.%*' Therefore, herein we sought to distinguish whether
BRD4 is the only BET that determines CEBPD expression, via genetic
silencing in MOVAS (an established cell line of SMCs) using small
interfering RNAs (siRNAs) specific to each of the 3 BETs. As shown
in Figure 2A, while each siRNA was effective in silencing its respective
target BET, BRD4 silencing, but not BRD2 or BRD3 silencing, led to
pronounced reduction of CEBPD mRNA. This result was confirmed
by western blots, where only BRD4 silencing reduced CEBPD protein
(Figures 2B and 2C). Thus, these results distinguished that BRD4, but
not BRD2 or BRD3, was the determinant BET that controlled CEBPD
expression in SMCs.

Expression of dominant-negative BRD4 bromodomain-1, but

not -2, reduces CEBPD

BRD#4 interacts with specific chromatin loci by reading/binding his-
tone acetyl-lysine bookmarks through its two tandem bromodomains
(BD1 and BD2). Therefore, BD1 and/or BD2 are crucial for BRD4’s
epigenetic functions.” We thus dissected their role in regulating
CEBPD expression. Interestingly, expressing a dominant-negative
BD1 domain (competitor to endogenous BD1) substantially reduced
CEBPD. However, a dominant-negative BD2 domain, which proved
functional in our previous report using endothelial cells,” did not have
an effect here (Figures 3A-3C). Consistently, treating SMCs with
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Figure 1. Injury-induced enrichment of BRD4 and
H3K27ac at Cebpd in rat carotid arteries
Balloon-injured rat left common carotid arteries and
contralateral arteries (uninjured control) were collected at
day 7 post angioplasty and snap frozen until use for ChiP-
seq analysis. (A) ChiP-seq binding density at Cebpd.
Shown are ChIP-seq peak profiles for BRD4 and histone
marks. The x axis of the tracks shows genomic position,
and the y axis shows ChlIP-seq signal (rpm/bp). Data were
obtained from injured and uninjured arteries. Non-specific
input indicates low background noise. Arrow points to the
proximal enhancer region. (B) Zoom-in profiles showing
differential ChlP-seq binding densities in injured and unin-
jured artery tissues. The boxed area corresponds to the
arrow-pointed site in (A). (C) Venn diagrams showing
genome-wide overlap of ChIP-seq peaks for H3K27ac and
BRD4; 96% and 93% of the BRD4 peaks were co-localized
with H3K27Ac peaks in uninjured and injured samples,
respectively. (D) CRISPR-mediated enhancer deletion
in vitro. MOVAS cell lines were prepared to express Cas9
only (control, no sgRNA) or Cas9 together with enhancer-
specific sgRNASs, as described in Materials and methods.
Cebpd expression was assessed by quantitative real-time
PCR. sgRNA, short guide RNA. Quantification: mean +
SEM; n = 3 independent repeat experiments; one-way
ANOVA with Bonferroni test, *p < 0.05, *p < 0.01. (B
Upregulation of BRD2 in the neointima of injured rat carotid
arteries. Upper panel shows BRD2 immunostaining on rat
carotid artery sections, represented by uninjured and
7 days after balloon angioplasty injury to induce neointima.
Red triangle points to the internal elastic lamina (IEL).
Neointima is defined between the lumen and IEL. Quanti-
fication: mean + SEM; n = 4 animals at each time point; *p <
0.05 compared to uninjured control.
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Olinone, an inhibitor selective to BD1 in BETs,”” diminished CEBPD
protein levels, whereas RVX208 (selective to BD2 in BETs)>* did not
significantly alter CEBPD expression (Figures 3D-3F). These results
together indicate that BDI, rather than BD2, was responsible for
BRD#4’s function in governing CEBPD expression in SMCs, which
was somewhat unexpected given that in previous reports BD2 was
often shown to play a major role in non-SMC settings.”**

Endogenous BRD4 co-immunoprecipitates with the CEBPD
protein in SMCs

Reports have highlighted the importance of TFs in mediating BRD4’s
function of co-activating specific gene expression in cell types
other than SMCs. CEBPD is a TF reportedly involved in SMC
dysfunction.>** However, a BRD4/CEBPD cooperativity in SMC
pathobiology has not been reported. We therefore performed
co-immunoprecipitation (coIP) experiments to probe a possible
BRD4/CEBPD physical interaction. As shown in Figure 4, endoge-
nous BRD4 IP’ed with CEBPD specifically (versus background con-
trol), suggesting their direct interaction or indirect association but
in the same protein complex. Indicative of an important role of
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Injured artery

bromodomains, the pan-BETs inhibitor JQ1, which competes with
histone acetyl-lysine for binding to BD1 and BD2, blocked the
BRD4/CEBPD coIP. Furthermore, an inhibitor (TSA) of histone de-
acetylases commonly used to preserve histone acetylation enhanced
the coIP of BRD4 with CEBPD. These results revealed a previously
unidentified BRD4/CEBPD physical association.

