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Pulmonary arterial hypertension (PAH) is a rare but fatal 
vascular lung disease that is characterized by increased 

pulmonary vascular resistance and sustained elevation of 
mean pulmonary arterial pressure, leading to right ventricular 
hypertrophy and right heart failure. PAH is subclassified into 
idiopathic PAH, heritable PAH, drug- and toxin-induced PAH, 
persistent pulmonary hypertension of the newborn, and PAH 
associated with other diseases, such as congenital heart defect, 
portal hypertension, HIV infection, connective tissue disease, 
schistosomiasis, and chronic hemolytic anemia.1 Pathological 
features of PAH include a narrowing and thickening of small 
pulmonary vessels and plexiform lesions. PAH patients exhibit 
pulmonary vascular remodeling of all layers of pulmonary 
arterial vessels: intimal thickening, smooth muscle cell (SMC) 
hypertrophy or hyperplasia, adventitial fibrosis, and occluded 
vessels by in situ thrombosis.2

Genetic studies have shown that bone morphogenetic 
protein type 2 receptor (BMPR2), one of the receptors in 
transforming growth factor-β (TGF-β) superfamily signaling, 
is responsible for heritable PAH in an autosomal dominant 
manner. A heterozygous BMPR2 mutation was found in 
nearly 70% of heritable PAH families and also in 25% of 
sporadic idiopathic PAH patients.3 Haploinsufficiency of 
BMPR2 is considered to be a primary mechanism underlying 
PAH with heterozygous BMPR2 mutations.4 The penetrance 
of PAH is incomplete: only ≈20% of individuals with BMPR2 
mutation develop the disease during their lifetime.3 This low 
penetrance suggests that a genetic predisposition attributable 
to BMPR2 mutations must be triggered by certain genetic or 
environmental factors to produce the clinical manifestations 
of PAH. Interestingly, BMPR2 is downregulated in the lung 
tissues of PAH patients not bearing a BMPR2 mutation,5 
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implying the wide-ranging influence of BMPR2 deficiency on 
PAH. Furthermore, BMPR2 signaling plays an important role 
in the survival of endothelial cells (ECs) and in the migration 
and proliferation of SMCs.2,6 Taken together, impaired 
BMP signaling as a result of BMPR2 deficiency would be a 
considerable risk factor for the development of PAH.

TGF-β is a large cytokine family that contributes to diverse 
cellular processes, including cell proliferation, migration, 
apoptosis, pattern formation, and immunosuppression.7 
TGF-β family members include TGFs-β, BMPs, growth 
and differentiation factors, activins/inhibins, and müllerian 
inhibiting substance.8 TGF-β signal transduction is initi-
ated by the binding of ligands to a heteromeric complex of 
transmembrane serine/threonine type 2 and type 1 receptors, 
which in turn activates receptor-regulated SMADs: SMAD2/3 
for TGF-β/activins and SMAD1/5/8 for BMPs. Receptor-
regulated SMADs then form a complex with a common part-
ner, SMAD4 (Co-SMAD), which translocates to the nucleus 
and regulates the transcription of target genes. On the con-
trary, there is mounting evidence demonstrating that TGF-β/
BMP signaling can be transduced through mediators other 
than SMADs, such as the mitogen-activated protein kinases 
(MAPKs), including p38MAPK, p42/44MAPK (ERK1/2), 
and c-Jun-N-terminal kinase/stress-activated protein kinase.9 
For instance, exogenous BMP ligands stimulate the phos-
phorylation of p38MAPK and p42/44MAPK and affect the 
proliferation of SMCs.10

Genetic studies with human subjects as well as mouse mod-
els clearly indicate that a deficiency in BMPR2 is a crucial 
genetic factor in PAH development.11–13 However, downstream 
mediators for BMPR2 signaling in PAH pathogenesis remain 
unknown. About 20% of BMPR2 mutations occurred in the 
cytoplasmic tail domain, such as R899X, that does not impact 
SMAD phosphorylation, thereby indicating that SMAD pro-
teins may not be the essential mediators of BMPR2 signaling 
in PAH pathogenesis. West et al13 demonstrated that trans-
genic mice overexpressing the BMPR2(R899X) transgene 
in the SMCs of adult mice exhibited pulmonary hypertensive 
(PH) phenotypes, suggesting that SMAD may not be asso-
ciated with PAH caused by BMPR2 deficiency. On the con-
trary, Yang et al10 showed that SMAD1 phosphorylation was 
reduced in the pulmonary arterial SMCs of PAH patients with 
BMPR2 mutation.

