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Background: BoneMorphogenetic Proteins (BMP) pathway defects and inflammation are hallmarks of pulmonary arterial
hypertension (PAH).
Results: BMP signaling inhibits TNF�-induced activation of NF-�B by promoting an MRTF-A/NF-�B inhibitory complex in
pulmonary smooth muscle cells.
Conclusion: BMPs binding to BMPR2 receptor play anti-inflammatory roles by inhibiting TNF� signaling via MRTF-A.
Significance: Defining how BMP pathway dysfunction promotes vascular pro-inflammatory state is critical to PAH therapy.

Pulmonary artery hypertension (PAH) patients exhibit ele-
vated levels of inflammatory cytokines and infiltration of
inflammatory cells in the lung. Concurrently, mutations of
bmpr2, the gene encoding the type II receptor of bone morpho-
genetic proteins (BMP), are found in �75% of patients with
familial PAH, but a possible nexus between increased inflamma-
tion and diminished BMP signaling has hitherto remained elu-
sive.Wepreviously showed that BMP4 triggers nuclear localiza-
tion of theMyocardin-related transcription factor A (MRTF-A)
in human pulmonary artery smooth muscle cells (PASMC),
resulting in the inductionof contractile proteins.Herewe report
the BMPR2-dependent repression of a set of inflammatory
mediators in response to BMP4 stimulation of PASMC. Forced
expression of MRTF-A precisely emulates the anti-inflamma-
tory effect of BMP4, whileMRTF-A depletion precludes BMP4-
mediated cytokine inhibition. BMP4 andMRTF-A block signal-
ing through NF-�B, the keystone of most pathways leading to
inflammatory responses, at the level of chromatin recruitment
and promoter activation. Moreover, MRTF-A physically inter-
acts with RelA/p65, the NF-�B subunit endowed with a tran-
scription activation domain. Interestingly, theMRTF-A-NF-�B
interaction is mutually antagonistic: stimulation of NF-�B signal-
ing by TNF�, as well as p65 overexpression, hinders MRTF-A
activity and the expression of contractile genes. Thus, a molecular
inhibitorypathway linkingBMP4signaling, activationofMRTF-A,
and inhibitionofNF-�Bprovides insights into the etiology of PAH
and a potential focus of therapeutic intervention.

Pulmonary artery hypertension (PAH)2 is a disease of the
pulmonary vasculature associated with endothelial dysfunc-
tion,migration, and proliferation of PASMC into the small pre-
capillary vessels, luminal narrowing, reduced dilation potential,
and consequent increase in upstream pressure (1). For
unknown reasons, a wide range of causes can lead to PAH,
stemming from the genome, the environment, drugs and infec-
tious diseases. Conceivably, a successful therapeutic outcome
could be furthered by understanding themolecular and cellular
underpinnings shared by these diverse etiologies. Among the
various clinical features, two phenomena consistently underlie
most forms of PAH: genetic and epigenetic changes in the bone
morphogenetic protein type-II receptor (BMPR2) pathway (2,
3); and deregulation of immunity and inflammation (4).
BMPR2 is mutated in around 75% of familial PAH cases and

in 20% of patients with non-familial PAH (5, 6). Mutations in
other members of the transforming growth factor � (TGF�)
superfamily of receptors, such as endoglin and the activin-like
receptor 1 (ALK-1), have also been observed. Even in the
absence of genetic changes, down-regulation of BMPR2 or
BMP type I receptor BMPR1A (ALK-3) expression has been
documented in the lungs and cells of PAH patients without
mutations in bmpr2 (7, 8), corroborating the suggestion that
functional TGF� and BMP signaling can hinder the progress of
PAH. BMP signaling promotes SMCdifferentiation and growth
arrest. It also has a role in vascular calcification, especially in
senescent SMC, with BMP2/4 promoting osteoblastic transi-
tion and BMP7 inhibiting it (9, 10). It has been suggested that
loss of BMP signaling following misexpression or inactivation
of BMPR2 may predispose SMC to a phenotype switch in PAH
(11), resulting in decreased expression of contractile proteins
and increased proliferation and migration. We have previously
discovered that the pro-contractile action of BMP signaling in
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smooth muscle is mediated by members of the MRTF family:
MRTF-A andMRTF-B (11). Unlikemyocardin, which localizes
constitutively to nuclei and is restricted to cardiac and SMC,
theMRTFs are expressed in various tissues and are regulated by
signals that control actin polymerization. Upon receipt of a Rho
GTPase-transduced signal, the pool of free monomeric actin
declines. The MRTFs, which interact with unpolymerized
actin, are subsequently released and activate transcription.
Transcriptional activation by myocardin and MRTFs requires
their interaction with Serum Response Factor (SRF) on pro-
moter motifs called CArG boxes.
A role for inflammation, the second common feature of

diverse injuries that trigger PAH, has been predicated on the
finding of inflammatory cells, including macrophages and T or
B lymphocytes, around the plexiform lesions of PAH (12). Lev-
els of inflammatory cytokine and chemokine (ICC) expression,
such as CCL2, CCL3, IL-1�, and interleukin-6 (IL-6), are also
increased in severe PAH (13–15), with elevated serum levels of
TNF� and higher levels of interleukins serving also as accurate
predictors of reduced survival in PAH patients (16). In animal
models, PAH can be induced by absence of T cells (17),
repeated antigen exposure (18), or overexpression of IL-6 (19)
and TNF� (20). Thus, in humans as in rodents, a functional
immune system is required to prevent the occurrence of pul-
monary hypertension.
Neither BMP signaling nor inflammatory dysfunction alone

