
BET in Pulmonary Arterial Hypertension: Exploration of BET Inhibitors
to Reverse Vascular Remodeling

Pulmonary arterial hypertension (PAH) is a devastating disease
characterized by progressive vasoconstriction and obliterative
vascular remodeling leading to right-sided heart failure and
premature death (1). Despite recent strides in understanding the
pathogenesis of the disease, no effective therapy is available to
reverse vascular remodeling and inhibit right-sided heart failure.
Current therapies mainly target the abnormalities in vasoconstriction
in the prostacyclin, nitric oxide, and endothelin signaling pathways,
and hence result in only modest improvements in PAH morbidity
and mortality. Thus, novel therapeutic agents are urgently needed
for patients with PAH. Recently, the aberrant expression of
transcription factors and epigenetic and metabolic regulators has
been implicated in the pathogenesis of PAH (2). Some drugs that
target these pathways have been evaluated in clinical trials (3), and
others provide great opportunities for future development (4–6).

BET (bromodomain and extraterminal motif)-containing
proteins, which function as epigenetic readers, have two conserved
bromodomains with distinct specificity for Lys acetylation on
histones and other nonhistone targets (7). BET proteins, comprised
of four members (BRD2, BRD3, BRD4, and BRDT), bind to chromatin
loci such as enhancers, resulting in the aberrant expression of genes
that regulate cell proliferation, survival, and inflammation (7).
BRD4 is the most extensively studied BET protein and is involved
in multiple diseases, including cancer, cardiovascular disease, and
PAH (5, 8). BRD4 levels are markedly increased in smooth muscle
cells (SMCs) in pulmonary vascular lesions and hypertrophic
right ventricular (RV) tissue of patients with PAH and Sugen5416/
hypoxia (SuHx)-exposed rats (5, 9). Nebulization of the pan-BET
inhibitor JQ1 inhibits PAH and RV hypertrophy in SuHx rats (5).

In this issue of the Journal, Van der Feen and colleagues
(pp. 910–920) report a study in which three independent groups
evaluated the efficacy of a clinically available BET inhibitor,
RVX208, in experimental PAH models (10). Consistent with a
previous study (5), BRD4 was found to be upregulated in pulmonary
endothelial cells (ECs) and SMCs isolated from patients with PAH,
and to mediate the expression of FoxM1 and its transcriptional
target PLK1 in PAH-SMCs. The authors provide ample evidence
from a series of in vitro studies that RVX208 treatment normalized
PAH pulmonary vascular SMCs and ECs, as evidenced by inhibition
of cell proliferation and inflammation, induced apoptosis, and
balanced TGF-b/BMP signaling. Furthermore, the authors used
three rat PAH models (SuHx, monocrotaline/aortocaval shunt, and
pulmonary artery banding [PAB]) to assess the therapeutic benefit

and safety of RVX208. RVX208 at a clinically relevant dose improved
hemodynamics and reversed pulmonary vascular remodeling in
both SuHx and monocrotaline/aortocaval shunt rats. Intriguingly,
RVX208 treatment of PAB rats increased RV hypertrophy and
improved cardiac function. As stated by the authors, it is for the first
time that methodological rigor has been implemented to assess the
therapeutic potential of BET inhibitor by multiple groups’ replication
and use of multiple complementary animal models of PAH.

Accumulating evidence suggests that BRD4 is implicated in
the pathogenesis of PAH, and targeting BETs and BRD4 represents
a novel therapeutic approach for treatment of PAH (5, 10).
However, there are some concerns and questions that need to
be addressed. Although inhibition of BETs via RVX208 showed a
reduction or reversal of vascular remodeling and improvement of
hemodynamics, no attenuation of RV hypertrophy or mortality
was observed in animals with PAH (10). However, a previous study
showed that the pan-BET inhibitor JQ1 reduced RV hypertrophy
in SuHx rats (5), suggesting that RVX208 is less effective than JQ1,
which may be attributed to different selective binding affinities of
these inhibitors for BETs. JQ1 binds to both bromodomains with
higher affinity on the second bromodomain, whereas RVX208
only binds the second bromodomain (11, 12). A transcriptional
analysis demonstrated that JQ1 strongly affected gene transcription,
with a 10-fold difference compared with RVX208 in liver carcinoma
cells (12). Another possibility is that administration of JQ1 via
nebulization may provide a more effective dose in the pulmonary
vasculature than RVX208 by oral administration. The possible
contribution of BET family members other than BRD4 should also
be considered, as JQ1 exhibits broader inhibitory activity than
RVX208. Additionally, although RVX208 can enhance RV function
in the PAB model, it remains unclear whether RVX208 treatment
can inhibit RV decompensation and right-sided heart failure in
advanced stages of PAH. The survival benefit of RVX208 is not
explored. Given that a variety of BET inhibitors have been evaluated
in clinical trials for various diseases (7), further studies are warranted
to compare the efficacy of different BET inhibitors in PAH models.

