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Abstract

Background Pulmonary arterial hypertension (PAH) encompasses a group of diseases characterized by raised pul-
monary vascular resistance, resulting from vascular remodelling and inflammation. Bromodomain and extra-terminal
(BET) proteins are required for the expression of a subset of NF-kB-induced inflammatory genes which can be inhib-
ited by the BET mimic JQ1+. We hypothesised that JO+would supress TNFa-driven inflammatory responses in human
pulmonary vascular cells from PAH patients.

Methods Immunohistochemical staining of human peripheral lung tissue (N=14 PAH and N=12 non-PAH) was per-
formed for the BET proteins BRD2 and 4. Human pulmonary microvascular endothelial cells (HPMEC) and pulmo-
nary artery smooth muscle cells (HPASMC) from PAH patients (N=4) and non-PAH controls (N=4) were stimulated
with TNFa in presence or absence of JQ1+or its inactive isomer JQ1-. IL-6 and -8 mMRNA was measured by RT-gPCR
and protein levels by ELISA. Chromatin immunoprecipitation analysis was performed using EZ-ChIP™ and NF-kB p65
activation determined using a TransAm kit. MTT assay was used to measure cell viability.

Results Nuclear staining of BRD2 and BRD4 was significantly (p <0.0001) increased in the lung vascular endothelial
and smooth muscle cells from PAH patients compared to controls with normal lung function. TNFa-driven IL-6 release
from both HPMECs and HPASMCs was greater in PAH cells than control cells. Levels of CXCL8/IL-8 protein release

was higher in PAH HPASMCs than in control cells with similar release observed in HPMECs. TNFa-induced recruitment
of activated NF-kB p65 to the IL-6 and CXCL8/IL-8 promoters were similar in both cell types and between subject
groups. JQ1+suppressed TNFa-induced IL-6 and CXCL8/IL-8 release and mRNA expression to a comparable extent

in control and PAH HPMECs and HPASMCs. JQ1 had a greater efficacy on IL-6 release in HPMEC and on CXCL8/IL-8
release in HPASMC.

Conclusion BET inhibition decreases TNFa driven inflammation in primary pulmonary vascular cells. The anti-inflam-
matory actions of JQ1 suggests distinct cell-specific regulatory control of these genes. BET proteins could be a target
for future therapies for PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a rare and
incurable progressive disease of the lung vasculature
which leads to right heart failure and death. It encom-
passes a group of diseases characterized by raised pul-
monary vascular resistance, resulting from vascular
remodelling in the pre-capillary resistance arterioles [1,
2]. Many factors contribute to the vasoconstriction and
vascular remodelling, but despite therapeutic advances
for PAH the 3-year survival is only~70% [2—4]. Treat-
ment with pulmonary vasodilators, such as endothelin
receptor antagonists, prostacyclin analogues and phos-
phodiesterase type V inhibitors have improved both
morbidity and mortality but are not a cure [2, 5]. It is
important, therefore, to understand the mechanisms
of vascular remodelling in PAH and to determine novel
therapies targeting these abnormalities.

Vascular remodelling is common to all types of PAH
and in early stages of the disease there is a significant
increase in inflammation and oxidative stress causing
cell damage and programmed cell death [6, 7]. In con-
trast, increased proliferation is a hallmark of later dis-
ease [8]. Markers of increased inflammation, such as
nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) activation, is seen in pulmonary vascular
endothelial cells in patients with idiopathic PAH (IPAH)
[9]. Endothelial cells, in vitro, produce cytokines that
are also found circulating in the plasma of patients with
IPAH and correlate with worse survival [10].

Epigenetic changes such as histone acetylation regu-
late inflammatory gene expression and cell proliferation,
migration and survival [11, 12]. The histone acetylation/
deacetylation balance is maintained by histone acetyl-
transferases (HATs) and histone deacetylases (HDACs)
which control chromatin structure and the accessibility
of transcription factors for their target genes [13]. His-
tone acetylation, is linked to heightened inflammatory
gene expression [14, 15]. Bromodomains (BRDs) are con-
served structures that read acetylated lysine’s to interpret
the histone acetylation topography. BRD-containing bro-
modomain and extra-terminal (BET) proteins co-ordi-
nate the regulation of genes involved in cell proliferation,
apoptosis, and inflammation [16, 17].

The expression of BET proteins, specifically BRD4, is
increased in PAH lung tissue, distal pulmonary arteries
(PAs) and right ventricle (RV) compared to control tis-
sues [18, 19]. Overexpression was also demonstrated
in isolated PAH pulmonary artery smooth muscle cells
(PASMCs) compared to control cells [18]. However,
both BRD2 and 4 regulate inflammatory gene expres-
sion in several murine and human cell types [20-22] and
molecular mimics such as JQ1l+, which block binding
to acetylated histones, attenuate cell proliferation and
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differentiation in vivo and in cell lines [23-25]. I-BET151,
a structurally similar BET mimic, reduced inflammation
in vivo and in vitro following LPS challenge [23]. In the
Sugen/hypoxia rat model, BRD4 inhibition using JQ1 or
siBRD4 in vivo reversed established PAH and decreased
proliferation, increased apoptosis and restored mito-
chondrial membrane potential in PAH-PASMCs, sug-
gesting that BRD4 upregulation may be pathologically
associated with PAH [18].

The clinically available BET inhibitor, RVX208 (Apa-
betalone) showed promise in preclinical trials [26], where
it reversed PA remodelling in various PAH rat models,
potentially via modulation of proinflammatory, propro-
liferative and prosurvival pathways. Apabetalone has
undergone phase I-1II cardiovascular trials where it failed
to show a significant effect on cardiovascular death but
did show promise on secondary outcomes and was well
tolerated [27]. A recent pilot study, clinical trial (NCT
03655704) was carried out to test the feasibility of Apa-
betalone for a future early-stage trial to evaluate inhibi-
tion of BRD in PAH [28]. This single-arm open-label
study reported that apabetalone was feasible and that
further studies are required to confirm the efficacy sig-
nal but it may be associated with beneficial effects when
added to current PAH therapies.

We hypothesised that BET mimics will effectively sup-
press inflammation-driven functions of human pulmo-
nary artery smooth muscle (HPASMC) and pulmonary
microvascular endothelial cells (HPMEC). We investi-
gated the effect of the BET mimic JQ1+ on the regulation
of TNFa-driven inflammatory responses in HPASMCs
and HPMECs from PAH patients and non-PAH subjects
and determined the expression of BRD2 and 4 in vascular
cells from PAH patients and control lung tissue.

Methods

Tissue collection and cell isolation

Demographics for the donors used for cell culture have
previously been described [29]. See Table 1 for the donor
demographics for the peripheral lung tissue sections.

Cell culture and treatment
Both cell types were cultured until 70% confluent at
37 °C and 5% CO,. 24 h prior to experiments, media was

Table 1 Donor demographics for the immunohistochemical
study of BRDs in peripheral lung tissue. Data are expressed as
mean £ SEM

Subjects Number Age (years) Sex
Non-PAH controls 12 68.2+24 9 M/3F
PAH 14 385+29 7 M/7F
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changed to EGM2 containing 0.1% FCS for HPMEC and
0.1% BSA for HPASMC before being returned to media
containing 5% FCS in the presence or absence of the BET
mimic JQ1+ or its inactive enantiomer JQ1- for 2 h prior
to the addition of TNF« for varying amounts of time
depending on the experiment.

Measurement of mRNA transcripts

Total RNA was isolated using RNeasy mini kit (Qiagen
Ltd, Crawley, UK). Single stranded cDNA was synthe-
sized from quantified RNA by reverse transcription using
a high-capacity cDNA kit (Applied Biosystems), following
the manufacturer’s instructions. QPCR was performed
in a Rotor-Gene 6000 PCR machine (Corbett Research,
Cambridge, UK) using a QuantiTect SYBR Green PCR kit
and Quantitect primers (Qiagen). PCR data for each gene
was normalised to a housekeeping gene, -actin and rep-
resented as fold change respective to the t=0 or 4 h time
point, using the delta-delta CT (2-22CT) method [30].