CEBPD and BRD4 both associate with the Cebpd promoter

To further investigate the function of the observed BRD4/CEBPD as-
sociation in gene regulation, we performed ChIP-qPCR experiments.
To validate the methodology, we chose the PDGFRa. gene promoter
for proof of principle, considering that PDGFRa. is known as a direct
target of CEBPD’s TF function in SMCs.” As shown in Figure 5A,
treatment of SMCs with TNF-a stimulated coIP of PDGFRa pro-
moter DNA with CEBPD. By contrast, the effect on PDGFR} was mi-
nor (Figure 5B). CEBPD gain of function (overexpression) strongly
enhanced PDGFRa promoter DNA pulldown (by ~10- to 20-fold)
either in the presence or absence of TNF-a, whereas no effect
(+TNF-a) or minor effect (—TNF-a) on PDGFRB promoter was
observed. Consistent with a BRD4 involvement, pretreating SMCs
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Figure 2. Silencing BRD4 diminishes CEBPD mRNA and protein in SMCs
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(A-C) MOVAS cells were transduced with lentivirus to express scrambled or a specific ShRNA, cultured with fresh medium (no RNAi Max) for 24 h, and then harvested for
quantitative real-time PCR (A) or western blot (B and C) analysis, respectively. Quantification: readings from triplicate quantitative real-time PCR reactions were normalized to
GAPDH and averaged. The average values from 3 independent repeat experiments were then averaged again to calculate mean + SEM (n = 3). Densitometry of western blots
from independent repeat experiments was normalized to B-actin (similar band intensities on different blots) and then averaged to calculate mean + SEM (n = 3). Statistics:
one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test; “p < 0.05, **p < 0.01, **p < 0.001.

with JQ1 abrogated PDGFRa. promoter pulldown that was enhanced
either by TNF-a or CEBPD overexpression.

More interestingly, motif search predicted potential CEBPD binding
sites on its own promoter. Two human CEBPD motifs in the CEBPD
promoter, MA0836.1 and MA0836.2, were identified from JAS-

PAR?*? database, and two approaches (JASPAR Scan and MEME
suite FIMO) produced the same result. Since mouse SMCs (MOVAS)
were used in vitro, we identified the MA0836.2 motif in the murine
genome at distal and proximal locations in the Cebpd promoter.
Indeed, ChIP-qPCR indicated that while coIP of the Cebpd promoter
DNA (containing the proximal CEBPD motif) with the CEBPD
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Figure 3. Dominant-negative BD1 of BRD4 inhibits CEBPD expression

(A) Diagram of the constructs used to exogenously express GFP (control) and a dominant-negative domain that competes with BD1 or BD2 of BRD4. (B and C) Effect of
dominant-negative BD1 or BD2 of BRD4 on CEBPD expression. (D) Diagram to show selective binding of Olinone and RVX208 to BD1 and BD2, respectively, and binding of
JQ1 to both; each of these bromodomain blockers binds all three BETs (BRD2, BRD3, BRD4). (E and F) Effect of bromodomain blockers on CEBPD expression. The data of
the vehicle for Olinone and that for RVX208 (E) were pooled to generate the average vehicle value in the plot (black bar, F). MOVAS cells were transduced with lentivirus to
express the GFP control or dominant-negative BD1 or BD2 for 24 h before harvest for western blot analysis. For pharmacological pretreatment, cells were incubated with
vehicle (equal amount of DMSO) or a bromodomain blocker (10 uM RVX208 or 20 uM Olinone) for 4 h before harvest. Quantification: densitometry of western blots from
independent repeat experiments was normalized to B-actin (similar band intensities on blots) and then averaged to calculate mean + SEM; n = 3 independent repeat ex-
periments. Statistics: one-way ANOVA followed by Bonferroni post hoc test; *p < 0.05, **p < 0.01; n.s., not significant.

protein increased by ~2- to 3-fold due to TNF-a stimulation, CEBPD
gain of function further markedly enhanced this coIP (Figure 5C). In
either case, JQ1 pretreatment abolished the enhancement of the
CEBPD/Cebpd promoter colP, suggesting an essential role for
BRD4 in this interaction. While BRD4 as an enhancer mark enriched
at Cebpd, inhibiting BRD4 reduced CEBPD expression (see Figures 1,
2, and 3). We therefore inferred that BRD4-dependent enhancer was
probably involved in the BRD4/CEBPD functional complex that reg-
ulates Cebpd transcription. In support of this proposition, we
observed that the ChIP-qPCR signal for a BRD4/H3K27ac-enriched
enhancer region (Figure 1A) was amplified by TNF-a stimulation
and CEBPD gain of function and attenuated by JQ1 pretreatment
(Figure 5D).