We investigated a cell-type specific role of SMAD1 in 
PAH pathogenesis by conditionally deleting the Smad1 gene 
either in ECs or in SMCs using a L1Cre or Tagln-Cre line, 
respectively. Smad1 deletion in either cell type resulted in 
the elevation of pulmonary pressure and the muscularization 
of pulmonary arteries, suggesting that SMAD1 is indeed a 
critical downstream molecule in PAH. Using pulmonary ECs 
(pECs), we further demonstrated that Bmpr2 deletion not only 
reduces the level of BMP4-mediated SMAD1/5 phosphoryla-
tion but also elevates the level of TGF-β–mediated SMAD2/3 
phosphorylation, suggesting that the prevalence of TGF-β sig-
naling in BMPR2-SMAD1 deficiency may contribute to the 
pathogenesis of PAH.

Materials and Methods
Detailed methods about mouse strains, mating scheme, hemodynamic 
analysis, right ventricular hypertrophy, pulmonary vessel morphom-
etry, methods for establishment of immortalized pulmonary ECs, 
culture conditions, semiquantitative reverse transcription polymerase 
chain reaction, Western blotting analysis, and statistical analysis are 
described in the online-only Data Supplement.

Results
Smad1 Deletion in Pulmonary ECs or SMCs by 
L1Cre or Tagln-Cre
To investigate the role of SMAD1 in the pathogenesis of 
PAH, we exploited conditional knockout (cKO) approaches 
for deleting the Smad1 gene in ECs or SMCs by L1Cre or 
Tagln-Cre lines, respectively, because Smad1-null mice 
are embryonic lethal.14 Both L1Cre(+);Smad1f/f and Tagln-
Cre(+);Smad1f/f mice were viable and did not exhibit any 
visible morphological defects as compared with their Cre-
negative littermates. The Cre activity was monitored in 
several organs of 2-month-old mice, including the lung, 
heart, liver, kidney, and spleen, by detecting the Smad1-null 
allele. As expected based on our previous reports,12,15 the 
Cre-mediated Smad1 deletion was detected primarily in the 
lungs of L1Cre(+);Smad1f/f mice, whereas it was found in 
most organs of Tagln-Cre(+);Smad1f/f mice (Figure S1 in the 
online-only Data Supplement).

Elevated Pulmonary Pressure and Right Ventricular 
Hypertrophy Exhibited in Some Mice With Smad1 
Deletion in ECs or SMCs
To assess pulmonary pressure, we measured the right 
ventricular systolic pressure (RVSP) of L1Cre(+);Smad1f/f and 
Tagln-Cre(+);Smad1f/f mice as well as of their age-matched 
Cre(−) control male and female mice at various ages (2–24 
months). Although the RVSPs of the controls were clustered 
in the 20-to 26-mm Hg range, those of the L1Cre(+);Smad1f/f 
and Tagln-Cre(+);Smad1f/f mice were scattered across a wide 
range from 19 to 42 mm Hg (Figure 1A). F test for equal 
variance between L1Cre or Tagln-Cre and control groups 
showed significant differences (P<0.0001) with these Smad1 
mutant groups having wider spread of RVSPs than the control 
group. Brown-Forsythe test also showed that variances 
in the 3 groups (P<0.005), as well as in the combinations 
of 2 groups are not homogeneous: Control versus L1Cre 
(P=0.004), L1Cre versus Tagln-Cre (P=0.035), and Control 
versus Tagln-Cre (P=0.053). When we combined RVSPs of 
control mice used in this study and others from our laboratory 
(n=81 mice, Table S1 in the online-only Data Supplement), 
the 99% confidence upper limit is calculated as 29.4. About 
40% (14/35) of the L1Cre(+);Smad1f/f mice and 12% (4/33) 
of the Tagln-Cre(+);Smad1f/f mice had RVSPs greater than 
this boundary point, and we designated them as the PH group 
(Figure 1A). The Fulton index, the ratio of RV free wall 
weight over septum plus left ventricular free wall weight, 
was used to estimate RV hypertrophy. When we grouped 
the mutant mice into PH and non-PH groups, the Fulton 
index was greater in the PH mice than in the non-PH mice 
(Figure 1B), indicating that sustained elevation of pulmonary 
pressure might have resulted in RV hypertrophy in the PH 
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groups. There was no significant correlation of RVSPs with 
sex and age (Figure S2), and also no difference in systemic 
blood pressure among Cre-negative controls and both Smad1-
cKO mice (Figure S3).

