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Abstract
Background—Pulmonary arterial hypertension (PAH) is a progressive disease of the pulmonary
arterioles, characterized by increased pulmonary arterial pressure and right ventricular failure. The
etiology of PAH is complex, but aberrant proliferation of the pulmonary artery endothelial cells
(PAECs) and pulmonary artery smooth muscle cells (PASMCs) is thought to play an important
role in its pathogenesis. Understanding the mechanisms of transcriptional gene regulation involved
in pulmonary vascular homeostasis can provide key insights into potential therapeutic strategies.
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Methods and Results—We demonstrate that the activity of the transcription factor myocyte
enhancer factor 2 (MEF2) is significantly impaired in the PAECs derived from subjects with PAH.
We identified MEF2 as the key cis-acting factor that regulates expression of a number of
transcriptional targets involved in pulmonary vascular homeostasis, including microRNAs 424 and
503, connexins 37, connexin 40, Krűppel Like Factor 2 (KLF2) and KLF4, which were found to
be significantly decreased in PAH PAECs. The impaired MEF2 activity in PAH PAECs was
mediated by excess nuclear accumulation of two class IIa histone deacetylases (HDACs) that
inhibit its function, namely HDAC4 and HDAC5. Selective, pharmacologic inhibition of class IIa
HDACs led to restoration of MEF2 activity in PAECs, as demonstrated by increased expression of
its transcriptional targets, decreased cell migration and proliferation, and rescue of experimental
pulmonary hypertension (PH) models.
Conclusions—Our results demonstrate that strategies to augment MEF2 activity holds potential
therapeutic value in PAH. Moreover, we identify selective HDAC IIa inhibition as a viable
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alternative approach to avoid the potential adverse effects of broad spectrum HDAC inhibition in
PAH.
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Introduction
Pulmonary arterial hypertension (PAH) involves abnormal proliferation of pulmonary
vascular cells, resulting in pulmonary arterial remodeling and obliteration of the pulmonary
vascular lumen. Ultimate clinical outcomes include increased pulmonary vascular resistance
and right ventricular (RV) failure. Recent studies have extended our understanding of the
pathogenesis of disease, including identification of growth factors/cytokines, transcription
factors, and microRNAs that play key roles in the disease progression.1, 2 However, despite
these advancements, there is a clear need for better understanding of the mechanisms of the
disease process, given the persistently high mortality rates in this patient population.3
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Many cell types are known to play important roles in the overall pathogenesis of PAH,
including PAECs, PASMCs, fibroblasts, and pericytes.1 With respect to PAECs, their
dysregulated proliferation, especially in the plexiform lesions that are present in up to 80%
of the patient population, has been extensively demonstrated in histopathological studies.4
Moreover, recent studies have identified a number of secreted factors from PAECs that
likely have key roles in aberrant cellular proliferation, including FGF2, IL-6 and
endothelin-1.5–7 These signaling perturbations likely have both autocrine and paracrine
consequences, where these endothelial factors induce proliferation, migration, and vascular
remodeling and target PAECs, PASMCs and pericytes in the pathogenesis of PAH.

NIH-PA Author Manuscript

Despite the increased knowledge of changes in endothelial gene expression in PAH, the
transcriptional mechanisms that regulate the expression of these factors remain poorly
understood. Here we identify a novel, key role for the transcription factor MEF2 in
maintenance of pulmonary vascular homeostasis. We found that MEF2 transcriptional
activity is significantly decreased in PAH PAECs, and it functions as a cis-acting
transcription factor that regulates the expression of miR-424 and miR-503, two miRNAs
involved in maintenance of pulmonary vascular homeostasis.8 Moreover, we found a
significant decrease in expression of a multitude of MEF2 transcriptional targets. The
impaired MEF2 activity in PAH PAECs was associated with increased nuclear accumulation
of two class IIa histone deacetylases (HDACs), namely HDAC4 and HDAC5. Augmenting
MEF2 activity by selective inhibition of class IIa HDACs can rescue experimental PAH
models, without any evidence of worsening RV remodeling, fibrosis, or coronary artery
endothelial apoptosis, which had been previously associated with non-selective HDAC
inhibition.9 Our findings provide significant advancement of the mechanisms of
transcriptional regulation that are involved in PAH, and also provide novel critical insights
into the controversies surrounding the potential use of HDAC inhibition in PAH,10–13 where
conflicting data has shrouded the promise of targeting this class of molecules as a
therapeutic strategy.