To further confirm a role of BRD4 in the transcription-regulating
complex, we performed ChIP-qPCR experiments using an antibody
to IP endogenous BRD4 (Figures 5E and 5F). We found that while
TNF-a. stimulated coIP of the Cebpd promoter DNA with BRD4 by
~6-fold, CEBPD overexpression further magnified this effect to
nearly 25-fold (Figure 5E). In either case, JQ1 abolished the increase
of coIP. Extrapolating this finding beyond SMCs, our experiments us-
ing the same conditions but HEK293A cells instead of SMCs pro-
duced a similar result of endogenous BRD4/Cebpd promoter colP
(Figure 5F).
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On the whole, these (Figure 5) and other results (Figures 1, 2, 3, and 4)
provided evidence for a multi-component complex involving
H3K27ac, its reader (BRD4), TF (CEBPD), enhancer regions enriched
with BRD4 and H3K27ac, and the promoter of Cebpd. The function
of this complex manifested in the regulation of the transcription fac-
tor CEBPD’s own gene and its known target genes represented by
Pdgfra.*®

CEBPD’s positive role in TNF-a-induced inflammatory SMC
state transition involves BRD4

Pertaining to IH pathogenesis, a positive role for CEBPD or BRD4 in
proliferative and migratory SMC state transitions has been delineated
in the literature’® and our own report,” respectively. However,
whether they govern the inflammatory SMC state transition has not
been clearly defined. Now that our data herein revealed a CEBPD/
BRD4 epigenetic complex in the control of CEBPD’s own expression,
we next investigated SMC inflammation as a focus of pathobiology to
verify the functional significance of this CEBPD/BRD4 partnership.
The inflammatory SMC state transition is typically monitored as
upregulation of major pro-inflammatory cytokines including IL-18,
IL-6, and MCP-1. Both IL-1P and IL-6 are pro-IH and atherogenic;
so is MCP-1, which is key to recruitment of inflammatory cells
(e.g., activated leukocytes) to the vessel wall.”>”” We used TNF-o. as
a stimulant, since it has been well documented that this cytokine
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MOVAS cells stably overexpressing HA-tagged empty
vector (EV) or HA-tagged CEBPD (OE-CEBPD) were
incubated with vehicle (equal amount of DMSO) or bro-
modomain blocker JQ1 (1 puM) or HDAC inhibitor TSA
(1 uM) for 24 h. The cells were then harvested for IP of
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promotes SMC inflammation and migro-proliferative behaviors
in vitro and TH in vivo as revealed in different animal models.'>**
%0 As shown in Figures 6A-6D, while the CEBPD mRNA in SMCs
markedly increased after TNF-a. stimulation, this treatment also up-
regulated IL-1B, IL-6, and MCP-1 mRNA to a similar extent. CEBPD
gain (overexpression) and loss (silencing) of function raised and
reduced the expression of these cytokines, respectively, in the absence
or presence of TNF-a,, supporting a specific role for CEBPD in the in-
flammatory SMC state transition. CEBPD’s signaling functions are
highly contextual depending on cell type and stimulants,® and a
pro-inflammatory role for CEBPD was disputed in an early study.”’
In this regard, our data here contributed an unambiguous result;
that is, CEBPD plays a positive role in the setting of TNF-o-stimu-
lated inflammatory SMC state transition.

It was interesting to note that TNF-a stimulation enhanced the coIP
of Cebpd promoter with BRD4 (Figure 5E) and elevated CEBPD
(mRNA and protein; Figures 6A and 6C). We therefore also deter-
mined the effect of TNF-a. on BRD4 expression. The data indicated
that treating SMCs with TNF-o upregulated BRD4 protein by ~9-
fold (Figure 6E). Since BRD4, rather than BRD2 or BRD3, controlled
CEBPD expression (see Figures 2 and 3), we expected that using JQ1
to block BET bromodomains would reveal BRD4’s function in TNE-
a-stimulated inflammatory SMC state transition. Indeed, pretreat-
ment with JQ1 abrogated TNF-a-stimulated upsurge of the SMC
expression of all three cytokines (IL-1pB, IL-6, MCP-1) (Figure 6F).
Thus, up to this point, our data had revealed a BRD4/CEBPD physical
association (Figures 4 and 5), and its function in positively regulating
SMC inflammation (Figure 6)—a finding not previously reported.

CEBPD'’s preferential regulation of the PDGFRa gene requires
BRD4

To further interpret the functional partnership between BRD4 and
CEBPD, we determined their influence on CEBPD target genes by
focusing on PDGFRa, which is a potent signaling mediator known
to promote SMC inflammation.™** While our group reported a
BRD4 preferential regulation of PDGFRa over PDGFRp in SMCs,?
another group reported that CEBPD regulated PDGFRa. transcrip-

T Jal - -
TSA - -

OE-CEBPD

experiments was normalized to B-actin (similar band in-
tensities on blots) and then averaged to calculate mean +
SEM (n = 6 repeat experiments). Statistics: one-way
ANOVA followed by Bonferroni post hoc test; *p < 0.05,
**p < 0.01.