Increased Number of Anti–Smooth Muscle α-Actin–
Positive Distal Arteries and Medial Wall Thickness 
in Smad1 Mutant Mice
To examine whether the elevated RVSP and RV hypertrophy 
in the Smad1-cKO mutants are associated with pulmonary 
vascular remodeling, anti–smooth muscle α-actin–positive 
pulmonary arteries ranging from 30 to 70 μm in diameter 
were counted, and the wall thickness was measured. In com-
parison with the Cre(−);Smad1f/f mice (Figure 2A and 2B) 
and the non-PH group L1Cre(+);Smad1f/f mice (Figure 2C), 
the PH group L1Cre(+);Smad1f/f mice (Figure 2D) had a 
higher number of anti–smooth muscle α-actin–positive pul-
monary arterioles and thicker arterial walls (Figure 2G and 
2H). However, both non-PH and PH Tagln-Cre(+);Smad1f/f 
mice (Figure 2E and 2F) showed a higher number of mus-
cularized vessels and thicker walls as compared with the 
Cre(−);Smad1f/f controls (Figure 2G and 2H). These unex-
pected data suggest that the thickening of pulmonary arteri-
oles may not be the direct cause of pulmonary hypertension 
seen in these mutants. We observed higher percentages of 
perivascular leukocyte infiltration in both L1Cre(+);Smad1f/f 
(13/20) and Tagln-Cre(+);Smad1f/f (5/16) mice in comparison 
with Cre(−) controls (1/7), but plexiform-like complex vascu-
lar lesions were not observed.

Isolation of Pulmonary ECs Carrying 
R26CreER/+;Bmpr22f/2f Alleles
It has been hypothesized that an opposing balance between 
TGF-β and BMP signalings is critical for the homeostasis of 
pulmonary vasculature and that an imbalance in TGF-β/BMP 
signalings may contribute to the pathogenesis of PAH.16 To 
investigate this hypothesis and to examine the extent to which 
Bmpr2 deficiency impacts this balance, an in vitro model 
system was established. We isolated pECs from the lung of a 
R26CreER/+;Bmpr22f/2f mouse, in which the conditional 2f allele 
can be converted to a null 1f allele by tamoxifen treatment that 
activates the Cre recombinase function. Three days of cultur-
ing the pECs with medium containing 1 μmol/L 4-hydroxy 

tamoxifen (4TM) efficiently deleted exons 4 and 5 of the 
Bmpr2 gene, resulting in conversion of the genotype from 
2f/2f to 1f/1f (Figure S4A). When the Bmpr2-deleted cells 
were subsequently cultured with 4TM-free media for 10 days, 
no overgrowth of undeleted cell populations was observed 
(Figure S4B). Henceforth, Bmpr2-intact and Bmpr2-deleted 
cells will be designated as Bmpr22f/2f and Bmpr21f/1f cells, 
respectively.

To examine whether 4TM treatment and Bmpr2 deletion 
affected the expression of EC-specific marker genes or other 
genes involved in TGF-β pathways, semiquantitative reverse 
transcription polymerase chain reaction analyses were per-
formed. Expression of EC-specific markers including Nos3, 
Tie2, Eng, and Flk1 were maintained in Bmpr21f/1f pECs 
(Figure S4C). The Bmpr2 transcript level was undetectable, 
whereas transcripts for other TGF-β/BMP receptors were 
unchanged in Bmpr21f/1f pECs (Figure S4D).

Deletion of the Bmpr2 Gene and Impaired BMP 
Signaling
To assess the extent to which Bmpr2 deletion affects BMP 
signaling, BMP4 or BMP7 was added to Bmpr22f/2f and 
Bmpr21f/1f cells at various doses (0, 5, 25, and 50 ng/mL) 
after 16 hours of serum starvation. First, we examined the 
protein level of BMPR2 in these cells. Although BMPR2 
was readily detected in Bmpr22f/2f cells, BMPR2 protein was 
undetectable in Bmpr21f/1f cells (Figure 3A and 3B). The 
level of SMAD1/5/8 phosphorylation was augmented in a 
dose-dependent manner in Bmpr22f/2f cells, whereas it was 
suppressed at all BMP4 doses in Bmpr21f/1f cells (Figures 
3A and 3C), indicating that the BMP4 signaling is impaired 
in Bmpr21f/1f pECs. BMP7 signaling could be compensated 
by ACVR2A in Bmpr2-deficient pulmonary artery SMCs.17 
As shown in Figure 3D, phosphorylation of SMAD1/5/8 by 
BMP7 was elevated in a dose-dependent manner in both 
Bmpr22f/2f and Bmpr21f/1f cells, demonstrating that BMPR2 
is not required for SMAD1/5/8 phosphorylation by BMP7 
in pECs.