ELISAs
IL-6 and CXCLS8 levels in culture supernatants were ana-
lysed by sandwich ELISA (BioTechne, Oxford, UK).

NF-kB p65 activation assay

Cells were collected, and nuclear extracts prepared using
a nuclear extract kit (Active Motif Europe, Belgium),
according to the manufacturer’s instructions. Protein
concentration was determined by the Bradford assay
(Bio-Rad Laboratories Ltd, Hemel Hempstead, UK).
NF-kB p65 activation was measured using TransAM
NF-«kB p65 activation kit (Active Motif) following the
manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was carried out using the EZ-ChIP™ kit (Mil-
lipore, Watford, UK) according to the manufacture’s pro-
tocol as previously described [29].

Immunoperoxidase staining of FF/PE human peripheral lung

Sections were dewaxed and rehydrated as previously
described [9], followed by heat-mediated antigenic
retrieval using a pH 6.0 citrate buffer (BRD2) or a pH 8.0
EDTA buffer (BRD4). Endogenous peroxidase activity
was quenched by incubation of the slides in 3% hydro-
gen peroxide for 30 min; cell membranes were permea-
bilised by 0.1% saponin in PBS, and non-specific labelling
blocked by 5% normal horse serum (BRD2) or 5% normal
goat serum (BRD4) in PBS for 20 min, at room tempera-
ture (as for all the following steps). After washing in PBS,
sections were incubated for 1 h with mouse anti-human
BRD2 (sc-393720; Santa Cruz Biotechnology) at a 1:2900
dilution (0.069 pg/ml) or with rabbit anti-human BRD4
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(ab128874; Abcam) at a 1:300 dilution (1.577 pg/ml). For
negative control slides, normal mouse or normal rabbit
non-specific immunoglobulins (Santa Cruz Biotechnol-
ogy) were used at the same protein concentration as the
primary antibodies. After repeated PBS washing, sec-
tions were incubated with anti-mouse or anti-rabbit
biotinylated antibody (Vector ABC Kit, Vector Labo-
ratories) for 30 min. Sections were then incubated with
ABC reagent (Vector ABC Kit, Vector Laboratories) for
30 min and stained with chromogen-fast diaminoben-
zidine (DAB) for 1-5 min. Finally, the slides were coun-
terstained in haematoxylin and mounted on permanent
mounting medium.

Statistical analysis

Data are represented as mean = SEM. Data were analysed
by Student’s ¢ test for two groups of data, by one-way
ANOVA/Dunn’s multiple comparison test for more than
two data sets using GraphPad Prism (La Jolla, CA, USA).
Differences were considered significant for p <0.05.

Results

The authors would like to highlight that the HPMEC data
from non-PAH controls presented in this manuscript has
previously been published [31] but is shown here in this
paper for comparison to the data in PAH.

BRD2 and 4 expression in vascular cells from PAH patients
and controls

Representative images of BRD2 and BRD4 immunohisto-
chemical staining in HPMECs and HPASMCs from PAH
and control subjects are shown in Fig. 1A and B respec-
tively. Nuclear and cytosolic levels of BRD2 were signifi-
cantly (p<0.0001) increased in the endothelium (Fig. 1C
and D respectively) and smooth muscle cells (Fig. 1E and
F respectively) in lung tissue from PAH patients com-
pared to controls with normal lung function. There was
a significant (p <0.001) increase in nuclear BRD4 expres-
sion in both cell types in PAH patients compared to con-
trols (Fig. 1G and H) but no increase in cytosolic BRD4
was seen.

TNFa increases IL-6 and CXCL8 protein levels in HPMEC

Concentration and time course experiments were per-
formed with TNFa to elucidate the optimum conditions
for release of IL-6 and CXCL8 protein from pulmo-
nary endothelial cells. Incubation of control and PAH
HPMEC with TNFa (0-100 ng/ml) resulted in a con-
centration-dependent increase in the release of IL-6
at 6, 16 and 24 h (Additional file 1: Fig. S1A and B). In
response to TNFa endothelial cells from PAH patients
released approximately four times more IL-6 at 24 h
(1.63£0.38 v 0.45+0.22 ng/ml). Similar time- and
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Fig. 1 BRD2 and 4 protein expression in vascular cells from PAH patients and controls. Immunohistochemistry was performed on lung tissue
sections from control (n=12) and PAH (n=14) patients to determine levels of BRD2 and 4 protein expression. A BRD2 expression in pulmonary
endothelial cells from PAH patients (a) and controls (b) and smooth muscle cells from PAH patients (c) and controls (d). B BRD4 expression

in pulmonary endothelial cells from PAH patients (a) and controls (b) and smooth muscle cells from PAH patients (c) and controls (d).x 100
magnification, bar=20 um. Slides were scored and average BRD2 expression in the nucleus and cytosol of pulmonary endothelial cells C and D
and smooth muscle cells E and F plotted. BRD4 expression in the nucleus of pulmonary endothelial cells G and smooth muscle cells H. Data are
shown as scatter plots with mean + SEM. Statistical comparisons were made using non-parametric t-test **p <0.001, ***p <0.0001

concentration-dependent increases in CXCL8 release
were seen in TNFa-treated (0-100 ng/ml) cells, except
that control and PAH cells released similar levels of
CXCL8 in response to TNFa (Additional file 1: Fig. S1C
and D). TNFa (10 ng/ml) was selected for future experi-
ments due to loss of cell viability with 100 ng/ml at 24 h
(data not shown).

TNFaincreases IL-6 and IL-8 mRNA levels in HPMEC

TNFa (10 ng/ml) caused a rapid and significant
(p<0.001) induction of IL-6 mRNA at 2 h in both con-
trol and PAH HPMEC. IL-6 mRNA levels continued to
increase in control cells and plateaued at around 8 h,
however the levels declined in PAH cells after 2 h but a
secondary peak was observed at 24 h (Additional file 2:
Fig. S2A and B). TNFa-induced IL-6 mRNA was signifi-
cantly higher in control endothelial cells compared to
that in PAH patients.

There was a large and highly significant (p<0.0001)
increase in IL-8 mRNA at 2 h in response to TNFa in
both control and PAH endothelial cells. With control
cells increasing IL-8 mRNA levels 150 times and PAH
cells over 30 times compared to untreated levels (Addi-
tional file 2: Fig. S2C and D). In control cells, IL-8 mRNA
levels gradually declined between 4-24 h whereas in PAH
cells they increased but still remained lower than lev-
els seen in control cells. TNFa treatment resulted in a
greater induction of IL-8 mRNA in control HPMEC com-
pared to PAH cells. In all subsequent mRNA experiments
cells were incubated with TNFa for 4 h.

Effect of JQ1 on TNFa stimulated IL-6 and CXCL8 protein
levels in HPMEC form PAH patients and controls

HPMEC were pre-incubated for 2 h with different
concentrations (0-1000 nM) of JQ1l+or the inactive
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compound JQIl- prior to treatment with 10 ng/ml
TNFa for 24 h.

JQ1+, but not JQIl-, decreased TNFa-stimulated
release of IL-6 from control and PAH endothelial cells
(Fig. 2A and B). The inhibitory effects of JQ1 + only
reached significance (p<0.05) at concentrations
of 500 and 1000 nM in PAH-HPMEC. The ICj;, for
JQ1+ on TNFa-stimulated IL-6 release in HPMEC was
93120 nM in controls and 108 + 14 nM in PAH derived
cells.