tion preferentially over PDGFRP in SMCs.”” We were intrigued by
this BRD4 and CEBPD functional convergence and further deter-
mined the underlying mechanism. As shown in Figures 7A-7D, in
our experiments using TNF-a to stimulate the inflammatory SMC
state transition, this treatment upregulated PDGFRa. markedly, yet
increased PDGFRP to a lesser degree, especially at the protein level.
Using JQI to block BRD4’s function abolished this PDGFR upregula-
tion. In parallel, CEBPD gain of function increased PDGFRo. mRNA
by ~2- to 3-fold in the presence or absence of TNF-a. but insignifi-
cantly affected PDGFRp (Figures 7E and 7F). CEBPD silencing abol-
ished TNF-a-stimulated PDGFRa upregulation (Figures 7G and 7H).
Of note, in accordance with the observed TNF-a.-stimulated BRD4
and CEBPD upregulation (Figure 6) and their converged function
in preferentially upregulating PDGFRa versus PDGFR (Figure 7),
TNF-a treatment preferentially elevated PDGFRa. mRNA and pro-
tein levels, yet with only a minor effect on PDGFRP expression (Fig-
ures 7A-7H). Therefore, the CEBPD/BRD4 partnership also
functionally manifested in governing the expression level of
PDGFRa, which represents a potent signaling pathway that propels
the inflammatory SMC state transition.”*”’

DISCUSSION

The pathogenic bases of major vascular diseases trace to SMC state
transitions, whereby SMCs acquire new phenotypes (e.g., inflamma-
tion) at the expense of losing their normal function. Such a SMC
identity change is increasingly recognized as driven by epigenetic re-
modeling.” Thus, it becomes a compelling task to interpret the largely
undefined epigenetic mechanisms. We tackled this issue from the
perspective of the interplay between BRD4, TF, and enhancer—all
key factors in cell identity changes.”* Through ChIP-seq genome-
wide survey in IH-prone arteries, we observed BRD4/H3K27ac
enrichment at Cebpd. Indeed, BRD4 silencing or enhancer deletion
repressed Cebpd expression, indicative of a BRD4>CEBPD hierarchi-
cal regulation. Furthermore, BRD4 and CEBPD formed a protein
complex binding at CEBPD’s own promoter DNA, supporting a
collaborative BRD4/CEBPD relationship. The functional importance
of this hierarchical yet collaborative BRD4/CEBPD partnership man-
ifested in promoting the inflammatory SMC state transition. Overall,
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Figure 5. Chromatin immunoprecipitation of CEBPD

and endogenous BRD4 with the Cebpd promoter DNA
(A-D) ChlIP against OE-CEBPD in SMCs. (E and F) ChiP
against endogenous BRD4 in SMCs (E) or HEK293 cells (F).
MOVAS cells for stable overexpression of HA-tagged EV or
OE-CEBPD were starved in basal medium (DMEM + 0.5%
FBS) for 24 h, pretreated with vehicle or bromodomain
blocker JQ1 (1 uM) for 2 h, and then treated with TNF-a
(final 20 ng/mL) for 24 h prior to harvest for ChIP-gPCR
analysis. Shown on the top of (C) and (D) are the MA0836.1

20

20

and MAO0836.2 motifs in the CEBPD promoter identified
from JASPAR?%?° database (as described in detail in the
Materials and methods section). Quantification: readings
from triplicate quantitative real-time PCR reactions were

OE-CEBPD

normalized to GAPDH and averaged. The average values
a0 810 from at least 3 independent repeat experiments were then
@ s Q @ s C averaged again to calculate mean + SEM (n = 3-5). Sta-
0% A AN M| E os e ¥ A)\_ N tistics: one-way ANOVA followed by Bonferroni post hoc
o e ik T test; *p < 0.05, *'p < 0.01, ***p < 0.001.
CEBPD promoter Enhancer region
ChIP: CEBPD 12 - - ChIP: CEBPD :21 ok ok
10 - 7T
= 8 =
§ j * % 5 tween CEBPD and BRD4 was evident in their
2 i 2 . .
g s % 2 colP; (2) B.RD4‘ enrichment at enhancers ne.ar
K f |||||| % § K Cebpd was identified through ChIP-seq analysis;
TNFa + and (3) CEBPD colP’ed enhancer DNA, as indi-
Jal - - + - - 4+ cated by ChIP-qPCR. Interestingly, echoing our
finding, CEBPD was recently found to bind inflam-
EV OE-CEBPD : . .
matory enhancers in aortic endothelial cells,
E F although a BRD4 involvement was not reported.™
CEBPD promoter (HEK293A) Third, another prominent feature of master TFs is
ChIP: BRD4 ChIP: BRD4 ©0 o a_ax that they regulate their own transcription, a mech-
& o m] % anism thought to efficiently and rapidly activate
‘e c 200
§ § — / — transcription and cell-state transitions in response
> > — . . 6
£ £ to environmental perturbation.” Indeed, CEBPD
s - %§ binding motifs were ientified i
& e s . % \ inding motifs were identified in its own promoter,
0 0 = 4 N and ChIP-qPCR showed that the CEBPD protein
TNFa - TNF& - + + - + + o
J1 - B . % IP’ed its own promoter DNA.
EV OE-CEBPD

our results reveal a BRD4/CEBPD-governed SMC pathophysiological
mechanism.