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An extended Methods is available in the online-only Data Supplement.
Human samples
The study was approved by the Cleveland Clinic and the Yale University School of
Medicine Institutional Review Boards, and written informed consent was obtained from all
participating individuals. The clinical information for the patients from whom the cells were
isolated are listed in Sup. Table 1.
Animal studies
Animal experiments performed in this study were approved by the Institutional Animal Care
and Use Committee of Yale University.
Cell culture and reagents
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We isolated PAECs from normal and PAH explanted donor lungs, as described
previously.14, 15 We obtained additional control PAECs from Lonza. PAECs from seven
control subjects, seven subjects with IPAH and three subjects with FPAH were studied. In
brief, human pulmonary arteries were dissected from the lungs to the distal small arterioles,
and PAECs were harvested from the isolated pulmonary arterial tree. PAECs were grown in
EBM-2 basal medium supplemented with EGM-2 (Lonza) on fibronectin-coated plates.
Cells were passaged at 70–80% confluency, and primary cultures of passages 3 to 7 were
used in experiments. All apelin stimulations were done using apelin-13 peptide at 1 μM
(Sigma). TSA (Sigma) and MC1568 (Selleck Chemicals and DC Chemicals) were dissolved
in DMSO (Sigma) and used at the indicated doses.
Immunohistochemistry of lung sections
PAH and control donor lung samples were obtained from the National Disease Research
Interchange (NDRI). Human and rat lung tissues were fixed and stained as previously
described.8 Standard methods (Trichrome Stain, Sigma) were used to stain for collagen in
cardiac sections.
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Immunofluorescence
For the apelin effect on HDAC4/5 translocation, PAECs plated on glass bottom culture dish
(Mat-Tek) were transfected with GFP-tagged HDAC4 and HDAC5 expression vectors for
24 hours. Cells were imaged using a Nikon Eclipse Ti confocal microscopy before and after
treatment with apelin 13 (1 μM for 1 h at 37°C).
Pulmonary hypertension animal models
Male Sprague Dawley rats (200–250 g; Charles River Laboratories) were subcutaneously
injected with monocrotaline (Sigma) (60 mg per kg body weight) for the MCT model. For
the SUGEN model, SU-5416 (Sigma) was resuspended in DMSO (Sigma) and injected
subcutaneously (20 mg per kg body weight). Rats were subsequently exposed to hypoxia
(10% FiO2) for 2 weeks. Rats were given intraperitoneal administration of either the vehicle
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(DMSO) or MC1568 (Sellek Chemicals and DC Chemicals) (50 mg per kg body weight)
daily.
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Hemodynamic and morphometric analyses
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Right ventricular systolic pressure (RVSP) measurements were performed at the designated
time point under isoflurane anesthesia by inserting a catheter (Millar Instruments) into the
right jugular vein as described previously.8 Six to eight animals were tested per
experimental group based on our previous studies. Lungs were perfused with normal saline
and fixed in 4% paraformaldehyde overnight for immunohistochemistry or snap frozen in
liquid nitrogen for protein and RNA analyses. Hearts were dissected and weighed for
calculation of the right ventricle (RV) to the left ventricle (LV) plus septum weight ratio
(weight of the RV divided by the weight of the LV + septum). The same full section in the
midportion of the left lung parallel to the hilum was used and embedded in the same manner
for lung morphometric analyses. Pulmonary artery muscularization was assessed at ×200
magnification after staining for vWF and SMA by calculating the ratio of the number of
muscularized peripheral pulmonary arteries to the number of total peripheral pulmonary
vessels (with diameters less than 75 μm) in five random fields per lung (with each field at
×200 magnification). Pulmonary arteries with proliferating cells were assessed in PCNA
stained lung sections. Vessels with one or more PCNA stained cells were considered to be
PCNA positive. All measurements were carried out by investigators blinded to the
experimental condition.
Statistical analyses
All experiments were performed in triplicate (unless otherwise specified) from at least three
independent experiments, and data shown are the means ± s.e.m. When only two groups
were compared, statistical differences were assessed with unpaired two-tailed Student’s t
test. Otherwise, statistical significance was determined using one-way analysis of variance
followed by Bonferroni’s multiple comparison test. Relationships between variables were
determined by the Pearson correlation coefficient. P<0.05 was considered statistically
significant.