JQ1l+showed a concentration-dependent decrease
in CXCL8 release from TNFa-stimulated control and
PAH HPMEC, reaching significance with 1000 nM
JQ1+in PAH cells (Fig. 2C and D). JQ1- had no effect
on TNFa stimulated CXCL8 release. The IC;, for
JQ1+ suppression of TNFa-induced CXCLS8 release was
3 times higher than that required for TNFa-stimulated
IL-6 release in both control (308+70 nM) and PAH
cells (313 £ 24 nM). For further experiments, pre-treat-
ment of cells for 2 h with JQ1 + (1000 nM) was used as
no detectable loss in cell viability was seen.
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Effect of JQ1 on TNFa stimulated induction of IL-6 and IL-8
mRNA levels in HPMEC

JQ1+, but not JQI-, significantly (p<0.001) inhibited
TNFa-stimulated IL-6 mRNA induction in HPMEC
from both controls and PAH patients (Fig. 3A and B).
JQ1l+had a greater effect in control cells compared to
PAH-derived cells even though control cells gave a three
times greater induction of IL-6 mRNA.

JQ1+, but not JQ1-, also decreased TNF«-stimulated
IL-8 mRNA induction in HPMEC from control and PAH
patients by 80-90% but this did not reach significance for
either group (Fig. 3C and D). Again, induction of mRNA
levels by TNFa was three times higher in control cells
and JQ1+had a greater effect on TNFa-stimulated IL-8
induction in these cells compared to disease.

Effect of JQ1 on TNF stimulated enrichment of NF-kB p65
and BRD4 to -kB binding sites on IL-6 and IL-8 promotors
HPMEC were pre-incubated with JQ1 + (1000 nM) for 2 h
prior to treatment with TNFa (10 ng/ml) for up to 4 h for
TransAm analysis and for 3 h in ChIP assays. JQ1+had
no effect on TNFa-stimulated NF-xB p65 DNA binding
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Fig. 2 Effect of JQ1 on TNFa stimulated IL-6 and CXCL8 levels in HPMEC. Control (lefthand panels) and PAH (righthand panels) HPMECs were
pre-incubated with JQ1+or JQ1- for 2 h prior to the addition of TNFa (10 ng/ml) for 24 h. Culture media was collected and levels of IL-6 A and B
and CXCL8 C and D determined by ELISA. Data are shown as mean +SEM of N=8 independent experiments (4 Donors at 2 different passages).
Statistical comparisons were made using Kruskal-Wallis one-way ANOVA with Dunns post-test. *p < 0.05, **p < 0.01, ***p <0.001 when compared

to media control and *p <0.05 when compared to TNFa.
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Fig. 3 Effect of JQ1 on TNFa stimulated induction of IL-6 and IL.-8 mRNA levels in HPMEC. HPMECs from control (lefthand panels) and PAH
(righthand panels) patients were pre-incubated with JQ1+ (1000 nM) for 2 h prior to the addition of TNFa (10 ng/ml) for 4 h. Cells were collected,
RNA extracted, after which cDNA synthesis and RT-PCR was performed for IL-6 (A and B) and IL-8 (C and D). Data are shown as mean + SEM of N=8
(4 Donors at 2 different passages) experiments. Statistical comparisons were made using Kruskal-Wallis one-way ANOVA with Dunns post-test.
*p<0.05,**p<0.01,***p <0.001 when comparing to media control or as indicated by the line

in HPMECs from control or PAH subjects measured by
TransAm over the time-course studied (30—-240 min, data
not shown).

ChIP analysis showed that TNFa enhanced NF-kB
p65 recruitment to kB binding sites in the IL-6 and IL-8
promotor regions to a similar extent in HPMEC from
controls and PAH patients (Fig. 4). This increase was

(See figure on next page.)

significant (p <0.01) in controls but failed to reach sig-
nificance in cells from patients with PAH. Pre-incuba-
tion with JQ1 +resulted in a decrease in recruitment of
NF-«B p65 to the kB binding site on the IL-6 (Fig. 4A
and B) and IL-8 (Fig. 4C and D) promotor regions to
near basal levels in control and PAH HPMEC.

Fig. 4 Effect of JQ1 on TNF stimulated enrichment of NF-kB p65 and BRD4 to -kB binding sites on IL-6 and IL-8 promotors in HPMEC. HPMEC
from control (lefthand panels) and PAH (righthand panels) patients were pre-incubated with JQ1+ (1000 nM) for 2 h prior to treatment with TNFa
(10 ng/ml) for 3 h. Cells were harvested and ChIP analysis performed to determine enrichment of NF-kB p65 to kB binding sites on IL-6 A and B
and IL-8 C and D promotors. Additionally, enrichment of BRD4 to -kB binding sites on IL-6 E and F and IL-8 G and H promotors was determined.
Data are shown as mean + SEM of N=8 (4 Donors at 2 different passages) experiments. Statistical comparisons were made using Kruskal-Wallis
one-way ANOVA with Dunns post-test. *p <0.05, **p <0.01, ***p <0.001 when comparing to media control or as indicated by the line
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TNFa stimulation of HPMEC from control and PAH
patients resulted in an increase in the recruitment of
BRD4 to the kB binding site on the IL-6 and IL-8 promo-
tor regions (Fig. 4). This increase was significant (p <0.05)
for both controls and PAH cells for the IL-6 promo-
tor (Fig. 4E and F) but only significant (p<0.01) for the
control cells for recruitment of BRD4 to IL-8 promotor
(Fig. 4G and H).

Pre-treatment with  JQI +significantly  (p<0.05)
reduced TNFa-induced BRD4 recruitment to the IL-6
kB site (Fig. 4E and F). JQl+also decreased TNFa-
stimulated recruitment of BRD4 to the IL-8 kB site to
near basal levels but this failed to reach statistical signifi-
cance (Fig. 4G and H). JQ1- had no effect on the binding
of NF-«B p65 or BRD4 to the IL-6 or IL-8 promoter kB
binding sites.

TNFa increases IL-6 and CXCL8 protein levels in HPASMC
As with HPMECs, concentration- and time-course
experiments were performed with TNFa to elucidate
the optimum conditions for release of IL-6 and CXCL8
protein from HPASMCs. Incubation of control and
PAH HPASMC with TNFa (0-100 ng/ml) resulted in
a time- and concentration-dependent increase in IL-6
release (Additional file 3: Fig. S3A and B). Significant
(p<0.05) increases in IL-6 were seen with TNFa con-
centrations > 1 ng/ml at 16 and 24 h, with cells from PAH
patients releasing more IL-6 then controls in response
to TNFa. Both control and PAH HPASMCs released
10 times more IL-6 in response to TNFa compared to
HPMECs.

Similar time- and concentration-dependent increases
in CXCLS8 release were seen in TNFa (0-100 ng/ml)-
treated cells, with PAH cells releasing almost double the
amount of CXCL8 in response to TNFa compared to
healthy cells (Additional file 3: Fig. S3C and D). Healthy
HPASMC and HPMEC released similar levels of CXCLS,
but PAH HPASMC released double the amount of
CXCL8 compared to HPMEC in response to TNFa. In all
subsequent experiments, 10 ng/ml TNFa was used due
a drop in cell viability with 100 ng/ml at 24 h (data not
shown).

TNFaincreases IL-6 and IL-8 mRNA levels in HPASMC

TNFa (10 ng/ml) caused a large and significant (p <0.01)
induction of IL-6 mRNA at 2 h in both control and PAH
HPASMC (Additional file 4: Fig. S4A and B). IL-6 mRNA
levels continued to increase in control cells up to 8 h
and then declined but were still significantly (p<0.01)
increased compared to untreated cells at 24 h. In PAH
cells after the initial rapid increase in IL-6 mRNA at 2 h
the levels slowly decreased but remained significantly
increased compared to untreated cells. TNFa caused
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a threefold greater induction of IL-6 mRNA in control
HPASMC compared to PAH cells. A greater induction of
IL-6 mRNA in response to TNFa was seen in HPASMCs
compared to HPMECs (threefold in control and twofold
in PAH cells).