Enhanced TGF-β Signaling in Bmpr2-Deficient 
pECs
To investigate whether impaired BMP4 signaling affects TGF-
β1 signaling, we first examined the basal level of SMAD2 

Figure 1. Elevated right ventricular 
systolic pressure (RVSP) and RV 
weights in mice having Smad1 deletion 
in endothelial cells (ECs) or smooth 
muscle cells (SMCs). A, Closed circles 
indicate RVSP of each mouse. About 
40% and 12% of L1Cre(+);Smad1f/f and 
Tagln-Cre(+);Smad1f/f mice, respectively, 
had RVSPs >29.4 mm Hg indicated by 
a dotted line and were designated as 
the pulmonary hypertensive (PH) group. 
Means (M) of RVSP were indicated by 
horizontal bars. B, PH mice showed 
significantly higher RV hypertrophy than 
did Cre-negative controls and non-PH 
(N-PH) mice in both Smad1-conditional 

knockout (cKO) mouse lines. Statistical differences (P<0.05) were indicated by asterisks (*) above each bar. LV+S indicates the sum of left 
ventricle and septum.
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phosphorylation in Bmpr22f/2f and Bmpr21f/1f cells cultured in 
medium containing 10% fetal bovine serum (Figure 4A). The 
level of pSMAD2 in Bmpr21f/1f cells was higher than that in 
Bmpr22f/2f cells. Reduced total SMAD2 levels in Bmpr21f/1f 
cells is likely a result of ubiquitin ligase–mediated degra-
dation of activated SMAD2 (pSMAD2).18,19 To test whether 
Bmpr2-deficient cells are more sensitive to TGF-β, we 
examined SMAD2 phosphorylation as a response to various 
doses of TGF-β1 treatments (0, 1, and 2 ng/mL; Figure 4B). 
Although both Bmpr22f/2f and Bmpr21f/1f cells showed a dose-
dependent augmentation of pSMAD2, the level of SMAD2 
phosphorylation was significantly higher in Bmpr21f/1f cells 
at 1 and 2 ng/mL TGF-β1 as compared with Bmpr22f/2f cells, 
suggesting that impaired BMPR2 signaling may potenti-
ate the TGF-β signaling. To rule out the possibility that the 
observations seen in Bmpr21f/1f cells were attributable to 

off-target effects of 4TM treatment, we established immor-
talized Bmpr2WT pECs (Figure S5). In the Bmpr2WT pECs, 
4TM treatment did not affect Bmpr2 expression (Figure S5), 
SMAD1/5/8 phosphorylation by BMP4 (Figure S6A), and 
SMAD2 phosphorylation by TGF-β1 (Figure S6B). Reverse 
transcription polymerase chain reaction analysis showed that 
transcript levels of several TGF-β1 downstream genes associ-
ated with PAH (Col3a1, Mmp9, Sema7a)20–23 were elevated in 
4TM-treated Bmpr22f/2f (ie, Bmpr21f/1f) cells (Figure S7A), but 
such alterations were not observed in 4TM-treated Bmpr2WT 
cells (Figure S7B).

Opposing Balance Between TGF-β and BMP 
Signalings in pECs
To further investigate whether BMP and TGF-β signaling 
form an opposing balance in pECs, we examined whether 

Figure 2. Morphometric analysis of pulmonary 
vessels of control and Smad1 mutants. A through 
F, Representative pulmonary arterioles from Cre(−) 
controls (A, B), Non-pulmonary hypertensive (N-
PH) L1Cre(+);Smad1f/f (C), PH L1Cre(+);Smad1f/f 
(D), N-PH Tagln-Cre(+);Smad1f/f (E), and PH Tagln-
Cre(+);Smad1f/f (F) were visualized by staining 
with anti–smooth muscle α-actin (anti–αSMA) 
antibody. Scale bars represent 50 μm. PH mice 
of both Smad1-conditional knockout (cKO) mice 
showed muscularized vessels (G) and thickened 
vessel walls (H), as compared with Cre-negative 
controls. Interestingly, the N-PH group of Tagln-
Cre(+);Smad1f/f also exhibited muscularized vessels 
with thickened vessels walls. Number of individual 
mice used for the morphometric analysis in each 
group is indicated by numbers with parentheses 
in G and H. *Statistical difference (P<0.05) as 
compared with Cre-negative controls.
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TGF-β–induced SMAD2 phosphorylation is suppressed by 
BMP treatment in pECs. TGF-β1 (0, 0.1, 1, and 2 ng/mL) and 
BMP4 (25 ng/mL) or BMP7 (25 ng/mL) were treated for 30 
minutes after 16 hours of serum starvation in Bmpr22f/2f and 
Bmpr21f/1f cells. The level of pSMAD2 in 1 and 2 ng/mL of 
TGF-β1 treatment in Bmpr22f/2f cells was decreased by either 
BMP4 or BMP7, suggesting that BMP4/7 and TGF-β form 
an opposing balance in pECs (Figure 5A and 5B). However, 
the inhibitory effect of BMP4 treatment on TGF-β–mediated 
SMAD2 phosphorylation was blunted in Bmpr21f/1f cells 
(Figure 5A). Interestingly, BMP7 could suppress overacti-
vated TGF-β signaling in Bmpr2-deficient pECs as well as in 
Bmpr2-intact pECs (Figure 5B).