seems sufficient to trigger PAH, but in conjunction they may
provide a two hits scenario that precipitates or worsens the
disease (1). There is in vivo evidence for this synergism: a trans-
genic mouse expressing smooth muscle-restricted dominant-
negative BMPR2 displays elevated IL-6 levels (21, 22), while
inflammatory stimuli significantly increase PAH symptoms in
heterozygote bmpr2-mutantmice (23). In the present study, we
investigated whether these concurrent causes are molecularly
connected and functionally interrelated.We find that BMP sig-
naling inhibits the expression of inflammatory cytokines in
PASMC. Surprisingly, MRTF-A acts as a transcriptional
repressor, antagonizing the pro-inflammatory action of TNF�.
MRTF-A interacts directly with, and inhibits the activity of, the
primary transcriptional mediator of inflammatory signals, the
nuclear factor �-light-chain-enhancer of activated B cells (NF-
�B). Conversely, acting via NF-�B, TNF� causes an inhibition
of the BMP/MRTF-A axis, promoting smooth muscle dediffer-
entiation. Thus, through themutually inhibitory effect between
MRTF-A andNF-�B, smoothmuscle cells integrate pro-differ-
entiation stimuli by BMPs and pro-inflammatory stimuli by
TNF� .

EXPERIMENTAL PROCEDURES

Cell Culture—Human primary pulmonary artery smooth
muscle cells (PASMCs) were purchased from Lonza (#CC-
14010) and were maintained in Sm-GM2 media (Lonza) con-
taining 5% FBS. PAC-1 were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (Sigma). 10T1⁄2 cells were obtained from ATCC.
Antibodies and Reagents—The antibodies used in this study

are Myc epitope tag (clone 9E10, Tufts Core facility), Flag
epitope tag (clone M2; Sigma), anti-smooth muscle actin

(SMA) (clone 1A4, Sigma), anti-p65 (Cat# 3034, Cell Signaling
Technology, for Western blot and immunoprecipitation; Cat#
sc-372, Santa Cruz Biotechnology, for immunofluorescence),
and anti-I�B (Cat# sc-203, Santa Cruz Biotechnology). Recom-
binant human BMP4 and TNF� were purchased from R&D
Systems.
Plasmid DNA Construct and Transfection—Flag-tagged

NF-�B p65 plasmid was purchased from Addgene (Cat#
20012). Myc-taggedMRTF-A expression constructs were a gift
of Dr. D.-Z. Wang. Cells were transfected using polyethyleni-
mine (PEI) (Cat# 23966, Polysciences, Inc) according to the
manufacturer’s instructions.
Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Assay—Unless otherwise indicated, cells were treatedwith 3 nM
BMP4 and/or 10 ng/ml TNF� in DMEM/0.2% FBS. Total RNA
was extracted by TRIzol (Invitrogen) and subjected to reverse
transcription using SuperScript II kit (Invitrogen), according to
the manufacturer’s instructions. Quantitative analysis was per-
formed by real-time PCR (Bio-Rad). The sequences of the PCR
primers are available upon request.
RNA Interference—Synthetic small interference RNA (siRNA)

was purchased fromDharmacon. The siRNA sequences target-
ing human BMP receptor II (BMPRII), MRTF-A, MRTF-B and
scrambled siRNA are available upon request. The siRNAs were
transfected as described (11). Forty-eight hours after transfec-
tion, cells were treated and harvested.
Luciferase Assay—Luciferase reporter constructs containing

theCXCL2 promoter (pSS1,�428/�76; pSS2,�80/�76; pSS4,
a mutation within the NF-�B site at �76/�67) were a kind gift
of Dr.Maheswaran; SM22 (445/1st exon) and SM22withmuta-
tions in two CArG boxes were obtained from Dr. L. Li; After
transfection in 6-well plates, the cells were re-seeded onto
12-well plates and treated with 3 nM BMP4 or 10 ng/ml TNF�
or combination for 20 h in 0.2% FBS/DMEM. Luciferase assays
were carried out as described (11).
Construction of Recombinant Adenovirus and Infection—Ad-

enovirus carrying �-gal (control, Tet-Off), Flag-mMRTF-A
(Tet-Off), �C-Flag-mMRTF-A (Tet-Off), and Tet activator
(required to express TRE Adenovirus) were as described (24).
Adenovirus carrying NF-�B subunit p65 (chicken) and domi-
nant negative I�b (Chicken I�B� S36–40A mutant) were pro-
vided byDr. Blackwell. High titer stocks of recombinant viruses
were grown in 293 cells and purified. Infection of recombinant
adenoviruses was performed at a multiplicity of infection of
�800 PFU/cell.
Immunoprecipitation and Immunoblot Assays—Cells were

treated with 3 nM BMP4 and 10 ng/ml TNF� and then lysed in
100 mM Tris-1% Nonidet P-40–1 mM EDTA buffer. Immuno-
precipitation and immunoblot analysis were performed as
described previously (25)
Chromatin Immunoprecipitation Assay (ChIP)—ChIP assay

was performed using EZ-Magna ChIP™ AChromatin Immuno-
precipitation Kit (Cat# 17-408, Millipore) according to the
manufacturer’s instructions. Briefly, after treatment, followed
by cross-linking with formaldehyde, genomic DNA was soni-
cated to an average length of 500 bp. Soluble chromatin was
then incubated with anti-p65 antibody. Immunoprecipitated
DNA fragments were amplified and quantitated by real-time
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PCR with PCR primers specific for the human CXCL2 gene:
5�-GGCAGAAAGAGAACATCCCA-3� and 5�-ACCCCTTT-
TATGCATGGTTG-3� and IL-1� gene: 5�-TGGCCCTGTAA-
CCTGGACCC-3� and 5�-GCTGTGGCCTGAGCGGTCTC-3.
Immunofluorescence—After treatment for 48 h, PASMCs