Stimulation of HPASMC with TNFa resulted in a sig-
nificant (p<0.01) induction of IL-8 mRNA at 2 h which
continued to increase to around 8 h where levels were
some 6000 times higher than basal levels in control cells
and 700 times higher in PAH HPASMC. At 24 h post
TNFa treatment IL-8 mRNA levels had declined but
were still significantly (p<0.05) higher than untreated
cells (Additional file 4: Fig. S4C and D). TNFa caused
a tenfold greater induction of IL-8 mRNA in control
HPASMC compared to PAH cells. In comparison to
HPMECs treated with TNFa, HPASMC showed a far
greater induction of IL-8 mRNA in control and PAH cells
(30-fold in control and 20-fold in PAH cells).

Effect of JQ1 + on TNFa stimulated IL-6 and CXCL8 protein
levels in HPASMC

As with HPMECs, HPASMC were pre-incubated for 2 h
with JQ1+or JQ1- (0-1000 nM) prior to treatment with
10 ng/ml TNF« for 24 h. JQ1+, but not JQ1-, decreased
TNFa-stimulated IL-6 release from control and PAH
cells (Fig. 5A and B). The inhibitory effects of JQ1 +only
reached significance (p<0.05) at 500 and 1000 nM in
control-HPASMC. The ICy, for JQ1+in HPASMC was
181 +27 nM in controls and 248 + 50 nM in PAH-derived
cells. The IC;, for JQl+in HPASMC was double that
required for HPMEC.

JQ1+showed a concentration-dependent decrease in
CXCLS release from TNFa-stimulated control and PAH
HPASMC, reaching significance (p<0.01) with 1000 nM
JQl+in control cells (Fig. 5C and D). The JQ1+ICg,
in control cells was 115+24 nM and in PAH cells was
140+ 40 nM. These IC, values were threefold lower than
for HPMECs. JQ1- had no effect on TNFa stimulated
CXCLS release. For further experiments JQ1 +was used
at 1000 nM as no detectable loss in cell viability was seen.

Effect of JQ1 + on TNFa stimulated IL-6 and IL-8 mRNA
levels

JQ1+ decreased TNFa-stimulated IL-6 mRNA induction
in HPASMC reaching significance in PAH cells (Fig. 6A
and B). JQ1- had no effect on TNFa stimulated IL-6
mRNA induction.

JQ1+, but not JQ1-, also decreased the large increase
in TNFa-stimulated IL-8 mRNA induction in HPASMC
from controls and PAH patients by 80-90% but this did
not reach statistical significance (Fig. 6C and D).
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Fig. 5 Effect of JQ1 on TNFa stimulated IL-6 and CXCL8 levels in HPASMC. Control (lefthand panels) and PAH (righthand panels) HPASMCs were
pre-incubated with JQ1 +or JQ1-for 2 h prior to the addition of TNFa (10 ng/ml) for 24 h. Culture media was collected and levels of IL.-6 A and B
and CXCL8 C and D determined by ELISA. Data are shown as mean+ SEM of N=8 experiments (4 Donors at 2 different passages). Statistical

comparisons were made using Kruskal-Wallis one-way ANOVA with Dunns post-test. *p <0.05, **p < 0.01, ***p <0.001 when compared to Media

control and 'p <0.05, #p <0.01 when compared to TNFa

Effect of JQ1 + on TNFa-stimulated enrichment of NF-kB
p65 and BRD4 to -kB binding sites on IL-6 and IL-8
promotors

As with HPMECs, TransAm analysis showed that
JQlthad no effect on TNFa-stimulated NF-xkB p65
nuclear translocation in HPASMC from control and PAH
patients over 0—4 h (data not shown).

In HPASMC from controls and PAH patients TNFa
stimulation resulted in a significant (p<0.05) increase
in the recruitment of NF-kB p65 to the kB binding
site on the IL-6 and IL-8 promotor regions by ChIP
(Fig. 7). JQl+resulted in non-significant decreases in
the recruitment of NF-kB p65 to the kB binding site on
the IL-6 (Fig. 7A and B) and IL-8 (Fig. 7C and D) pro-
motor regions to near basal levels in control and PAH
HPASMC.

TNFa-stimulation of HPASMC from control and
PAH patients resulted in an increase in the recruitment
of BRD4 to the IL-6 and IL-8 promoter kB binding sites
(Fig. 7). Recruitment was greater in PAH cells com-
pared to controls and higher than that seen in HPMEC.
JQ1 + decreased the recruitment of BRD4 to the kB bind-
ing site in the IL-6 promotor region (Fig. 7E and F) and in

the IL-8 promotor (Fig. 7G and H) to near basal levels but
this didn’t reach statistical significance.

Discussion

We confirm the previously reported upregulation of
BRD4 expression in endothelial and smooth muscle
cells in PAH lung tissue compared to control lung tis-
sue from patients with normal lung function [18, 26,
32] and extended those studies to also show increased
nuclear localisation of BRD2 in PAH cells. TNFa-
driven IL-6 protein release from both HPMECs and
HPASMCs was greater in PAH cells than from con-
trol cells despite greater levels of IL-6 mRNA being
induced in cells from control subjects. Similarly, TNFa-
induced CXCL8/IL-8 mRNA was much greater in
healthy control HPMECs and HPASMCs than in PAH
cells although elevated levels of CXCLS8/IL-8 protein
release was only seen in HPASMCs with similar lev-
els observed in HPMECs. These differences in mRNA
expression between healthy control and PAH cells were
not due to changes in TNFa-induced NF-«xB activation
or recruitment of activated NF-kB p65 to the IL-6 and
CXCL8/IL-8 promoters as these were similar in both
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Fig. 6 Effect of JQ1 on TNFa stimulated induction of IL-6 and IL.-8 mRNA levels in HPASMC. HPASMCs from control (lefthand panels) and PAH
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RNA extracted, after which cDNA synthesis and RT-PCR was performed for IL.-6 A and B and IL-8 C and D. Data are shown as mean +SEM of N=8
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(See figure on next page.)

Fig. 7 Effect of JQ1 on TNF stimulated enrichment of NF-kB p65 and BRD4 to -kB binding sites on IL-6 and IL-8 promotors in HPASMC. HASMCs
from control (lefthand panels) and PAH (righthand panels) patients were pre-incubated with JQ1+ (1000 nM) for 2 h prior to treatment with TNFa
(10 ng/ml) for 3 h. Cells were harvested and ChlIP analysis performed to determine enrichment of NF-kB p65 to kB binding sites on IL-6 A and B
and IL-8 C and D promotors. Additionally, enrichment of BRD4 to -«kB binding sites on IL-6 E and F and IL-8 G and H promotors was determined.
Data are shown as mean + SEM of N=8 (4 Donors at 2 different passages) experiments. Statistical comparisons were made using Kruskal-Wallis
one-way ANOVA with Dunns post-test. *p < 0.05, when comparing to media control

cell types and between subject groups. The BET mimic
JQ1 suppressed TNFa-induced IL-6 and CXCLS8/IL-8
release and mRNA expression to a similar extent in
control and PAH HPMECs and HPASMCs reflecting a
similar degree of suppression of TNFa-induced NF-kB
p65 and BRD4 recruitment to the IL-6 and CXCLS8/
IL-8 promoters. However, the IC., for JQ1 suppression
of CXCL8/IL-8 release was 3-times higher (~300 nM)

than that for IL-6 release (~100 nM) in HPMECs
whereas the IC;, for IL-6 suppression in HPASMCs
was double that for CXCL8/IL-8 suppression (~200
vs ~ 100 nM) in HPASMC:s.

These results could be linked to dysregulated acety-
lation in PAH. Previously we have reported that the
HAT/HDAC ratio is altered in IPAH patients [31]
and here we now demonstrate higher levels of nuclear
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BRD4 expression in PAH and that PAH smooth mus-
cle cells appear to express more BRD4 than diseased
endothelial cells.