One of the interesting findings in this study is that CEBPD acted as a
master TF in collaboration with BRD4 in the inflammatory SMC state
transition. Among over a thousand TFs, only a small number of them
are characterized as master TFs. First, they are critically important for
cellidentity (i.e., cell type or state).>'”*” One example is c-Myc, a power-
ful driver of oncogenic cell-state transitions.® In the current study, while
elevating CEBPD increased the expression of salient markers of the in-
flammatory SMC state, silencing CEBPD kept these markers at basal
levels. As such, CEBPD played a key role in the transition of SMCs to
an inflammatory state. Second, master TFs are often found to associate
with BRD4 and enhancers.'”*® This is true for CEBPD, as herein re-
vealed. Evidence includes the following: (1) A physical association be-
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Essentially all the CEBPD physical associations,
including that with the BRD4 protein and its
own promoter and enhancer, could be abolished by using JQ1 to
block the interaction of BRD4 bromodomains with acetylated his-
tone. This indicates a critical role for BRD4 in CEBPD’s master TF
function. In fact, aside from their physical association, we also
observed a CEBPD/BRD4 functional association. First, BRD4 deter-
mined CEBPD expression levels. We further distinguished that
BDI, but not BD2, was important for this BRD4 function—a finding
worth attention, since BD1 and BD2 are highly similar and poorly
differentiated in the literature for their biological functions.***** Sec-
ond, while TNF-a. as a micro-environmental (extracellular) stimulant
upregulated CEBPD which prompted the inflammatory SMC state
transition, BRD4 blockade by JQI abolished this CEBPD upregula-
tion. Third, while TNF-o. and CEBPD overexpression each preferen-
tially increased PDGFRa. over PDGFRp, BRD4 inhibition with JQ1
abolished this effect. Although JQ1 also binds to the bromodomains
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Figure 6. BRD4/CEBPD promotes inflammatory SMC state transition

(A and B) CEBPD gain of function. (C and D) CEBPD loss of function. (E) Treatment of SMCs with TNF-a upregulates BRD4 protein. (F) Effect of pretreatment with bro-
modomain blocker JQ1. MOVAS cells for stable overexpression of HA-tagged EV or OE-CEBPD were starved in basal medium (DMEM + 0.5% FBS) for 24 h, pretreated with
vehicle or JQ1 (1 pM) for 2 h, and then treated with TNF-« (final 20 ng/mL) for 24 h prior to harvest for quantitative real-time PCR (mRNA) or western blot (protein) analysis. For
CEBPD silencing, MOVAS cells were transfected with siRNA for 24 h and cultured in fresh starvation medium (0.5% FBS) for another 24 h prior to TNF-a treatment.
Quantification: readings from triplicate quantitative real-time PCR reactions were normalized to GAPDH and averaged. The average values from at least 3 independent repeat
experiments were then averaged again to calculate mean + SEM (n = 3-5). Statistics: one-way ANOVA followed by Bonferroni post hoc test; *p < 0.05, **p < 0.01, **p <
0.001.
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Figure 7. BRD4/CEBPD regulate PDGFRa preferentially over PDGFRp in SMCs

(A-D) Effect of JQ1 pretreatment on TNF-a-stimulated upregulation of CEBPD and PDGFRa. (A) shows a concentration-dependent effect of JQ1 on reducing CEBPD mRNA
levels; representative western blots are shown in (C). (E and F) CEBPD gain of function. Representative western blots are shown in (E). (G and H) CEBPD loss of function.
Representative western blots are shown in (G). MOVAS cells for stable overexpression of HA-tagged EV or OE-CEBPD were starved in basal medium (DMEM + 0.5% FBS) for
24 h, pretreated with vehicle or JQ1 (1 uM) for 2 h, and then treated with TNF-a. (final 20 ng/mL) for 24 h prior to harvest for quantitative real-time PCR (mMRNA) or western blot
(protein) analysis. For CEBPD silencing, MOVAS cells were transfected with siRNA for 24 h and cultured in fresh starvation medium (0.5% FBS) for another 24 h prior to TNF-a
treatment. Quantification: readings from triplicate quantitative real-time PCR reactions were normalized to GAPDH and averaged. The average values from at least 3 in-
dependent repeat experiments were then averaged again to calculate mean + SEM (n = 3-5). Densitometry of western blots from independent repeat experiments was
normalized to B-actin (similar band intensities on blots) and then averaged to calculate mean + SEM (n = 4 repeat experiments). Statistics: one-way ANOVA followed by
Bonferroni post hoc test; “p < 0.05, *p < 0.01, **p < 0.001.
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Figure 8. Schematic proposal for a BRD4/CEBPD partnership associated
with chromatin

TNF-o as extracellular signal stimulates upregulation of epigenetic reader protein
BRD4, which, while reading H3K27ac, functions in the same complex with tran-
scription factor CEBPD and unknown co-factors (light green background). BRD4
and CEBPD stock up at Cebpd promoter and enhancer to prompt the transcription
of Cebpd. Increased CEBPD elevates the expression of its target genes such as
Pdgfra and propels the inflammatory SMC state transition.

of other BETs, in the current study we could attribute its effect largely
to BRD4 because our data established that BRD4, but not BRD2 or
BRD3, dictated CEBPD expression. In aggregate, these results re-
vealed a functional convergence of BRD4 and CEBPD in the setting
of inflammatory SMC state transition. In addition, that TNF-a upre-
gulated BRD4, which in turn governed CEBPD expression, indicates a
BRD4>CEBPD functional hierarchy.