were fixed and permeabilized in 50% acetone/50% methanol
solution and subjected to staining using anti-SMA, or anti
NF-�B p65 antibodies. Secondary antibodies conjugated with
Alexa Fluor 488 (Invitrogen) were used for detection. Nuclei
were stained with 4�,6�-diamidino-2-phenylindole dihydro-
chloride (DAPI, Invitrogen).
Enzyme-linked Immunosorbent Assay (ELISA)—IL-1� and

CCL8 protein levels in cell culture supernatants were deter-
mined using a commercially available ELISA kit specific for
human IL-1� (Cat# DLB50, R&D System) and CCL8 (Cat#
ELH-MCP2–001, RayBiotech, Inc). The lower limit for detec-
tion of IL-8 and CCL8 was �5 pg/ml. The manufacturer’s
instructions were followed to assay IL-1� andCCL8 concentra-
tions. Absorbance was read at 450 nm using a Synergy HT
Reader (BioTek). Concentrations of cytokines were calculated
based on a standard curve for each cytokine.
Animal Study and Immunohistochemistry—All experiments

were performed in accordance with the guidelines and regula-
tions of the Institutional Animal Care and Use Committee at
Tufts Medical Center. Adult male Sprague-Dawley rats were
randomized to 17 days of normoxia or hypobaric hypoxia as
described previously (26). At the end of the exposure period,
rats were killed and PAs were processed for paraffin embed-
ding. Paraffin-embedded tissue sections (5-�m)were immuno-
stained with anti-SMA (clone 1A4, Sigma), anti-phospho-
Smad1/5/8 (Cat# 9511, Cell Signaling), IL-1� (Cat# sc-9983,
Santa Cruz Biotechnology), IL-1� (Cat# sc-7884, Santa Cruz
Biotechnology) and IL-6 (Cat# AF506, R&D) antibodies.
Statistical Analysis—Statistical significance was calculated

using analysis of variance (ANOVA) and Fisher’s Projected
Least Significant Difference (LSD) test, or by Student’s t test
analysis (p � 0.05), as appropriate. All data are plotted as the
mean � S.E.

RESULTS

BMP Signaling Inhibits Immune Cytokine and Chemokine
Gene Expression—Preliminary microarray and qRT-PCR array
analyses indicated an inhibitory effect of BMP4 on the expres-
sion of a number of ICC genes in human PASMC (data not
shown). To further explore this finding, we measured by qRT-
PCR the expression of a set of six ICC genes representing three
major ICC structural families: IL-1� and IL-1� (of the interleu-
kins family), CXCL1 and CXCL2 (CXC family) and CCL8 and
CCL11 (CC family). BMP4 significantly inhibited [from 1.3-
fold (CXCL1) to 24-fold (CCL11)] the TNF�-induced levels of
all the ICCs tested, while it induced Smad6 [3-fold], a known
transcriptional target of the BMPpathway (Fig. 1A), confirming
our preliminary observations from the arrays.
BMPRII Is Required for ICC Repression—As BMPRII is fre-

quently mutated or repressed in PAH patients, we tested
whether BMPRII is required for regulation of ICCs by BMP4. In
cells in which endogenous BMPRII levels are reduced 90–95%
by small inhibitory RNA (siRNA), we observed a general reduc-

tion of the inhibitory activity of BMP4 on the TNF�-induced
expression of all ICC tested, yet there were differences among
the responses of individual ICC genes. BMP4 inhibition of
IL-1� and IL-1�was abolished by the BMPRII siRNA, while the
reduction of CCL11 was blunted from 25-fold to 2.3-fold in the
presence of siBMPRII. Interestingly, expression of CXCL1,
CXCL2 and CCL8 was augmented (1.3–1.8-fold) by BMP4
treatment when BMPRII was down-regulated (Fig. 1B), sug-
gesting that the knock down of BMPRII and inhibition of BMP
signaling pathway can partially switch the BMP4 signal from
anti-inflammatory to pro-inflammatory. Notwithstanding
these gene-specific features, BMPRII appears an essential
mediator of the BMP4 anti-inflammatory signal in smooth
muscle, and may also prevent BMP4 from inducing a subset of
inflammatory cytokines.
BMP4 Reduces Chemokines Secretion—Next, we examined

whether BMP signaling reduces the secretion of ICC proteins
induced by TNF�. We observed a reduction of CCL8 (1.7�2.5-
fold) and CCL11 [3-fold (24 h) to 20-fold (48 h)] in TNF�-
stimulated PASMC culture media upon BMP4 addition, at dif-
ferent doses of TNF� (0.1–10 ng/ml) and stimulation periods
(24–48 h) (Fig. 1, C and D). Thus, BMP4 treatment reduces
ICCs secretion upon TNF� treatment in smooth muscle cells.
Reduced BMP Signaling and Increased Cytokine Expression