Our results show that PAH cells secrete greater levels
of IL-6 and CXCLS8/IL-8 than cells from healthy control
subjects in response to TNFa despite control subjects
generating greater levels of mRNA. This suggests that
there is dysregulation of post-transcriptional control of
the synthesis and release of these proteins in PAH cells.
Translational regulation of mRNA transcripts involves
3 major stages: initiation, elongation and termination
[33]. RNA binding proteins bind to the 3’-untranslated
regions (3’-UTRs) of mRNA to modulate mRNA stabil-
ity in response to cellular stressors including hypoxia but
may also act as translational repressors. Interestingly, the
expression of the RNA binding proteins quaking (QKI)
and cold-inducible RNA-binding protein (CIRP) are
altered in PAH and affect cellular function [34, 35]. Over-
all, JQ1 has marked anti-inflammatory effects in both
cell types studied irrespective of any mechanistic differ-
ences regulating IL-6 and CXCL8/IL8 transcription and
secretion.

TNFa-stimulated inflammatory responses are associ-
ated with activation of the NF-«B pathway [36]. Upon
activation NF-kB p65 moves to the nucleus where it
forms a transcriptional activator complex with the pro-
motor regions of inflammatory genes [37]. For maximal
activity post-translational modifications such as phos-
phorylation or acetylation can occur which enhances
DNA binding and transcriptional activity. Acetylation of
p65 at Lysine-310 (K310) is required for optimal NF-xB
transcriptional activity [38]. Acetylated p65, as well as
acetylated histones, provides an additional binding site
for BRD4 and this interaction is thought to be an impor-
tant target for BET inhibitors to suppress inflammation
[39]. In this study we demonstrated that NF-kB was acti-
vated in vascular cells from PAH patients and controls,
translocating into the nucleus as early as 30 min after
TNFa stimulation. We also showed that TNFa increases
the recruitment of p65 and BRD4 to the IL-6 and IL-8
promotors. The bromodomain inhibitor JQ1 decreased
recruitment of both p65 and BRD4 to the IL-6 and IL-8
promoters and reduced IL-6 and CXCL8 protein release
from vascular cells but had no effect on TNFa-stimulated
nuclear translocation of NF-kB p65. These results are in
accordance with other studies which indicate BET inhibi-
tors can modulate the transcription of NF-kB target
genes in macrophages [23], renal tubular epithelial cells
[40], tumour cells [41, 42] and rheumatoid fibroblast-like
synoviocytes [43].

In our studies in human primary pulmonary vascu-
lar cells, JQ1 had no effect on TNFa-stimulated NF-kB
nuclear translocation, however some groups have shown

Page 12 of 16

effects of BET inhibition on NF-«B activation as detected
by TransAm assays. In TNFa-treated HUVEC, BET inhi-
bition using JQ1 or siRNA attenuated IKK-mediated
activation of NF-kB pathway and decreased activation of
p38 and JNK MAPKs [44]. The authors also noted that
p38 and JNK inhibitors also blocked TNFa-stimulated
NEF-«kB activation. In rheumatoid fibroblast-like-syn-
oviocytes (RA FLSs) BET inhibition with JQ1 or Brd
shRNA decreased TNFa-induced NF-kB-dependent
transcription of a luciferase reporter gene and NF-«xB
target genes [43] following attenuation of TNFa-induced
phosphorylation of IKKB and IkBa, and translocation
of nuclear NF-kB. The authors suggested that nuclear
BET proteins could regulate the NF-kB pathway through
changes in early cytoplasmic IKK signaling events. BET
inhibition also prevented the cytoplasmic phosphoryla-
tion of the p38 MAPK pathway in TNFa-stimulated RA
FLSs. Whilst in diffuse large B-cell lymphomas BET
inhibition prevented oncogenic IKK activity [45]. These
findings indicate that in some cell types BET proteins
may affect cytoplasmic signaling through an unknown
mechanism(s). It would be interesting to study the cyto-
plasmic BRD2 protein interactome in PAH pulmonary
vascular cells compared to cells from non-PAH control
subjects.

We were unable to show any effects of JQ1 on NF-«B
nuclear translocation in the time frame studied and we
did not explore the effect of JQ1 on the MAPK path-
ways. In future studies it would be interesting to explore
in more detail the mechanisms by which BET proteins
could modulate cytoplasmic IKK activity and MAPKs.
This may also provide a role for the enhanced cyto-
plasmic levels of BRD2 seen in PAH pulmonary vessels
reported here.

Earlier studies have shown that BRD2 co-operates with
BRD4 to enable RNA polymerase 2 recruitment and run
through coding region [46]. The combination of genome-
wide transcriptomics and epigenetics of BRD2 and BRD4
function in fibroblast-like synovial cells revealed a close
co-operativity between BRD2 and BRD4 actions particu-
larly at a super enhancer that controlled the expression
of IL-6 and IL-8 [47]. In addition, BRD2 and BRD4 bind
to distinct regions of target genes [47] and have distinct
protein—protein interactomes that contribute to the JQ1-
induced rewiring of the cellular transcriptome [46].

JQ1 inhibited IL-1B and TNFa-induced expression
of inflammatory genes by attenuating the chromatin
access for key inflammatory transcription factors AP-1
and NF-«kB and by reducing inflammatory pathways
controlled by these proteins and by the p38 MAPK
pathway [47]. BRD2 binding was more affected than
BRD4 binding by JQ1 with a predominant effect on
genes controlled by joint BRD2/BRD4 complexes which
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results in enhanced RNAP2 pausing at promoter sites
leading to suppressed mRNA expression [48].

In support of the concept that BRD2 and BRD4 may
have distinct roles in specific cell types, the BRD4-
selective BET mimic AZD5153, unlike the pan-selective
JQ1, has differential effects on natural killer cell inflam-
matory and cytolytic responses [49]. However, RVX208,
which preferentially binds to the second bromodomain
in BRD2 and BRD4, reversed the inflammatory and pro-
liferative phenotypes of PAH HPMECs and HPASMCs
and reversed monocrotaline- and Sugen5416 + hypoxia-
induced in vivo models of PAH [26]. In vivo, both nebu-
lised JQ1 and siBRD4 reversed Sugen/hypoxia-induced
PAH with improvements in right heart function and
pulmonary pressures reported [18]. Additionally, JQ1
was able to increase mitochondrial spare respiratory
capacity and decrease membrane potential to restore
a healthy phenotype in PAH-PASMC. Elevated BRD4
expression in PAH has been linked to down-regulation
of miR-204. BET inhibition by JQ1 or siBRD4 resulted
in upregulation of miR-204. BRD4 inhibition decreased
NFATc2 and Bcl-2 mRNA levels and Survivin protein
expression with an increase in the cell cycle inhibitor
p21 resulting in decreased proliferation and increased
apoptosis [18]. In these experiments the authors report
a greater effect with JQl compared to the specific
siBRD4 which is not surprising as JQ1 is a pan-BET
selective bromodomain inhibitor and may be having
synergistic inhibitory effects on the other BRD pro-
teins known to be involved in PAH. As previously dis-
cussed BRD4 and BRD2 are involved in inflammation
via activation of NF-«kB resulting in the release of pro-
inflammatory cytokines which are capable of activating
the STAT3 signaling pathway [50, 51] and also caus-
ing DNA damage and subsequent down-regulation of
miR-204 [18]. Thus BRDs may play a role in initiation of
PAH and also sustaining the inflammatory, proprolifer-
ative and antiapoptotic phenotype. In an in vivo model
of chronic hypoxia together with pulmonary inflamma-
tion, I-BET151 restored hemodynamic parameters to
levels of control animals and partially corrected right
ventricle hypertrophy [21]. These results could be due
to IBET151 changing the acetylation profile of HIF-2a
and its target genes. These results suggest that BRD
inhibition may also be relevant for COPD related PH
and other group 3 PH patients [21].