Thus, we have identified a novel collaborative/hierarchical partner-
ship between a powerful epigenetic reader (BRD4) and a master TF
(CEBPD), which are physically and functionally associated in the
complex that also includes CEBPD’s own promoter. The function
of this partnership manifested in the setting of TNF-a-induced in-
flammatory SMC state transition and also in the activation of
CEBPD’s target genes represented by PDGFRa, a signaling mediator
crucial to SMC state transitions.”” As TFs bind to promoters and en-
hancers of the corresponding genes,” a TF/BRD4 association is
thought to help localize BRD4 to certain genomic loci, thereby
defining its functional specificity.” It is noted that TF/BRDA4 pairing
is highly cell-type and stimulant dependent.’ For instance, in the in-
flammatory endothelial cell-state transition, nuclear factor kB (NF-
kB) was the master TF that paired with BRD4 to potently propagate
this pathogenic process.'” To the best of our knowledge, the CEBPD/
BRD4 partnership was not previously recognized, likely due to a
paucity of information on CEBPD in contrast to extensively studied
CEBPA. A BRD4 functional association with CEBPA in adipogenesis
was recently reported,”>® highlighting context-dependent, differen-
tial functions of different CEBP family members.

In the BRD4/CEBPD partnership observed herein, BRD4 appears to
play a central role orchestrating a multi-factor assembly that drives
the inflammatory SMC state transition. As depicted in the schematic
for the experimental setting of the current study (Figure 8), TNF-a as
extracellular signal stimulates upregulation of the BRD4 protein. While
being anchored at H3K27ac and stocked up at enhancers, BRD4 part-
ners with CEBPD to promote the transcription of Cebpd and other
target genes such as Pdgfra,”® and the inflammatory SMC state transi-
tion ultimately results. This proposition is analogous to a model
emerging from research in oncology and other fields.”® That is, BRD4
“rallies” enhancer-enriched TF(s) with the transcription elongation ma-
chinery and co-factors (e.g., MED1), while reading histone acetylation
marks via its bromodomain(s).”” By doing so, BRD4 may “usher” the
multi-factor assembly to select gene loci enabling their quick activation,
which drives cell state changes. As such, though seemingly a global regu-
lator, BRD4 may assume functional specificity via context-specific asso-
ciations with combinatorial TFs and enhancers at chromatin sites that
are bookmarked (e.g., H3K27ac) in the epigenomic landscape.” Never-
theless, since little is known about the BRD4/CEBPD duet in SMC (or
other) cell-state transitions, future research would generate exciting
new knowledge to help decipher the underlying mechanisms.

Conclusions

Our results reveal a previously unidentified partnership between
BRD4 and CEBPD that is both hierarchical (transcriptional control)
and collaborative (physical association). This mechanism underlies
the inflammatory SMC state transition, a process permissive for IH.
A long-standing barrier in translational medicine is that TFs and en-
hancers inherently lack druggability, limiting their targetability.
Serendipitously, as implicated herein, their functional potency
incumbent on BRD4 exposes an “Achilles’ heel,” that is, the druggable
BRD4 bromodomains, the blocking of which could collapse the as-
sembly of BRD4 with context-specific TFs, enhancers, and transcrip-
tion machinery. Therefore, justification is compelling for more
research on the BRD4/CEBPD partnership, so that essential informa-
tion would become available for precision-oriented therapeutic inter-
ventions of IH and beyond.

MATERIALS AND METHODS

Materials

Various resources including kits and reagents are presented in Table
S1.

Animals

All animal studies conform to the Guide for the Care and Use of Lab-
oratory Animals (National Institutes of Health) and protocols
approved by the Institutional Animal Care and Use Committee.
Male Sprague-Dawley rats purchased from Charles River Labora-
tories (Wilmington, MA, USA) were used for experiments (at 300
350 g body weight).

Rat carotid artery balloon angioplasty model

To induce IH, angioplasty was performed to injure rat carotid arteries,
following our previous report.” Briefly, rats were kept anesthetized
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with 2%-2.5% isoflurane (inhaling, 2 L/min). After the left common
carotid artery was dissected, a 2-F balloon catheter (Edward Lifescien-
ces, Irvine, CA, USA) was inserted into the common carotid artery
through an arteriotomy in the external carotid artery. The balloon
was inflated (at 1.5 atm), withdrawn to the carotid bifurcation, and
then deflated. This action was repeated three times. Finally, blood
flow was resumed, and the neck incision was closed. The animal
was kept on a 37°C warm pad to recover. For postoperative analgesia,
in addition to carprofen and bupivacaine, buprenorphine (0.03 mg/
kg) was subcutaneously injected. At indicated time points, common
carotid arteries were collected, and either cryopreserved for ChIP
sequencing (see below) or fixed for cross-section preparation and
immunohistochemistry to detect BET protein expression, as
described in detail in our earlier report.’