Results
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MEF2 is a key transcription factor that regulates miR-424 and miR-503
We sought to identify the transcriptional machinery that regulates expression of miR-424
and miR-503 (miR-424/503), which were recently found to be the link in the disruption of
the apelin-FGF signaling axis in PAH PAECs.8 In silico analysis of the putative
miR-424/503 promoter region (mapper.chip.org) identified at least two highly conserved
MEF2 binding sites (Sup. Fig. 1). We found that knockdown of MEF2A and MEF2C, which
are the MEF2 isoforms known to be highly expressed in endothelial cells, in human PAECs
led to a significant decrease in miR-424 and miR-503 expression (Fig. 1A); chromatin
immunoprecipitation (ChIP) assays confirmed binding of MEF2 to the two conserved MEF2
binding sites in the miR-424/503 promoter in PAECs (Fig. 1B). MiR-424/503 promoter
based luciferase reporter construct was significantly induced by co-transfection with either
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MEF2A or MEF2C; this effect was abrogated by mutagenesis of the MEF2 binding sites
(Fig. 1C).
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We next investigated whether MEF2 is also the key mediator of apelin induced miR-424 and
miR-503 expression. Stimulation of PAECs with apelin, in conjunction with knockdown of
MEF2A and MEF2C, led to abrogation of apelin mediated activation of the miR-424/503
promoter (Fig. 1D). Moreover, the miR-424/503 promoter based reporter containing
mutagenized MEF2 binding sites also failed to respond to apelin (Sup. Fig. 2). ChIP assay
showed that siRNA mediated knockdown of APLN in PAECs resulted in a marked reduction
in MEF2 binding to the miR-424/503 promoter (Fig. 1E).
MEF2 transcriptional activity is impaired in PAH PAECs
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To further corroborate these findings to the PAH context, we evaluated whether overall
MEF2 activity may be compromised in PAH PAECs. We found that the total transcript
levels of MEF2A and MEF2C were not significantly different between control and PAH
PAECs, suggesting that the expression levels of MEF2 was not affected in PAH PAECs
(Sup. Fig. 3). However, the baseline activity of two MEF2 responsive reporters, derived
from the miR-424/503 promoter and the Krűppel Like Factor 2 (KLF2) promoter,16 were
significantly lower in PAH PAECs compared to controls (Fig. 1F and 1G). Moreover, we
found that stimulation of PAH PAECs with apelin led to a significant augmentation of the
MEF2 reporter activity in PAH PAECs tested, demonstrating that the compromised MEF2
activity in these cells can be augmented by apelin (Fig. 1H).
Increased nuclear localization of HDAC4 and HDAC5 inhibit MEF2 function in PAH PAECs
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MEF2 is known to be regulated by multiple mechanisms, one of which is its inhibition by
class IIa histone deacetylases (HDACs).17, 18 Class IIa HDACs, comprised of HDAC4,
HDAC5, HDAC7, and HDAC9, are the only HDACs known to bind to MEF2. Interestingly,
only HDAC4 and HDAC5 protein levels were previously found to be increased in the lungs
of PAH patients.12 Moreover, apelin mediated regulation of MEF2 activity was found to
involve phosphorylation and cytoplasmic translocation of HDAC4 and HDAC5.19 Based on
this knowledge, we carried out a series of studies to evaluate the potential role of
specifically targeting this class of HDACs in PAH. We found that PAH PAECs had a
significantly higher fraction of transfected HDAC4 and HDAC5 that localized to the
nucleus, compared to control PAECs (Fig. 2A). This finding was consistently observed in
PAECs derived from three independent PAH subjects compared to control PAECs.