Van der Feen and colleagues show that BRD4 controls the
hyperproliferative and apoptosis-resistant and proinflammatory
phenotype in SMCs and ECs in vitro. However, the cell-specific role
of BRD4 in the pathogenesis of PAH remains unclear. Endothelial
injury is a common feature of PAH and often initiates the
development of the disease (13). The authors also show that
RVX208 affects the paracrine effect of ECs on SMCs, suggesting
that endothelial BRD4 may play an important role in the
pathogenesis of PAH. It is possible that BRD4 coordinates with
endothelial transcription factors such as HIF-2a (hypoxia-inducible
factor-2a) and/or SOX17 to transcriptionally activate the
expression of PAH-causing genes such as PDGFB and CXCL12
in ECs (4, 6, 14). Other investigators and we have shown the
important role of the Forkhead transcription factor FoxM1 in
mediating pulmonary vascular SMC proliferation in response to EC-
derived PDGF-B and CXCL12 and pulmonary vascular remodeling
in vivo (4). Van der Feen and colleagues demonstrate that the
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FOXM1–PLK1 axis is likely responsible for RVX208 normalization
of the hyperproliferative, apoptosis-resistant, and proinflammatory
phenotype of PAH vascular cells. Thus, it is possible that smooth-
muscle BRD4 may function downstream of receptor signaling to
mediate FoxM1 expression in SMCs, or that endothelial BRD4
works synergistically with HIF-2a to regulate the expression of these
PAH-causing growth factors in ECs (Figure 1).

As an epigenetic reader, BRD4 can be recruited to both
enhancer and promoter loci. It has been shown that BRD4 binds to
the promoter/enhancer of FOXM1 in multiple cancer cell lines. It is
unclear whether other transcriptional factors and genes involved in
hyperproliferation, apoptosis resistance, and/or inflammation are
also controlled by BRD4 in PAH vascular cells and other cells such
as fibroblasts, macrophages, and RV cardiomyocytes. It is
hypothesized that the high expression of genes that are responsible
for persistently activated PAH vascular cells is stable due to the
open chromatin structure, which is maintained by the occupation
of epigenetic regulator and transcriptional factors. Chromatin
immunoprecipitation sequencing and proteomics profiling should
be useful to determine the specific enhancers/promoters and genes
that are directly regulated by BRD4 in various PAH cells.

In summary, RVX208 is so far the only BET inhibitor to reach
phase 3 clinical trials. Patients who take RVX208 have reductions in
major adverse cardiac events, including heart attack, stroke, and
cardiac-related death (15). The current study provides new
evidence that RVX208 might also benefit patients with PAH by
reducing pulmonary arterial pressure and vascular remodeling.
Thus, it is worthwhile to explore the use of BET inhibitor(s),
especially those with dual binding affinity for both bromodomains
of BRD4, for effective treatment and improved survival of patients
with PAH. n
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Figure 1. Role of BETs (bromodomain and extraterminal motifs) in pulmonary arterial hypertension. Numerous stresses, including disturbed blood flow,
BMPR2 mutations, drugs, toxins, and inflammation, induce the recruitment of BETs (e.g., BRD4) to the nuclei of smooth muscle cells (SMCs) to activate
the expression of FoxM1 and other genes, which causes SMC hyperproliferation, apoptosis resistance, and inflammation, and thus induces pulmonary
vascular remodeling and pulmonary arterial hypertension (PAH). These stresses may also induce BET recruitment to the nuclei of other cells, such as
endothelial cells (ECs). BETs may coordinate with other transcriptional factors (e.g., HIF-2a [hypoxia-inducible factor-2a]) to induce expression of
PAH-causing genes (PDGFB and CXCL12) in ECs. Through receptor (R) signaling, these growth factors may directly activate FoxM1 expression in SMCs
or promote BET recruitment to SMC nuclei, which in turn activates FoxM1 expression in SMCs and thereby induces pulmonary vascular remodeling
and development of PAH. Thus, targeting BETs is a mechanistic approach to inhibit pulmonary vascular remodeling. Efforts should be made to develop
druggable BET inhibitors (BETi), preferably with dual binding affinity for both bromodomains of BRD4 (BD1/2i), for effective treatment of PAH.
Ac= acetylation; H=histones.
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