Artery tissue ChIP sequencing and data processing

Artery collection was performed at 7 days after balloon angioplasty.
To preserve the real-time epigenetic information, balloon-injured
and uninjured (contralateral) common carotid artery segments
were severed and snap-frozen in liquid N,. Artery tissues from 50
rats were pooled for ChIP experiments, and high-throughput
sequencing and data quality control were performed by Active Motif
per company standard procedures. Briefly, chromatin was isolated
after adding lysis buffer, followed by disruption with a Dounce ho-
mogenizer. Genomic DNA was sheared to an average length of
300-500 bp by sonicating the lysates, and the segments of interest
were immunoprecipitated using an antibody (4 pg) against BRD4,
H3K27a, H3K27me3, or H3K4mel. The protein/DNA complexes
eluted from beads were treated with RNase and proteinase K, cross-
link was reversed, and the ChIP DNA was then purified for use in
the preparation of Illumina sequencing libraries. Standard steps
included end-polishing, dA-addition, adaptor ligation, and PCR
amplification. The DNA libraries were quantified and sequenced on
Ilumina’s NextSeq 500, as previously described.'® Sequence reads
were aligned to the reference genome Rn5; peak locations were iden-
tified using Macs2 algorithm®® and annotated based on UCSC RefSeq.
A p value threshold of enrichment of 1e—9 was used for all datasets.
ChIP-seq reads aligning to each region were extended by 200 bp, and
the density of reads per base pair was calculated and normalized to the
total number of million mapped reads. As such, the unit of read den-
sity is reads per million mapped reads per base pair (rpm/bp). In-
house shell and R scripts (https://www.r-project.org) were used for
data integration. Enhancers were mapped using the ROSE software
package available at younglab.wi.mit.edu/super_enhancer_code.
html. To describe genome-wide correlation between BRD4 occu-
pancy, H3K27 acetylation, and chromatin accessibility, numbers of
peaks/hotspots within 5 kb of one another were counted and pre-
sented as a Venn diagram. Integrative Genomics Viewer (IGV)
(https://www.broadinstitute.org/igv/) was used for visualization.
Annotation files were downloaded from UCSC.

CEBPD motif search

Motif search was performed in the human database using two ap-
proaches, JASPAR Scan function and MEME suite FIMO function.
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Both led to the identification of two CEBPD motifs in the CEBPD pro-
moter with a p value of 0.0006: MA0836.1 and MA0836.2 (http://jaspar.
genereg.net/matrix/MA0836.1/; http://jaspar.genereg.net/matrix/MAO
836.2/).

Since the in vitro experiments were performed using MOVAS (mouse
SMCline), we also searched the Cebpd gene promoter region in UCSC
mm9 (mouse) genome; position: chrl6: 15887379-15889638;
Strand: +. The search reported the CEBPD motif MA0836.2 at two lo-
cations, with relative profile scores of 83% and 81%, respectively;
retrieve sequences: http://genome.ucsc.edu/cgi-bin/das/mm9/dna?
segment:chrl 6:15886379,15887378.

Vascular SMC culture and transfection with siRNA

SMCs (MOVAS) were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin
with 5% CO, at 37°C. For transfection with siRNA, cells were
cultured to 60%~80% confluence; the RNAi Max transfection reagent
was then added and incubated for 12 h. The cells recovered in fresh
DMEM (no lipofectamine, 0.5% FBS) for 12 h and starved for 24 h
in DMEM with 0.5% FBS. The cells were then incubated with
20 ng/mL TNF-a or solvent control (0.1 BSA, 4 mM HCI) for another
24 h before harvest for various analyses. The siRNA sequences are
listed in Table S2.

Lentiviral constructs for expressing dominant-negative BRD4
bromodomains

Construction of vectors for the expression of GFP (control) or its
fusion with BRD4-BD1 or BRD4-BD2, lentivirus packaging in
Lenti-X 293 cells, and viral transduction of MOVAS cells were per-
formed as we recently reported,” with minor modifications. The crude
viral solution was concentrated using Lenti-x concentrator (Takara,
cat. no. 631232) to a final concentration of 108-109 IFU/mL using
the Lenti-x quantitative real-time PCR Titration Kit (Takara, cat.
no. 631235). Lentivirus with MOI of 10 was used for transduction
of MOVAS cells. Cells cultured to a 70% confluency were changed
to starvation medium (0.5% FBS), and lentivirus plus polybrene
(Santa Cruz., cat. no. sc-134220) was added and incubated for 6 h.
The cells were then cultured for recovery in fresh full medium
(10% FBS) for 24 h before use in experiments.