The increased expression of BRD2 and BRD4 in PAH
pulmonary vascular cells may reflect an impact of inflam-
mation since IL-6 can enhance control human coronary
artery smooth muscle cell expression of BRD4 to lev-
els seen in cells from PAH subjects [32]. Together with
results from JQ1 presented here and in similar ex vivo
and in vivo models of PAH it highlights the importance
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of both BRD2 and BRD4 in controlling the function of
PAH.

There are limitations to this study, the main one being
the small number (n=4 per group) of subjects studied.
Experiments were performed twice per subject where
possible, one at a low passage number and again at a
higher passage to rule out any effects of passage number
on results. The diseased cells were isolated from tissue
obtained at late-stage disease so perhaps do not reflect
early stages of disease progression. We only investigated
IL-6 and IL-8 as NF-«kB activated target genes but many
more are known and should be investigated. Future stud-
ies should use RNA-sequencing (seq) analysis, possibly
together with p65 and/or BRD2/4 ChIP-seq or ATAC-
seq analysis, to determine widespread differential gene
effects resulting from the altered PAH acetylome in both
cell types. Only pharmacological inhibition of BET pro-
teins was performed. JQ1 is not selective for BRD4 and
effects other BRDs, therefore experiments using specific
siRNA or more selective BRD-specific BET mimics need
to be performed. In mitigation, we show that both BRD2
and BRD4 had enhanced nuclear expression in pulmo-
nary vascular endothelial and smooth muscle cells in
PAH lung tissue and so both may be playing a role in the
molecular phenotype of PAH.

Conclusion

In summary, our data shows that JQ1 can suppress
TNFa-stimulated inflammation by disrupting the recruit-
ment of p65 and BRD4 to IL-6 and IL-8 promoters. JQ1
had a greater effect on IL-6 in HPMEC and CXCL8/IL-8
in HPASMC which suggests distinct cell-specific regula-
tory control of these genes. This was further suggested
by the elevated mRNA expression in healthy control
samples but enhanced protein secretion in PAH-derived
samples. The data support further development of BET
mimics as novel anti-inflammatory agents for the treat-
ment of PAH.

Abbreviations
BET Bromodomain and extraterminal protein family

BRD2 Bromodomain-containing protein 2

BRD4 Bromodomain containing protein 4

BSA Bovine serum albumin

Chip Chromatin immunoprecipitation

EDTA Ethylenediaminetetraacetic acid

FCS Foetal calf serum

HAT Histone acetyltransferases

HDAC Histone deacetylases

HPASMC  Human pulmonary artery smooth muscle cells
HPMEC Human pulmonary microvascular endothelial cells
IKK Inhibitor of nuclear factor-kB kinase

I-6 Interleukin 6

IL-8/CXCL8 Interleukin 8

LPS Lipopolysaccharides

MAPK Mitogen-activated protein kinase

NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
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Additional file 1: Figure S1. TNFa concentration and time course for
release of IL-6 and CXCL8 protein from HPMEC. Control (lefthand panels)
and PAH (righthand panels) HPMEC were treated with TNFa for 0-24hrs.
Supernatants were collected and levels of IL-6 (A and B) and CXCL8 (C
and D) determined by ELISA. Data, N=8 (4 Donors at 2 different passages)
are shown as mean + SEM. Statistical comparisons were made using
Kruskal-Wallis one-way ANOVA with Dunns post-test. *p<0.05, ** p<0.01,
*** n<0.001 when compared to Time Ohr.

Additional file 2: Figure S2. TNFa time course to determine optimum
induction of IL.-6 and -8 mMRNA in HPMEC. HPMECs from control (lefthand
panels) and PAH (righthand panels) patients were treated with media or
TNFa (10ng/ml) for 0-24hrs. Cells were collected, RNA extracted, after
which cDNA synthesis and RT-PCR was performed for IL-6 (A & B) and IL-8
(C &D). Data are shown as mean + SEM of N=8 (4 Donors at different 2
passages) experiments. Statistical comparisons were made using Kruskal-
Wallis one-way ANOVA with Dunns post-test. *p<0.05, ** p<0.01, ***
p<0.001 when comparing between groups and #p<0.05, ## p<0.01, ###
p<0.001 when comparing within group to Time Ohr.

Additional file 3: Figure S3. TNFa concentration and time course for
release of IL-6 and CXCL8 protein from HPASMC. Control (lefthand panels)
and PAH (righthand panels) HPASMCs were treated with TNFa for 0-24hrs.
Supernatants were collected and levels of IL-6 (A and B) and CXCL8 (C and
D) determined by ELISA. Data, N=8 (4 Donors at 2 different passages) is
shown as mean + SEM. Statistical comparisons were made using Kruskal-
Wallis one-way ANOVA with Dunns post-test. *p<0.05, ** p<0.01, ***
p<0.001 when compared to Time Ohr.

Additional file 4: Figure S4. TNFa time course to determine optimum
time for IL-6 and -8 mRNA induction in HPASMC. HPASMCs from control
(lefthand panels) and PAH (righthand panels) patients were treated with
media or TNFa (10ng/ml) for 0-24hrs. Cells were collected, RNA extracted,
after which cDNA synthesis and RT-PCR was performed for IL-6 (A and B)
and IL-8 (C and D). Data, N=8 (4 Donors at 2 different passages) are shown
as mean + SEM. Statistical comparisons were made using Kruskal-Wallis
one-way ANOVA with Dunns post-test. *p<0.05, ** p<0.01, *** p<0.001
when comparing between groups and #p<0.05, ## p<0.01, ### p<0.001
when comparing within group to Time Ohr.

Acknowledgements

The authors thank: The BRU Biobank at the Royal Brompton Hospital for
supplying the non-PAH lung tissue (#10/H0504/9) and Dr Barbara Girerd,
(AP-HP, Centre de Référence de I'Hypertension Pulmonaire Sévere, Départe-
ment Hospitalo-Universitaire Thorax Innovation, Service de Pneumologie et
Réanimation Respiratoire, Hopital de Bicétre, Le Kremlin-Bicétre, France) who
provided clinical information on the PAH patients.

Author contributions

SM, GC, SJIW and IMA—concept and study design. SM, JG, GM, PC—experi-
mental studies. SM, JG, GM, PC—data analysis. SM, GC, SJW, IMA—manuscript
text. FB, MH, AP—manuscript editing. All authors reviewed the manuscript.

Funding
The authors wish to thank the British Heart Foundation for funding this project
PG/14/27/30679.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Page 14 of 16

Declarations

Ethics approval and consent to participate

Endothelial cells

Healthy HPMECs were purchased from Promocell GmbH (Heidelberg, Ger-
many) and cultured according to the supplier’s instructions in Endothelial cell
growth medium MV (Promocell GmbH).

PAH endothelial cells: Lung parenchyma was collected at the time of lung
transplantation from PAH patients, part of the French Network on Pulmonary
Hypertension, a program approved by local Institutional Ethics Committee. All
patients gave written informed consent (protocol N8CO-08-003, ID RCB:2008-
A00485-50, approved June 2008).

Smooth muscle cells

For control PASMC, lung parenchyma was collected from control subjects at
lobectomy or pneumonectomy for suspected lung tumour. The study pro-
tocol was approved by the BRU Biobank at the Royal Brompton Hospital and
Ethical approval was obtained for the study (#10/H0504/9) and all donors gave
consent for the use of their tissue.

PAH-HPASMC: Lung parenchyma was collected at the time of lung transplan-
tation from PAH patients, part of the French Network on Pulmonary Hyperten-
sion, a program approved by our Institutional Ethics Committee, and patients
had given written informed consent (protocol N8CO-08-003, ID RCB:2008-
A00485-50, approved June 2008).

Consent for publication
Not applicable.

Competing interests

SM, FP,JG, GM, AP and PC—have no competing interests. IMA and GC—edito-
rial Board members for Journal of Inflammation (London). SJIW—declares con-
sultation fees from Janssen, MSD and Acceleron and Research grant funding
and other financial funding from Janssen. MH—declares financial funding to
his Institution from Acceleron, AOP Orphan, Janssen, Merck and Shou Ti. Per-
sonal funding from Acceleron, Aerovate, Altavant, AOP Orphan, Bayer, Chiesi,
Ferrer, Janssen, Merck, MorphogenlX and United Therapeutics. Honoraria from
Janssen and Merck. Advisory board member for Acceleron, Altavant, Janssen,
Merck and United Therapeutics.