Correlate in PAH Model—To test whether changes in BMP
signaling correlate with ICC expression in vivo, we employed a
rat hypoxia-induced PAH model (Fig. 1E). The medial layer of
pulmonary vessels is thicker and displays reduced smoothmus-
cle � actin (SMA) immunohistochemical staining in hypoxia-
treated rats compared with rats under normoxia (control) (Fig.
1E). This is due to increased proliferation of vascular smooth
muscle cells, which also occurs in the pulmonary arteries of
patients with PAH.We and others reported a reduced presence
of phosphorylated Smad1/5 in hypoxic samples (Pi-Smad1/5)
(8, 27), which is consistent with a role of BMP signaling in the
maintenance of a contractile phenotype in SMC. In this study,
concurrent with a decrease of Pi-Smad1/5, we observed an
increase in expression of IL-6, IL-1�, and IL-1� in hypoxic lung
vasculature. Therefore, a PAH animal model reveals an inverse
relationship between intensity of BMP signaling as revealed by
Pi-Smad1/5 and ICC expression as revealed by IL-6, IL-1�, and
IL-1� expression (Fig. 1E and supplemental Fig. S1). Taken
together, these data suggest that BMP4-BMPRII signaling
represses ICC expression and secretion from vascular SMC
both in vivo and in vitro.
BMP Stimulation Hinders NF-�B Signaling—The expression

of pro-inflammatory cytokines in the vasculature is primarily
regulated through signaling cascades that converge on and
cross-talk with the NF-�B pathway (28). To investigate the
mechanism of ICC inhibition by BMP4, we tested whether a
transcriptional regulatory element of an ICC gene could be
inhibited by BMP signaling. Promoter-luciferase constructs
(29) containing 500 bp and 150 bp of the CXCL2 gene: [pSS1
(�428 to �76, relative to the transcription start site) and pSS2
(�80 to �76), respectively] were transfected in PASMC (Fig.
2A). Both pSS1 and pSS2 contain a consensus NF-�B site
located between �76 and �67 (29). As expected, both con-
structs were induced by TNF� in SMC, confirming the involve-
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ment of the NF-�B pathway in regulating CXCL2 transcription
in SMC.TheNF-�B site is essential forTNF�-mediated expres-
sion since a 150bp construct harboring a mutated NF-�B site
(29) (pSS4, Fig. 2A) was not activated by TNF� (Fig. 2A). Co-
treatment with TNF� and BMP4 did not significantly alter
pSS4 expression compared with the TNF� treatment alone
(Fig. 2A). Thus, BMP4 inhibits the transcriptional activation of
CXCL2 by TNF� via the NF-�B binding site.
BMP4 Suppresses RelA/p65-mediated Transcription Acti-

vation—Canonical NF-�B signaling involves I�B� degradation
in the cytoplasm, subsequent nuclear translocation of the RelA/
p65 subunit, and dimerization with the DNA binding partner
NF-�B1/p50 (30). Surprisingly, neither inhibition of I�B� deg-
radationnor reduction of p65nuclear localizationwas observed
upon BMP4 treatment of TNF�-stimulated SMC (Fig. 2B, sup-
plemental Fig. S2) Therefore, we postulated that BMP4 might
be inhibiting NF-�B activity after p65 has already translocated
to the nucleus. To test this hypothesis, we induced endogenous
ICC genes by forced expression of exogenous p65 from an ade-
novirus vector (Adeno-p65), which leads to spontaneous
nuclear localization (31–33) and inflammatory gene expression
(Fig. 2C). Compared with infection with control GFP adenovi-
rus (Adeno-GFP), Adeno-p65 strongly induced IL-1�, IL-1�,

CXCL2, CCL8, and CCL11 mRNA levels between 3.5–30-fold
in PASMC (Fig. 2C), similarly to TNF� treatment (see Fig. 1A).
BMP4 treatment following Adeno-p65 infection significantly
repressed (by 1.5–5-fold) the induction of all the ICCs tested
(Fig. 2C). Next, we employed a chromatin immunoprecipita-
tion (ChIP) assay to measure recruitment of p65 to the previ-
ously identified NF-�B sites (29, 34) in the IL-1� and CXCL2
promoters (Fig. 2D). BMP4 significantly inhibited (2.5–3-fold)
the TNF�-induced p65 recruitment to both promoters (Fig.
2D). Taken together, these data suggest that BMP4 signaling
inhibits p65/NF-�B function in the nucleus at the level of chro-
matin binding and/or transcriptional transactivation.
MRTF-A Is Required for NF-�B Inhibition by BMP Signaling—

We previously reported that MRTF-A translocates to the
nucleus and activates transcription of the contractile smooth
muscle markers SMA, Calponin1 (CNN) and SM22� in
response to BMP signaling (11). Thus, we hypothesized that
MRTF-A and/or MRTF-B might also be involved in the nega-
tive regulation of ICC transcription upon BMP treatment. This
model was tested in PASMC through knock down of MRTF-A
or MRTF-B expression by siRNA (to less than 30 and 50% of
control, respectively, Fig. 3A, inset). These siRNAs were
selected from a pool of 4 siRNAs with qualitatively similar