Lentiviral-mediated SMC stable cell lines

For CEBPD gain-of-function studies, the Cebpd gene was cloned into
the Lenti-hemagglutinin (HA) vector (from Addgene), and the
construct for empty vector (Lenti-HA) and that for CEBPD overex-
pression (Lenti-HA-CEBPD) were prepared. For CRISPR-mediated
enhancer deletion, enhancer-specific short guide RNA (sgRNA) se-
quences were cloned into a Cas9-expressing vector (lentiCRISPR
v2, Addgene, cat. no. 52961); the lentiCRISPR v2 vector served as con-
trol. For genetic silencing of BRD2, BRD3, and BRD4, their respective
small hairpin RNA (shRNA) sequences were each cloned into the
pLKO.1 puro vector (Addgene, cat. no. 8453). To silence each gene,
two shRNA sequences (Table S2) were used for cloning and lentivirus
packaging, which resulted in a selected stable mouse smooth muscle
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cell line (MOVAS). For lentivirus packaging, each of the above con-
structs was transfected into the LentiX-293 cell line together with
plasmids PMD2G and PSPAX2. After incubation for 24 h, the vi-
rus-containing supernatant was collected. Lentivirus was purified
and used to transduce MOV AS, and the stable cell line was selected
against puromycin.

Western blot analysis

MOVAS cells were lysed in RIPA buffer. After quantifying with DC
protein assay, equal amount of protein (20-40 pg) was loaded and
separated in 9% gel by SDS-PAGE and then transferred to a polyviny-
lidene difluoride (PVDF) membrane. The membrane was incubated
with a primary antibody overnight at 4°C, rinsed 3%, and then incu-
bated with a horseradish peroxidase-conjugated secondary antibody
for 1 h at room temperature. Specific protein bands were illuminated
by applying enhanced chemiluminescence (ECL) reagents (Thermo
Fisher Scientific; cat. no. 32106) and then recorded with Azur LAS-
4000 Mini Imager (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA). Band intensity was quantified with Image]. All antibodies are
included in Table S3.

Quantitative real-time PCR

Total RNA was extracted from cell lysates using the TRIzol reagent
following the manufacturer’s instruction (Thermo Fisher Scientific,
15596026) and used for cDNA synthesis with the High-Capacity
c¢DNA Reverse Transcription kit (Thermo Fisher Scientific,
4368814). In each 20 pL of reaction, 10 ng of cDNA was amplified
through quantitative real-time PCR using PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific, A25778), and mRNA levels
were determined using 7500 Fast Real-Time PCR System (Applied
Biosystems, Carlsbad, CA). The data were normalized to glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) using the AACt method.
The primers are listed in Table S4.

ColP

We used Pierce Crosslink Immunoprecipitation Kit (Thermo Scien-
tific, 26147) and followed the manufacturer’s instruction. Briefly, cells
were rinsed and incubated with ice-cold hypotonic buffer (20 mM
HEPES, 20% glycerol, 10 mM NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA and 0.1% NP-40) supplemented with 1 mM dithiothreitol,
and protease and phosphatase inhibitor cocktail (Thermo Fisher Sci-
entific, 87785). Nuclei were collected and sonicated, and the lysates
were cleared by centrifugation. Magnetic beads (Dynabeads Protein
A or G, Invitrogen) preloaded with an anti-HA antibody were added
to the supernatant and incubated at 4°C for 4 h. The beads were
washed 3x with the binding buffer (50 mM Tris-Cl, 150 mM NaCl,
1 mM EDTA, 10% glycerin), and SDS sample buffer was then added
to elute the coIP’ed proteins for western blot determination.

ChIP-gPCR assay

ChIP was performed as we recently reported®® using the Pierce Mag-
netic ChIP kit (Thermo Fisher Scientific, 26157). Briefly, cells were
cross-linked with 1% formaldehyde, and the reaction was stopped
by glycine. The cells were washed and lysed for nuclei extraction.

Micrococcal nuclease was added to the nuclei suspension to digest
the DNA for 15 min at 37°C, and then MNase Stop Solution was
added to stop the reaction. The recovered nuclei were re-suspended
in IP Dilution Buffer and sonicated (four 5-s pulses at 20 W for
1 x 10° cells) to disrupt the nuclear membrane. Chromatin extracts
containing DNA fragments (~500 bp in each) were immunoprecip-
itated by incubating with a specific antibody (or immunoglobulin G
[IgG] control) overnight at 4°C. ChIP-grade Protein A/G Magnetic
beads were added and incubated for ~2-4 h at 4°C. RNase A and pro-
teinase K were used to digest RNA and protein. The purified DNA
was used for quantitative real-time PCR as described above. Primer
sequences are presented in Table S4. The primers for the enhancer re-
gion: Forward, TAGTTCTGGTCTCGTGGCGG; reverse, TTCCTG
TTTGTGCGGTTTGG.

Statistical Analysis

Data are presented as mean + standard error of the mean (SEM).
Normality of the data was assessed based on Shapiro-Wilk
normality test prior to statistical calculation using Prism 6.0 soft-
ware (GraphPad). One-way ANOVA followed by Bonferroni post
hoc test was applied, as specified in each figure legend; p < 0.05
was considered significant. For ChIP-seq data, statistical analyses
were performed using SAS/STAT software, version 9.2 (SAS Insti-
tute, Cary, NC, USA).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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