Author details

'Respiratory Science, NHLI, Imperial College London, London, UK. 2Inserm
UMR-S 999, Hopital Marie Lannelongue, Groupe Hospitalier Paris Saint Joseph,
Université Paris-Saclay, Le Plessis-Robinson, France. *CarMeN Laboratory,
INSERM U1060, INRAE U1397, Université Claude Bernard Lyon1, Pierre-Bénite,
France. “Interdepartmental Study Center for Inflammatory and Smoke-Related
Airway Diseases, Cardiorespiratory and Internal Medicine Section, University
of Ferrara, Ferrara, Italy. >Pneumologia, Dipartimento di Scienze Biomediche,
Odontoiatriche e Delle Immagini Morfologiche e Funzionali (BIOMORF),
Universita Degli Studi di Messina, Messina, Italy. °Department of Respiratory
and Intensive Care Medicine, AP-HP, Hopital Bicétre, Pulmonary Hypertension
National Referral Center, Université Paris-Saclay, Le Kremlin-Bicétre, France.
’National Pulmonary Hypertension Service, Royal Brompton Hospital, London,
UK.

Received: 7 February 2023 Accepted: 23 July 2023
Published online: 29 July 2023

References

1. Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA,
Krowka M, et al. Haemodynamic definitions and updated clinical clas-
sification of pulmonary hypertension. Eur Respir J. 2019;53(1):1801913.
Hassoun PM. Pulmonary arterial hypertension. N Engl J Med.
2021,385(25):2361-76.

3. Farber HW, Miller DP, Poms AD, Badesch DB, Frost AE, Muros-Le Rouzic
E, et al. Five-year outcomes of patients enrolled in the REVEAL registry.
Chest. 2015;148(4):1043-54.

4. Santos-Gomes J, Gandra |, Adao R, Perros F, Bras-Silva C. An overview of
circulating pulmonary arterial hypertension biomarkers. Front Cardiovasc
Med. 2022;9: 924873.


https://doi.org/10.1186/s12931-023-02499-y
https://doi.org/10.1186/s12931-023-02499-y

Mumby et al. Respiratory Research

20.

21

22.

23.

24.

25.

26.

27.

(2023) 24:193

Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF, Brida M,
et al. 2022 ESC/ERS guidelines for the diagnosis and treatment of pulmo-
nary hypertension. Eur Respir J. 2023;61(1):2200879.

Montani D, Gunther S, Dorfmuller P, Perros F, Girerd B, Garcia G, et al.
Pulmonary arterial hypertension. Orphanet J Rare Dis. 2013;8:97.
Wojciak-Stothard B, Abdul-Salam VB, Lao KH, Tsang H, Irwin DC, Lisk C,

et al. Aberrant chloride intracellular channel 4 expression contributes to
endothelial dysfunction in pulmonary arterial hypertension. Circulation.
2014;129(17):1770-80.

Vaillancourt M, Ruffenach G, Meloche J, Bonnet S. Adaptation and remod-
elling of the pulmonary circulation in pulmonary hypertension. Can J
Cardiol. 2015;31(4):407-15.

Price LC, Caramori G, Perros F, Meng C, Gambaryan N, Dorfmuller P, et al.
Nuclear factor kappa-B is activated in the pulmonary vessels of patients
with end-stage idiopathic pulmonary arterial hypertension. PLoS ONE.
2013;8(10): €75415.

Soon E, Holmes AM, Treacy CM, Doughty NJ, Southgate L, Machado

RD, et al. Elevated levels of inflammatory cytokines predict survival in
idiopathic and familial pulmonary arterial hypertension. Circulation.
2010;122(9):920-7.

. Eberharter A, Becker PB. Histone acetylation: a switch between repressive

and permissive chromatin. Second in review series on chromatin dynam-
ics. EMBO Rep. 2023;3(3):224-9.

Richards EJ, Elgin SC. Epigenetic codes for heterochromatin formation
and silencing: rounding up the usual suspects. Cell. 2002;108(4):489-500.
Shahbazian MD, Grunstein M. Functions of site-specific histone acetyla-
tion and deacetylation. Annu Rev Biochem. 2007,76:75-100.

Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifica-
tions. Cell Res. 2011;21(3):381-95.

Stasevich TJ, Hayashi-Takanaka Y, Sato Y, Maehara K, Ohkawa Y, Sakata-
Sogawa K, et al. Regulation of RNA polymerase Il activation by histone
acetylation in single living cells. Nature. 2014. https://doi.org/10.1038/
nature13714.

Filippakopoulos P, Knapp S. The bromodomain interaction module. FEBS
Lett. 2012;586(17):2692-704.

Picaud S, Wells C, Felletar I, Brotherton D, Martin S, Savitsky P, et al. RVX-
208, an inhibitor of BET transcriptional regulators with selectivity for the
second bromodomain. Proc Natl Acad Sci USA. 2013;110(49):19754-9.
Meloche J, Potus F, Vaillancourt M, Bourgeois A, Johnson |, Deschamps

L, et al. Bromodomain-containing protein 4: the epigenetic origin of
pulmonary arterial hypertension. Circ Res. 2015;117(6):525-35.

Stratton MS, McKinsey TA. Acetyl-lysine erasers and readers in the control
of pulmonary hypertension and right ventricular hypertrophy. Biochem
Cell Biol. 2015;93(2):149-57.

NegiV, Yang J, Speyer G, Pulgarin A, Handen A, Zhao J, et al. Compu-
tational repurposing of therapeutic small molecules from cancer to
pulmonary hypertension. Sci Adv. 2021;7(43):eabh3794.

Chabert C, Khochbin S, Rousseaux S, Veyrenc S, Furze R, Smithers N, et al.
Inhibition of BET proteins reduces right ventricle hypertrophy and pul-
monary hypertension resulting from combined hypoxia and pulmonary
inflammation. Int J Mol Sci. 2018;19(8):2224.

Zhang M, Wang B, Urabe G, Huang Y, Plutzky J, Kent KC, et al. The BD2
domain of BRD4 is a determinant in EndoMT and vein graft neointima
formation. Cell Signal. 2019;61:20-9.

Nicodeme E, Jeffrey KL, Schaefer U, Beinke S, Dewell S, Chung CW, et al.
Suppression of inflammation by a synthetic histone mimic. Nature.
2010;468(7327):1119-23.

Belkina AC, Denis GV. BET domain co-regulators in obesity, inflammation
and cancer. Nat Rev Cancer. 2012;12(7):465-77.

Zhao Y, Tian B, Sun H, Zhang J, Zhang Y, Ivannikov M, et al. Pharmacopro-
teomics reveal novel protective activity of bromodomain containing 4
inhibitors on vascular homeostasis in TLR3-mediated airway remodeling.
J Proteomics. 2019;205: 103415.

Van der Feen DE, Kurakula K, Tremblay E, Boucherat O, Bossers GPL,
Szulcek R, et al. Multicenter preclinical validation of BET inhibition for the
treatment of pulmonary arterial hypertension. Am J Respir Crit Care Med.
2019,200(7):910-20.

Ray KK, Nicholls SJ, Buhr KA, Ginsberg HN, Johansson JO, Kalantar-Zadeh
K, et al. Effect of apabetalone added to standard therapy on major
adverse cardiovascular events in patients with recent acute coronary

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 150f 16

syndrome and type 2 diabetes: a randomized clinical trial. JAMA.
2020;323(16):1565-73.