Moreover, we found that stimulation of PAH PAECs with apelin led to robust cytoplasmic
translocation of both HDAC4 and HDAC5 (Fig. 2B), as well as marked increase in
phosphorylation of HDAC4 and HDAC5 (Fig. 2C), which is known to be closely associated
with their cytoplasmic translocation.20, 21
Inhibition of class IIa HDACs augments MEF2 transcriptional activity in PAECs
We next determined whether inhibition of HDAC4 and HDAC5 can augment MEF2 activity
in PAECs. Selective inhibition of HDAC4 and HDAC5 by siRNA mediated knockdown in
PAH PAECs led to a significant increase in miR-424 and miR-503 expression in these cells
(Fig. 3A). Moreover, our previously described MEF2 transcriptional targets with possible
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roles in the pathogenesis of PAH, including connexin 37 (Cx37), connexin 40 (Cx40), and
KLF2,19 as well as the related, MEF2 regulated KLF4 (Sup. Table 2), were also
significantly upregulated by HDAC4 and HDAC5 knockdown in PAH PAECs (Fig. 3A). In
addition, we found in PAH PAECs significantly decreased transcript levels of Cx37, Cx40,
KLF2 and KLF4 compared to controls (Fig. 3B), providing further evidence that MEF2
transcriptional activity is reduced in these cells. We also evaluated the expression of two of
these targets, namely Cx37 and Cx40, in the lung tissue of PAH subject and control. We
found that the expression level of both Cx37 and Cx40 was significantly decreased in the
endothelial layer of lung from PAH subject compared to control (Fig. 3C).
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Next, we determined the efficacy of a pharmacologic HDAC class IIa specific inhibitor,
MC1568, on MEF2 target expression. MC1568 has been demonstrated to have selective
inhibition of class IIa HDACs, without affecting other HDAC classes, at least in part by
inducing degradation of HDAC4 and HDAC5.22, 23 We found that treatment of PAECs with
MC1568 led to a significant decrease in the protein levels of HDAC4 and HDAC5 (Sup.
Fig. 4). Treatment of PAH PAECs with MC1568 resulted in significantly increased
expression of miR-424, miR-503, Cx37, Cx40, and KLF2 (Fig. 3D). Moreover, we found
that treatment of PAH PAECs with MC1568 leads to a significant downregulation of FGF2,
which was previously found to be targeted by miR-424 and miR-503, and aberrantly
increased in PAH PAECs (Sup. Fig. 5).6, 8 MC1568 treatment also led to significant
reduction of PAH PAEC proliferation (Fig. 3E) and migration (Fig. 3F).
Pharmacological inhibition of class IIa HDACs results in rescue of experimental PH
models
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Given our in vitro findings demonstrating the effects of MC1568, we tested two
experimental PH models (monocrotaline (MCT) and SU-5416/hypoxia (SUGEN)) to
determine the efficacy of MC1568 in reversing established PH in rats (Sup. Fig. 6).
Measurement of the right ventricular systolic pressures (RVSP) demonstrated a significant
decrease in MC1568 administered rats compared to controls in both the MCT and the
SUGEN models (Fig. 4A). We also found a significant reduction in the RV to left ventricle
+ septum (LV+S) weight ratios in the MC1568 groups (Fig. 4B). Morphometric lung studies
demonstrated a significantly decreased number of muscularized arterioles in the MC1568
groups (Fig. 4C). Moreover, PCNA-positive proliferating vascular cells were significantly
fewer in MC1568 treated groups compared to control groups (Fig. 4D). The number of
obliterated lumens was also significantly fewer in the MC1568 treated lungs compared to
the control group in the SUGEN model (Fig. 4E). At the molecular level, MC1568 treatment
also led to a significant increase in expression levels of rno-mir-322 (rat homolog of hsamiR-424) and rno-mir-503 (Fig. 4F), as well as other MEF2 transcriptional targets, although
some of these did not reach statistical significance in the MCT model (Sup. Fig. 7). Lastly,
expression of FGF2 was significantly decreased in the lungs of MC1568 administered rats
(Fig. 4G).
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Selective class IIa HDAC inhibition avoids the adverse RV effects of global HDAC
inhibition
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We next evaluated whether selective HDAC class IIa inhibition can potentially avoid the
deleterious cardiac effects seen with broader HDAC inhibition.9 Unlike what was described
with trichostatin A (TSA), we found no evidence of myocardial fibrosis in rats receiving
MC1568 in both the MCT and SUGEN groups (Fig. 5A). Moreover, we found that treatment
of human coronary artery endothelial cells with TSA, a broad spectrum HDAC inhibitor,
lead to marked induction of cellular apoptosis as assessed by caspase 3 cleavage, while
MC1568 treatment did not result in caspase activation even at a higher concentration (Fig.