FIGURE 1. The BMP4/BMPR2 pathway is involved in the regulation of inflammation in human PASMCs (hPASMCs) and in a rat PAH model. A, hPASMCs
were treated with or without 10 ng/ml TNF� in the presence or absence of 3 nM BMP4 for 24 h, followed by qRT-PCR analysis. Results were normalized to GAPDH
expression, and the relative mRNA levels are presented as mean � S.E., with each experiment conducted in triplicate (n � 3). The difference between two
results indicated by asterisks is statistically significant; *, p � 0.05. B, hPASMCs were transfected with 1 nM control siRNA or 1 nM siBMPRII. Twenty-four hours
later, cells were stimulated with 3 nM BMP4 or 10 ng/ml TNF� or combined BMP4 (3 nM) and TNF� (10 ng/ml) for 24 h and subjected to qRT-PCR analysis. Results
are shown as relative mRNA levels normalized by the value of basal or TNF stimulation without BMP4 treatment. Mean values are expressed � S.E. C and
D, hPASMCs were treated with 3 nM BMP4 or 10 ng/ml TNF� or combined BMP4 (3 nM) and TNF� (10 ng/ml) for 48 h and medium was collected. Protein levels
were examined by ELISA assay. The experiment was repeated three times and mean values are expressed � S.E. E, histological examination of pulmonary
arteries (PAs) from rats after 17-day hypoxia or normoxia treatment with anti-SMA, anti-phospho-Smad1/5 (Pi-Smad1/5), anti-IL-6, anti-IL-1�, or anti-IL-1�
antibodies (	400) and by hematoxylin staining (	400). The media (M) and adventitia (A) of the PAs are indicated.
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effects (not shown), followed by stimulation with TNF� and
BMP4. Interestingly, knock down of MRTF-A, but not of
MRTF-B, abolished the ability of BMP4 to inhibit the TNF�-
mediated induction of IL-1�, CXCL2, and CCL8 (Fig. 3A). As
knock down of MRTF-B has no apparent effect on ICC inhibi-
tion (Fig. 3A), we postulate thatMRTF-B does not play a signif-
icant role in this process and focus all subsequent experiments
on the role of MRTF-A. Since BMP4 antagonizes nuclear p65/
NF-�B function (see Fig. 2C), we tested whether this effect
requires MRTF-A. BMP4-mediated inhibition of IL-1�,
CXCL2, and CCL8 induction by Adeno-p65 was blocked by the
MRTF-A siRNA, but not control siRNA (Fig. 3B), demonstrat-
ing that MRTF-A is required for the inhibitory role of BMP
signaling on TNF�- and p65-mediated induction of inflamma-
tory cytokine genes.
MRTF-A Blocks ICC Expression and Secretion—MRTF-A

appears to be sufficient to inhibit activation of ICC by TNF�
and p65, since exogenous expression of adenovirus-transduced
MRTF-A in PASMC reduced TNF� or p65-mediated activa-
tion of IL-1�, CXCL2, and CCL8 by 2–15-fold, compared with
control virus (Fig. 3,C andD). Interestingly, a mutantMRTF-A
harboring a deletion of the last 301 C-terminal amino acids
(�C-MRTF-A, containing aa. 1–630) failed to inhibit TNF�
and p65 in the same assays. Similarly, MRTF-A, but not
�C-MRTF-A, inhibited CCL8 secretion (Fig. 3E, ELISA) and
CXCL2-luc activation in PASMC (Fig. 3F, luciferase assay),

upon infection with p65 adenovirus. This result suggests that
the C-terminal region, which was previously identified as the
transactivation domain of MRTF-A (35), is required for the
inhibition of p65.
MRTF-A Impedes the Transcriptional Activity of RelA/p65

andMimics BMP4 Effects—To investigate the inhibitory activ-
ity of MRTF-A on p65/NF-�B function, we tested whether
MRTF-A directly influences the transactivation activity of the
p65 subunit. A plasmid encoding the transactivation domain of
RelA/p65 fused to the DNA binding domain of the yeast tran-
scription factor Gal4 (GDB-RelA, supplemental Fig. S3) was
transfected into COS7 cells along with 1) a luciferase reporter
containing upstream Gal4 binding sites; and 2) wild type or
mutant MRTF-A expression constructs. As expected, GDB-
RelA potently activated the luciferase reporter comparedwith a
control plasmid containing only theGal4DNAbinding domain
(GDB-Ctrl, supplemental Fig. S3). Wild type MRTF-A, as well
as single-domain mutants including Rpel, B, Q, SAP, and LZ,
blocked the transcriptional activity of the transactivation
domain of RelA/p65 (between 68% to 88% inhibition). Surpris-
ingly, two MRTF-A mutants, lacking 301 aa. (�C-630, a dele-
tion identical to �C-MRTF-A in Fig. 3) and 208 aa. (�C-723) at
the C terminus, not only failed to inhibit GDB-RelA, but also
strongly synergized to induce the reporter to a level �10-fold
higher than GDB-RelA alone (supplemental Fig. S3). Although
this potent synergism between the GDB-RelA fusion and the

FIGURE 2. BMP4 antagonizes the TNF�-activated NF-�B pathway. A, PAC-1 cells were transfected with wild-type (PSS1, �428/�76; PSS2, �80/�76) or
mutant CXCL2 reporter constructs, which are mutated in the NF-�B binding site as indicated (PSS4, a mutation within the NF-�B site at �76/�67), treated with
with or without TNF� (10 ng/ml) in the presence or absence of BMP4 (3 nM) for 18 h and followed by luciferase assay. Luciferase activities were normalized to
the �-galactosidase activities. B, hPASMCs were pretreated with or without BMP4 (3 nM) for 1 h, following stimulated by TNF� (10 ng/ml) for 5 min. Nucleus was
separated from cytoplasm and NF-�B p65 and I�B� expression levels were examined by immunoblot analysis. C, hPASMCs were infected with adenovirus
carrying NF-�B p65 (Adeno-p65) or GFP (control) cDNA, followed by treatment with 3 nM BMP4 for 24 h, and then subjected to qRT-PCR assay. D, recruitment
of NF-�B p65 to the IL-1� or CXCL2 promoter was examined by CHIP with an anti-NF-�B p65 in hPASMCs, followed by quantitative realtime-PCR analysis using
primers specific for the IL-1� or CXCL2 promoter. Immunoprecipitation with AcH3 or nonspecific IgG were used as positive or negative control. Results are
shown as relative enrichment of the IL-1� or CXCL2 promoter after IP and the basal level of binding without treatment was set to 1. Mean values are expressed �
S.E.
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truncated MRTF-A constructs was not detectable in PASMC,
the loss of the RelA-inhibitory activity coinciding with the
deletion of the MRTF-A C-terminal domain is in agreement
with the effect ofMRTF-A and�C-MRTF-A in PASMC (Fig. 3,