Provencher S, Potus F, Blais-Lecours P, Bernard S, Martineau S, Breuils-Bon-
net S, et al. BET protein inhibition for pulmonary arterial hypertension: a
pilot clinical trial. Am J Respir Crit Care Med. 2022;205(11):1357-60.
Mumby S, Perros F, Hui C, Xu BL, Xu W, Elyasigomari V, et al. Extracellular
matrix degradation pathways and fatty acid metabolism regulate distinct
pulmonary vascular cell types in pulmonary arterial hypertension. Pulm
Circ. 2021;11(1):2045894021996190.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods.
2001;25(4):402-8.

Mumby S, Gambaryan N, Meng C, Perros F, Humbert M, Wort SJ, et al.
Bromodomain and extra-terminal protein mimic JQ1 decreases inflam-
mation in human vascular endothelial cells: implications for pulmonary
arterial hypertension. Respirology. 2017;22(1):157-64.

Meloche J, Lampron MC, Nadeau V, Maltais M, Potus F, Lambert C, et al.
Implication of inflammation and epigenetic readers in coronary artery
remodeling in patients with pulmonary arterial hypertension. Arterioscler
Thromb Vasc Biol. 2017;37(8):1513-23.

Shirokikh NE, Archer SK, Beilharz TH, Powell D, Preiss T. Translation com-
plex profile sequencing to study the in vivo dynamics of mRNA-ribosome
interactions during translation initiation, elongation and termination. Nat
Protoc. 2017;12(4):697-731.

Liu J, Ke X, Wang L, Zhang Y, Yang J. Deficiency of cold-inducible
RNA-binding protein exacerbated monocrotaline-induced pulmonary
artery hypertension through Caveolin1 and CAVINT. J Cell Mol Med.
2021,25(10):4732-43.

Woodcock CC, Hafeez N, Handen A, Tang Y, Harvey LD, Estephan LE, et al.
Matrix stiffening induces a pathogenic QKI-miR-7-SRSF1 signaling axis in
pulmonary arterial endothelial cells. Am J Physiol Lung Cell Mol Physiol.
2021,320(5):L.726-38.

Rahman I, Adcock IM. Oxidative stress and redox regulation of lung
inflammation in COPD. Eur Respir J. 2006;28(1):219-42.

Sanchez R, Zhou MM. The role of human bromodomains in chro-

matin biology and gene transcription. Curr Opin Drug Discov Devel.
2009;12(5):659-65.

Huang B, Yang XD, Lamb A, Chen LF. Posttranslational modifications of
NF-kappaB: another layer of regulation for NF-kappaB signaling pathway.
Cell Signal. 2010;22(9):1282-90.

Huang B, Yang XD, Zhou MM, Ozato K, Chen LF. Brd4 coactivates tran-
scriptional activation of NF-kappaB via specific binding to acetylated
RelA. Mol Cell Biol. 2009;29(5):1375-87.

Zhang G, Liu R, Zhong Y, Plotnikov AN, Zhang W, Zeng L, et al. Down-
regulation of NF-kappaB transcriptional activity in HIV-associated kidney
disease by BRD4 inhibition. J Biol Chem. 2012;287(34):28840-51.

Wu X, Qi J, Bradner JE, Xiao G, Chen LF. Bromodomain and extratermi-

nal (BET) protein inhibition suppresses human T cell leukemia virus 1
(HTLV-1) Tax protein-mediated tumorigenesis by inhibiting nuclear factor
kappaB (NF-kappaB) signaling. J Biol Chem. 2013;288(50):36094—105.
Zou Z,Huang B, Wu X, Zhang H, Qi J, Bradner J, et al. Brd4 maintains
constitutively active NF-kappaB in cancer cells by binding to acetylated
RelA. Oncogene. 2014;33(18):2395-404.

Xiao 'Y, Liang L, Huang M, Qiu Q, Zeng S, Shi M, et al. Bromodomain

and extra-terminal domain bromodomain inhibition prevents synovial
inflammation via blocking lkappaB kinase-dependent NF-kappaB activa-
tion in rheumatoid fibroblast-like synoviocytes. Rheumatology (Oxford).
2016;55(1):173-84.

Huang M, Zeng S, Zou Y, Shi M, Qiu Q, Xiao Y, et al. The suppression

of bromodomain and extra-terminal domain inhibits vascular inflam-
mation by blocking NF-kappaB and MAPK activation. Br J Pharmacol.
2017;174(1):101-15.

Ceribelli M, Kelly PN, Shaffer AL, Wright GW, Xiao W, Yang Y, et al. Blockade
of oncogenic IkappaB kinase activity in diffuse large B-cell lymphoma

by bromodomain and extraterminal domain protein inhibitors. Proc Natl
Acad Sci USA. 2014;111(31):11365-70.

Lambert JP, Picaud S, Fujisawa T, Hou H, Savitsky P, Uuskula-Reimand L,

et al. Interactome rewiring following pharmacological targeting of BET
bromodomains. Mol Cell. 2019;73(3):621-38 e17.

Krishna V, Yin X, Song Q, Walsh A, Pocalyko D, Bachman K, et al. Integra-
tion of the transcriptome and genome-wide landscape of BRD2 and


https://doi.org/10.1038/nature13714
https://doi.org/10.1038/nature13714

Mumby et al. Respiratory Research (2023) 24:193 Page 16 of 16

BRD4 binding motifs identifies key superenhancer genes and reveals
the mechanism of bet inhibitor action in rheumatoid arthritis synovial
fibroblasts. J Immunol. 2021;206(2):422-31.

48. Khoueiry P, Ward Gahlawat A, Petretich M, Michon AM, Simola D, Lam E,
et al. BRD4 bimodal binding at promoters and drug-induced displace-
ment at Pol Il pause sites associates with I-BET sensitivity. Epigenetics
Chromatin. 2019;12(1):39.

49. Cribbs AP, Filippakopoulos P, Philpott M, Wells G, Penn H, Oerum H, et al.
Dissecting the role of BET bromodomain proteins BRD2 and BRD4 in
human NK cell function. Front Immunol. 2021;12: 626255.

50. Wang X, Wang Y, Zhao X, Andersson R, Song Z, Yang D. Potential effects of
peroxisome proliferator-activated receptor activator on LPS-induced lung
injury in rats. Pulm Pharmacol Ther. 2009;22(4):318-25.

51. Semenza GL. Regulation of oxygen homeostasis by hypoxia-inducible
factor 1. Physiology (Bethesda). 2009,24:97-106.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Differential responses of pulmonary vascular cells from PAH patients and controls to TNFα and the effect of the BET inhibitor JQ1
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Tissue collection and cell isolation
	Cell culture and treatment
	Measurement of mRNA transcripts
	ELISAs
	NF-κB p65 activation assay
	Chromatin immunoprecipitation (ChIP) assay
	Immunoperoxidase staining of FFPE human peripheral lung

	Statistical analysis

	Results
	BRD2 and 4 expression in vascular cells from PAH patients and controls
	TNFα increases IL-6 and CXCL8 protein levels in HPMEC
	TNFα increases IL-6 and IL-8 mRNA levels in HPMEC
	Effect of JQ1 on TNFα stimulated IL-6 and CXCL8 protein levels in HPMEC form PAH patients and controls
	Effect of JQ1 on TNFα stimulated induction of IL-6 and IL-8 mRNA levels in HPMEC
	Effect of JQ1 on TNF stimulated enrichment of NF-κB p65 and BRD4 to -κB binding sites on IL-6 and IL-8 promotors
	TNFα increases IL-6 and CXCL8 protein levels in HPASMC
	TNFα increases IL-6 and IL-8 mRNA levels in HPASMC
	Effect of JQ1 + on TNFα stimulated IL-6 and CXCL8 protein levels in HPASMC
	Effect of JQ1 + on TNFα stimulated IL-6 and IL-8 mRNA levels
	Effect of JQ1 + on TNFα-stimulated enrichment of NF-κB p65 and BRD4 to -κB binding sites on IL-6 and IL-8 promotors

	Discussion
	Conclusion
	Anchor 31
	Acknowledgements
	References