5B). Lastly, gross histological analyses of the right ventricle demonstrated that the MC1568
group had marked protection from the RV dilatation and remodeling that was observed in
the control group (Fig. 5C). The RV mass was markedly smaller in the rats treated with
MC1568 in both the MCT and the SUGEN groups, as well as the RV to total body weight
ratios (Fig. 5D).

Discussion
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Here we report the key observation that MEF2, involved in transcriptional regulation of a
number of endothelial genes that mediate vascular homeostasis, is impaired in PAH PAECs.
Moreover, similar to our recent findings in the broad endothelial context, we found that
apelin can robustly augment MEF2 activity in PAECs, through a mechanism that involves
phosphorylation and cytoplasmic translocation of two class IIa HDACs, namely HDAC4
and HDAC5. Apelin has been identified as a key component of pulmonary vascular
homeostasis, that is implicated as a downstream target of BMP signaling.8, 24–27 We found
that selective pharmacologic inhibition of class IIa HDACs using MC1568 induced
expression of multiple MEF2 targets in PAECs, including miR-424, miR-503, Cx37, Cx40,
KLF2 and KLF4. Most importantly, we found that selective class IIa HDAC inhibition
rescues two independent experimental PH models in rats (Fig. 5E for schematic).
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Two MEF2 factors are known to be highly expressed in the endothelial cells: MEF2A and
MEF2C.28, 29 Mice with genetic deletion of these genes succumb to either embryonic
(MEF2C) or early postnatal (MEF2A) lethality,30, 31 hence studies of these genes in mature
vascular function have been limited. Interestingly, recent evaluation of the retinal
vasculature of a conditional, endothelial cell specific MEF2C knockout mouse demonstrated
enhanced vascular growth and decreased EC apoptosis.32 Moreover, expression of FGF2
was found to be significantly increased in ECs subjected to MEF2C knockdown. Overall,
these findings suggest that MEF2 is a key endothelial homeostatic transcription factor that
likely regulates a multitude of endothelial transcripts, including Cx37/40, KLF2/4, and
miR-424/503, to maintain vascular quiescence. In addition, our results support the important
role of our previously defined apelin-miR-424/503-FGF2/FGFR1 signaling axis in PAH,8
with the demonstration that disruption of apelin or miR-424/503 in PAH PAECs likely is a
key contributor to the aberrant increase in FGF2 levels seen in PAH subjects.6, 33
A number of recent studies have demonstrated the potential therapeutic efficacy of using
broad spectrum HDAC inhibitors in experimental models of PH.10, 12, 34 However, other
studies have raised concerns regarding the use of broad spectrum HDAC inhibitors, where
Circulation. Author manuscript; available in PMC 2016 January 13.
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worsening of RV function and induction of RV capillary death were observed,9, 11 and TSA
failed to improve RVSP or RV function in the SUGEN model of PH.13 Despite the
unresolved controversies highlighted by these studies, HDAC inhibition to treat PAH may
be an attractive therapeutic strategy, given that two such agents (vorinostat and romidepsin)
are currently in use for patients with cutaneous T cell lymphoma.35 Unfortunately, there are
also a number of adverse clinical effects associated with these broad-spectrum HDAC
inhibitors which may raise further cautions in testing their potential therapeutic efficacy in
PAH subjects. Clinical experience with non-specific HDAC inhibitors has been associated
with electrocardiographic abnormalities and pulmonary embolism, both of which may have
detrimental consequences in PAH patients.36, 37 Our current findings provide a number of
key advancements in the role of MEF2, class IIa HDACs, and their targets in PAH that may
facilitate the road to future translational studies: 1) We identify impairment of MEF2
activity in PAH PAECs that leads to decreased expression of a number of genes involved in
vascular homeostasis; 2) We demonstrate that in addition to the epigenetic modifications
achieved by HDAC inhibition and their potential roles in PAH, HDAC inhibitor mediated
alteration of the protein-protein interactions may be a key unexplored mechanism by which
these agents can impact pulmonary vascular remodeling; 3) We provide evidence that
selective HDAC IIa inhibition can avoid the deterioration of RV function seen with broad
spectrum HDAC inhibition, which would be detrimental in PAH patients. The MEF2
transcriptional targets we identified include: connexins 37 and 40, key gap junction proteins
that may regulate vascular resistance and RV function,3839 KLF2, whose overexpression in
the lungs can improve RVSP in experimental PH models,40 and miR-424 and 503, which
were found to be significantly decreased in both PAH subject lungs as well as experimental
models,8, 41 and can rescue PH models when overexpressed in the lungs.8 With respect to
HDAC binding partners, the current study focused on the role of its inhibition of MEF2
activity, but other interactors, such as PPAR-γ,42 may also be important in PAH, and
deserve further investigation.24, 25, 43 The RV response to elevated pulmonary arterial
pressures remains poorly understood, and is the subject of active investigation.44 Our
findings demonstrate that selective HDAC IIa inhibition does not induce RV fibrosis nor
coronary artery endothelial apoptosis (as was seen with non-selective HDAC inhibition),
and protected against RV dilatation. Investigation into the potential direct myocardial effect
of HDAC IIa inhibition may demonstrate additional beneficial mechanisms above and
beyond the decrease in pulmonary vascular resistance.