A, C–F). Taken together, our results suggest that MRTF-A,
through its C-terminal domain, inhibits the activation of
NF-�B at least in part by inhibiting the transactivation activity
of the RelA/p65 subunit. Additionally, MRTF-A may also
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inhibit the interaction of p65 with chromatin via the p50/p65
complex. As reported in Fig. 2D, a ChIP assay reveals that
BMP4 inhibits the TNF�-induced recruitment of p65 to IL-1�
enhancer and CXCL2 promoter (see Fig. 2D). Similarly, adeno-
virus-transduced MRTF-A effectively inhibited p65 binding to
the NF-�B sites in both cytokine gene promoters (Fig. 3G).
�C-MRTF-A was inactive (Fig. 3G). Therefore, MRTF-A over-
expression mimics the anti-inflammatory effect of BMP4 in
SMC, counteracting cytokine transcription and secretion, pro-
moter activation and chromatin recruitment of p65 in response
to TNF� stimulation. Furthermore, knock down of MRTF-A
blunts the BMP4-mediated anti-inflammatory potential. These
results suggest that BMP4 inhibits the TNF�/NF-�B axis in
part viaMRTF-A. The C-terminal domain ofMRTF-A appears
to be required for its inhibitory action.
MRTF-A Interacts with RelA/p65—Since BMP-mediated

inhibition of NF-�B function occurs in the nucleus (see Fig. 2),
we hypothesized that MRTF-A might interact with p65 to pre-
vent p65 from binding DNA or activating transcription. This
hypothesis was tested by co-immunoprecipitation of epitope-
tagged human p65 and MRTF-A in rat pulmonary vascular
smooth muscle PAC1 cells. In the absence of TNF� stimula-
tion, only a weak interaction was detected (Fig. 3H, lane 2).
Treatment with TNF� increased the interaction, while BMP4
alone had no significant effect (Fig. 3H, lanes 3 and 4), Simulta-
neous treatment with BMP4 and TNF�, however, potently
induced p65-MRTF-A interaction (Fig. 3H, lane 5). p65 and
MRTF-A co-localize in the nucleus upon concurrent BMP4
and TNF� stimulation (supplemental Fig. S4), suggesting that
activation and nuclear localization of both proteins upon factor
stimulation facilitates their interaction. Alternatively, a post-
translational modification might facilitate the interaction. In
summary, formation of a p65-MRTF-A complex induced by
BMP4 and TNF� correlates with the ability of BMP4 to inhibit
NF-�B signaling and ICC expression in SMC. To examine
whether the domain of MRTF-A that interacts with p65 coin-
cidewith the domain that inhibits the p65 transcriptional activ-
ity, we examined the interaction between p65 and several
MRTF-A mutants. The �C-630 and �C-723 mutants of
MRTF-A fail to inhibit p65 activity (supplemental Fig. S3 and
Fig. 3). Interestingly, co-immunoprecipitation experiment of
epitope-tagged RelA/p65 and various domain-deletion mu-
tants of MRTF-A showed that �C-630 and �C-723 strongly
interact with p65 (supplemental Fig. S5). Therefore, it appears

that the p65-inhibitory activity of MRTF-A resides in its car-
boxyl (C)-terminal end, while the domain(s) that interacts with
p65 map to the amino (N)-terminus of MRTF-A.
TNF�/NF-�B Signaling Inhibits BMP/MRTF-A-mediated

Induction of a Contractile Phenotype—Since the interaction
between p65 and MRTF-A inhibits p65 function, it is plausible
that the transcriptional activity of MRTF-A might be affected
by p65 or the TNF� pathway. As previously shown (11), BMP4
stimulation induces a contractile phenotype in SMC, as can be
detected by an increase of SMA immunostaining in response to
BMP4 (Fig. 4A, left panels) Co-treatment of TNF� and BMP4
inhibited by 50–70% the BMP4-induced phenotype switch
(Fig. 4A, right panels). Interestingly, a similar result was
obtained by infection of adenovirus carrying MRTF-A and/or
p65 cDNA: MRTF-A-induced SMA expression was abrogated
by p65 (Fig. 4B). Thus, BMP4 and MRTF-A promote SMC dif-
ferentiation, while TNF� and p65 antagonize it. Likewise,
BMP4 increased the expression of two SMC differentiation
markers, SMA and SM22�, as measured by qRT-PCR, while
TNF� repressed both basal and BMP-activated levels (Fig. 4C).
TNF� also inhibits bmp4 gene expression, while BMP4 has no
significant effect on the tnf gene (supplemental Fig. S6).
TNF� and NF-�B Interfere with Transcription Activation by