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Although the PAECs used in this study were isolated from lungs of controls and PAH
subjects and maintained expression of endothelial markers (data not shown), a potential
limitation is whether their full endothelial phenotype is retained in culture and after
passaging. The endothelial MEF2 targets included in this study represent those that are
either validated MEF2 targets, including KLF2 and KLF4, as well as others we have
confirmed to be targeted by the apelin-MEF2 axis both in vivo and in vitro.19 Identification
and further validation of endothelial MEF2 transcriptional targets are areas of active
investigation, and will shed further insights into its role in the pulmonary vasculature in the
near future.
Overall, these findings define a novel signaling paradigm that may be critically important as
we pursue new treatment strategies in PAH, while minimizing the adverse effects.
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Additionally, the translation of these findings to clinical trials will likely be facilitated by the
recent development of multiple promising HDAC IIa selective inhibitors,45–48 where
therapeutic efficacy in PAH can be rapidly tested using the methodologies described here.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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MEF2 activity is impaired in PAH PAECs. (A) Expression levels of the mature and the priforms of miR-424 and miR-503 in pulmonary artery endothelial cells (PAECs) in response
to siRNA mediated knockdown of MEF2A, MEF2C, or both. **P<0.01 vs. control siRNA.
(B) Chromatin immunoprecipitation (ChIP) assay using antibody against MEF2 or IgG
control antibody in pull-down of the two MEF2 binding sites from the miR-424/503
promoter region. The immunoprecipation (IP) and the input samples are shown. #1 and #2
represent the two putative MEF2 binding sites in the promoter of miR-424/503 (Sup. Fig. 1).
(C) Luciferase reporter assays using PAECs transfected with either the wildtype (WT) or
mutant miR-424/503 promoter based luciferase reporter in conjunction with MEF2A or
MEF2C expression constructs. *P<0.05 vs. control, n.s.: not significant. (D) Luciferase
reporter assays using PAECs transfected with miR-424/503 promoter luciferase reporter in
conjunction with apelin stimulation (1 μM for 24 h) with concurrent knockdown of MEF2A,
MEF2C, or both. **P<0.01 vs. unstimulated, †P<0.01 vs. apelin stimulated with control
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siRNA. (E) ChIP assay to determine MEF2 binding to the two predicted MEF2 binding sites
in the miR-424/503 promoter using antibody against MEF2 in PAECs subjected to APLN
knockdown. #1 and #2 represent the two putative MEF2 binding sites in the promoter of
miR-424/503 (Sup. Fig. 1). (F) Luciferase reporter activity driven by the miR-424/503
promoter using control and PAH PAECs. *P<0.05 vs. control PAECs. (G) Luciferase
reporters driven by the KLF2 promoter region using control and PAH PAECs. *P<0.05 vs.
control PAECs. (H) KLF2 promoter driven luciferase reporter assay in PAH PAECs with
apelin stimulation (1 μM for 24 h). **P<0.01 vs. control.
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Figure 2.
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Dysregulated HDAC4 and HDAC5 in PAH PAECs. (A) Intracellular localization of
transfected GFP tagged HDAC4 or HDAC5 (green) in control (Con) and PAH PAECs.
DAPI (4′,6-diamidino-2-phenylindole) nuclear stain is also shown (blue). **P<0.01 vs.