MRTF-A—MRTF-A, in a complex with SRF, binds and acti-
vates transcription through a consensus binding sequence
named “CArG box,” which is present in the promoters of most
SMC-specific genes, including SM22�. To examine whether
the inhibitory effect of TNF�/p65 on BMP4/MRTF-A requires
a CArG box, we used a SM22� promoter-luciferase reporter
construct (Fig. 4D). As previously reported, BMP4 can activate
the promoter through the action ofMRTF-A (11).We observed
a complete inhibition of MRTF-A-dependent activation of the
reporter by concurrent treatment with TNF� (Fig. 4D), sug-
gesting that MRTF-A activity is directly inhibited by TNF�.
Several pathways propagate the TNF� signal inside the cell.
Next, we measured the extent to which TNF� can inhibit
BMP4-mediated induction of contractile genes when chal-
lenged with a NF-�B inhibitor, the degradation-resistant form
of I�B� (DR-I�B�) (Fig. 4E). SMC markers SMA and SM22�
were both induced by BMP4 and repressed by co-treatment
with TNF� in the presence of a control GFP adenovirus (Fig.
4E). However, transduction of DR-I�B� reduced the TNF�
effect to non-significant levels, implicating NF-�B in the sup-
pression of phenotype switch by TNF� (Fig. 4E). Conversely,

FIGURE 3. MRTF-A is essential for BMP4-mediated inhibition of the TNF�/NF-�B p65 pathway. A, hPASMCs were transfected with 40 nM siRNA against
MRTF-A or MRTF-B or non-targeting (control) siRNA control for 24 h, followed by treatment with or without TNF� (10 ng/ml) in the presence or absence of BMP4
(3 nM) for another 24 h. Total RNAs were extracted and subjected to qRT-PCR analysis. B, hPASMCs were infected with Adeno-p65 or GFP (control) cDNA,
followed by transfected with 40 nM siRNA against MRTF-A or non-targeting siRNA control for 24 h, then treated with or without BMP4 (3 nM) for another 24 h.
Total RNAs were extracted and subjected to qRT-PCR analysis. C, hPASMCs were infected with adenovirus carrying �-gal (control, Tet-Off), FLAG-tagged-
mMRTF-A (Tet-Off) and Tet activator for 24 h. followed by treatment with or without TNF� (10 ng/ml) for another 24 h. Total RNAs were extracted and subjected
to qRT-PCR analysis. D, hPASMCs were infected with adenovirus carrying �-gal, FLAG-mMRTF-A, and Tet activator, and co-infected with Adeno-p65 or GFP
(control) cDNA as indicated for 48 h. followed by qRT-PCR analysis. E, medium was collected from hPASMCs culture infected with adenovirus carrying �-gal,
FLAG-mMRTF-A and Tet activator, and co-infected with Adeno-p65 or GFP cDNA as indicated for 48 h, subjected to ELISA assay. F, PASMCs were infected with
adenovirus carrying �-gal, FLAG-mMRTF-A and Tet activator, followed by transfection with NF-�B p65 or control plasmid. All samples were co-transfected with
CXCL2 promoter construct (PSS2, �80/�76), subjected to luciferase assay. Luciferase activities were normalized to the �-galactosidase activities. G, hPASMCs
were infected with adenovirus carrying �-gal, FLAG-mMRTF-A and Tet activator, followed by treatment of TNF� (10 ng/ml). Recruitment of NF-�B p65 to the
IL-1� or CXCL2 promoter was examined by ChIP assay. H, PAC-1 cells were transiently transfected with or without expression constructs encoding Myc-tagged
MRTF-A and FLAG-NF-�B p65, then stimulated with or without BMP4 (3 nM) in the presence or absence of TNF� (10 ng/ml) for 4 h. Total cell lysates prepared
from these cells were subjected to immunoprecipitation with anti-FLAG monoclonal antibody. Immunoprecipitates were separated by SDS-PAGE, followed by
immunoblot with anti-Myc antibody. Total cell lysates were immunoblotted with anti-Flag or anti-Myc antibody to visualize the expression levels of NF-�B p65
and MRTF-A.
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p65 overexpression was sufficient to inhibit BMP4-mediated
induction of contractile genes. BMP4-induced SMA and
SM22� expression was inhibited by increasing amounts of p65
(Fig. 4F). Furthermore, CArG-mediated induction of the
SM22�-luc reporter by BMP4was also blocked by p65 cotrans-
fection in rat PASMC PAC1 cells (Fig. 4G), indicating that

TNF� and p65/NF-�B inhibit SMC phenotype switch in
response to BMP4 through a similar mechanism involving a
CArG box-binding factor. To test inhibition of MRTF-A activ-
ity by NF-�B, we used the MRTF-A adenovirus to induce the
expression of contractile gene mRNAs such as SMA, SM22�
and CNN1, and opposed it by co-expressing p65, also by ade-

FIGURE 4. TNF�/NF-�B p65 inhibit the BMP4/MRTF-A pathway. A, hPASMCs were treated with or without BMP4 (3 nM) in the presence or absence of TNF�
(10 ng/ml) for 48 h. Cells were then subjected to immunofluorescence staining with FITC-conjugated anti-SMA antibody. B, hPASMCs were co-infected with
adenovirus carrying �-gal or FLAG-mMRTF-A and NF-�B p65 or GFP control for 48 h. Cells were then subjected to immunofluorescence staining with FITC-
conjugated anti-SMA antibody. C, hPASMCs were treated with or without 10 ng/ml TNF� in the presence or absence of 3 nM BMP4 for 24 h, followed by qRT-PCR
analysis. D, PAC-1 cells were transfected with wild-type or mutant SM22� reporter constructs, which are mutated in the CArG box sequence as indicated,
treated with or without TNF� in the presence or absence of BMP4 for 18 h, and assayed for luciferase activity. E, hPASMCs were infected with adenovirus
carrying a degradation-resistant form of I�B� (I�B) or GFP control for 24 h, followed by treatment with or without TNF� (10 ng/ml) in the presence or absence
of BMP4 (3 nM) for another 24 h. Total RNA was isolated and subjected to RT-PCR analysis. F, hPASMCs were infected with different doses of Adeno-p65 as
indicated for 24 h, followed by treatment with BMP4 (3 nM) for another 24 h. Total RNA was isolated and subjected to RT-PCR analysis. G, PAC-1 cells were
transfected with SM22-reporter constructs and NF-�B p65 expression plasmid, followed by BMP4 (3 nM) treatment and assayed for luciferase activity.
H, hPASMCs were co-infected with adenovirus carrying �-gal or FLAG-mMRTF-A and Adeno-p65 or GFP control for 48 h, Total RNA was isolated and subjected
to RT-PCR analysis. I, hPASMCs were infected with adenovirus carrying �-gal or FLAG-mMRTF-A, followed by transfection with SM22-reporter constructs and
NF-�B p65 expression plasmid and assayed for luciferase activity.
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novirus infection in PASMC (Fig. 4H). p65 potently inhibited
the MRTF-A-mediated induction of these genes, confirming
the mutual functional antagonism between these two tran-
scription factors (Fig. 4H). Finally, p65 can directly antagonize
MRTF-A at the transcription level, as shown by the ability of
p65 to block MRTF-A-mediated induction of the SM22�-luc
reporter in PASMC (Fig. 4I).

DISCUSSION

In the present study, we demonstrated a cross-talk between
the pro-inflammatory TNF� pathway and the pro-contractile
BMP4 pathway in pulmonary SMC. These two pathways
drive the activation and nuclear translocation of NF-�B and
MRTF-A, respectively. Forming a complex, NF-�B and
MRTF-Amutually inhibit their respective function, providing a
stoichiometric integration of opposing extracellular stimuli to
maintain SMC homeostasis.
While the anti-inflammatory role of TGF-� is well estab-

lished, an anti-inflammatory role for BMP signaling has been
proposed in different systems, such as the kidney (36, 37 and
references therein).However, other reports have suggested that
several BMP-family ligands can act as pro-inflammatory agents
in atherosclerosis (Ref. 38 and references therein). Therefore,
the relationship between BMP and inflammation appears com-
plex and possibly dependent on the organ system. We provide
evidence in the context of pulmonary artery SMC that BMP
signaling potently represses signaling through the ubiquitous
NF-�B inflammatory pathway. Since NF-�B repression by
BMP4 requires MRTF-A, we postulate that in cells expressing
low levels of MRTF-A, such as endothelial cells,3 BMP4
might be unable to antagonize NF-�B signaling through this
mechanism.
In this study, we demonstrate that MRTF-A inhibits RelA/

p65 in a BMP-dependent manner, providing for the first time a
link between BMP signaling and NF-�B inhibition in SMC.
Myocd has been shown to bind RelA/p65 and inhibit its func-
tion in SMC (39). AlthoughMyocd appears to be constitutively
active in SMC, it is possible that factors that modulate Myocd
expression, such as TGF-� (40), might affect RelA/p65 activity.
Furthermore, we demonstrate that the interaction between
MRTF-A and RelA/p65 is not sufficient to inhibit NF-�B, but it
requires an inhibitory domain located at the C terminus of
MRTF-A. Further studies will be required to finely map the
activation and inhibition domains in MRTF-A.
Our work uncovers a potential link between BMP signaling

defects and the pro-inflammatory condition of PASMCs. In
particular, we find that BMP signaling, through BMPR2, inhib-
its the activation of p65/NF-�B. Therefore, we predict that in
PAH patients with a bmpr2 mutation, the level of p65/NF-�B
activation may be increased, either at the basal level or in
response to an inflammatory stimulus. Interestingly, there is
genetic evidence linking NF-�B to PAH. A single nucleotide
polymorphism found in the promoter of TRPC6, a gene previ-
ously implicated in the proliferation of PASMC from PAH
patients (41), is �2.85 times more frequent in PAH patients
than controls (42). This mutation creates a binding sequence

for NF-�B, enhancing NF-�B-mediated promoter activity and
stimulating TRPC6 expression in PASMC (42). Furthermore,
an NF-�B inhibitor has been shown to ameliorate monocrota-
line-induced pulmonary hypertension in rats (43). Thus, bmpr2
mutations might promote PAH by facilitating the induction of
p65/NF-�B. In support of this notion, we observe that a reduc-
tion of BMPR2 expression in PASMCs by siRNA not only pre-
vents the repression of cytokines expression by BMP4, but it
leads to activation of some cytokine genes (such as CXCL1,
CXCL2, and CCL8; Fig. 1B) in response to BMP4 stimulation.
Themechanism for this response switch is under investigation,
but may be related to the augmented signaling by BMP6 and
BMP7 observed in cells lacking BMPR2 (44).
MRTF-A plays a versatile role in response to BMP activation:

it both directly promotes contractile gene expression and indi-
rectly represses inflammatory cytokine and chemokine gene
expression through antagonism with NF-�B. Reciprocally,
NF-�B both induces inflammatory mediators and promotes
SMC de-differentiation through action on MRTF-A. Thus, an
activity that interrupts the MRTF-A/NF-�B cross-talk in
PASMC would be expected to be beneficial to patients with
PAH.
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