Con-303, *P<0.05 vs. Con-303. (B) HDAC4-GFP or HDAC5-GFP intracellular localization
in response to apelin stimulation (1 μM for 1 h) in PAH PAECs. **P<0.01 vs. control. (C)
Phosphorylation of endogenously expressed HDAC4 and HDAC5 in response to apelin
stimulation (1 μM for 1 h) in PAH PAECs. **P<0.01 vs. unstimulated controls.
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Figure 3.

Selective inhibition of class IIa histone deacetylases (HDACs) restore pulmonary
endothelial homeostasis. (A) Expression of hsa-miR-424, hsa-miR-503, connexin 37 (Cx37),
connexin 40 (Cx40), KLF2 and KLF4 in response to knockdown of HDAC4 and HDAC5 in
PAH PAECs. *P<0.05 and **P<0.01 vs. control siRNA. (B) Transcript levels of Cx37,
Cx40, KLF2 and KLF4 in PAECs from controls and PAH patients. *P<0.05 and **P<0.01
vs. control PAECs. (C) Expression of Cx37 and Cx40 in lungs from control and PAH
subject. CD31 is shown in green, connexin 37 and 40 are shown in red, DAPI nuclear
staining is shown in blue. (D) Expression of hsa-miR-424, hsa-miR-503, Cx37, Cx40, KLF2
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and KLF4 in PAH PAECs treated with MC1568 (1 μM for 24 h). *P<0.05 and **P<0.01 vs.
control. Scale bar: 35 μm. (D) Proliferation of PAH PAECs in response to MC1568
stimulation. *P<0.05 and **P<0.01 vs. control. (E) PAH PAEC migration in response to
MC1568 stimulation. **P<0.01 vs. control.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Circulation. Author manuscript; available in PMC 2016 January 13.

Kim et al.

Page 18

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 4.

MC1568 rescues experimental models of pulmonary hypertension. (A) Right ventricular
systolic pressure (RVSP) measurement in rats receiving either vehicle (DMSO) or MC1568
in the monocrotaline (MCT) and SU-5416/hypoxia (SUGEN) models. n=6 per group.
**P<0.01 vs. vehicle treated rats. (B) Right ventricle to left ventricle + septum (RV/LV+S)
weight ratios in the MCT and SUGEN models with either vehicle (DMSO) or MC1568
treatment. **P<0.01 vs. vehicle treated rats. (C) Muscularization (musc.) analysis of the
pulmonary arterioles in the alveolar (alv.) wall of lungs from rats receiving either vehicle
(DMSO) or MC1568 in the two experimental PH models. Smooth-muscle actin (SMA) is
shown in red, and von Willebrand Factor (vWF) is shown in green. **P<0.01 vs. vehicle
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treated rats in each model. Scale bar: 50 μm. (D) PCNA expression in the lungs of the two
models receiving either vehicle (DMSO) or MC1568. PCNA is shown in red and vWF is
shown in green. **P<0.01 vs. vehicle treated rats in each model. Scale bar: 50 μm. (E) H&E
staining of the lungs from rats subjected to SUGEN pulmonary hypertension induction
receiving either DMSO or MC1568. The average number of obliterated vessels per
microscopic field (Oblit. vessels HPF 1) is shown. **P<0.01 vs. vehicle treated rats. Scale
bar: 25 μm. (F) Expression levels of rno-miR-322 (the rat homolog of hsa-miR-424) and
rno-miR-503 in the rat lungs of the PH models with either vehicle (DMSO) or MC1568
treatment. *P<0.05 and **P<0.01 vs. vehicle treated rats. (G) FGF2 protein expression in
lung homogenates of rats in the two PH models in response to MC1568 treatment. The
graph represents FGF2/GAPDH intensity ratio. *P<0.05.
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Figure 5.

Class IIa HDAC inhibition does not promote RV fibrosis or coronary artery endothelial cell
apoptosis. (A) Trichrome stain of the right ventricle from the four treatment groups. Scale
bar: 100 mm. (B) Effects of MC1568 or trichostatin A (TSA) on caspase 3 cleavage in
human coronary artery endothelial cells. (C) Gross appearance of LV and RV in the hearts
of the SUGEN PH model in the DMSO (control) and MC1568 groups. (D) RV weights and
the RV to total body weight ratio of rats in the four groups of animals. **P<0.01 vs. DMSO
(control) in each group. (E) Working model of the signaling cascade.
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