Discussion
In this study, we showed that genetic ablation of Smad1 in 
ECs or SMCs can predispose mice to PAH, suggesting that 
the SMAD-dependent pathway in both vascular cell layers is 
critical for BMPR2 signaling pertinent to the pathogenesis of 
PAH. Our biochemical data from the Bmpr2-deficient pECs 
demonstrate the presence of an opposing balance between 
TGF-β1 and BMP4 signalings in pECs, suggesting that not 

only diminished SMAD1 signaling but also enhanced TGF-β 
signaling may contribute to PAH development.

A growing body of evidence indicates that BMPR2 is a crit-
ical genetic factor in heritable PAH and also for other types of 
pulmonary hypertension.11 However, the downstream media-
tors of BMPR2 signaling have yet to be clearly defined. There 
have been incongruent reports about the role of SMAD1 as a 
downstream mediator of BMPR2 in PAH pathogenesis. Yang 
et al10 reported that SMAD1 phosphorylation was diminished 
in the pulmonary vasculature of patients with a BMPR2 muta-
tion, suggesting that inactivation of SMAD1 plays a role in 
PAH pathogenesis. In contrast to this, a significant number 
of BMPR2 mutations causing heritable PAH are within the 
cytoplasmic tail domain, which does not affect SMAD phos-
phorylation.24,25 Transgenic (Tg) mice overexpressing a tail 
domain BMPR2 mutant (R899X) exhibited the PH pheno-
type,13 suggesting that SMAD may not be involved in PAH 
development. However, mutant BMPR2 mRNAs with most 
of the cytoplasmic tail mutations are destroyed through non-
sense mutation decay,11 a cellular mechanism that destroys 
defective RNA transcripts having a nonsense mutation to 
block the production of truncated proteins.26 BMPR2(R899X) 
overexpressed in Tg(Bmpr2-R899X) mice was not destroyed 

Figure 3. Impaired response to bone 
morphogenetic protein 4 (BMP4) but not 
to BMP7 in Bmpr2-deleted pulmonary 
endothelial cells (pECs). A, Western 
blot shows undetectable level of bone 
morphogenetic protein receptor type 
2 (BMPR2) protein in pECs (1f/1f). 
Smad1,5,8 phosphorylation was 
increased in a dose-dependent manner 
at various concentrations (0–50 ng/
mL) of BMP4 treatment for 30 minutes 
after serum starvation on Bmpr2-intact 
(Bmpr22f/2f) cells. The level of pSMAD1,5,8 
by BMP4 was markedly reduced in 
Bmpr2-deleted pECs (Bmpr21f/1f) at 
all dosages. B, Phosphorylation of 
SMAD1/5/8 by BMP7 (0–50 ng/mL) was 
unaffected in Bmpr21f/1f cells. C and D, 
Statistical analysis of the Western blot 
data shown in A and B, respectively. 
pSMAD1,5,8/SMAD1/β-actin ratio 
was increased in a dose-dependent 
manner by BMP4 in Bmpr22f/2f cells but 
not in Bmpr21f/1f cells (C). The levels of 
pSMAD1/5/8 were increased by BMP7 
in both Bmpr22f/2f and Bmpr21f/1f cells. r2 
and P values in regression analysis are 
indicated. Mean and standard error of 
data obtained from triplicate samples are 
shown at each data point.

 at MT SINAI SCHOOL MEDICINE on January 27, 2014http://hyper.ahajournals.org/Downloaded from 

http://hyper.ahajournals.org/
http://hyper.ahajournals.org/


Han et al  SMAD1 Deficiency in Pulmonary Hypertension  1049

by nonsense mutation decay and showed normal SMAD1 
activation. Therefore, the mechanism of PAH development 
in a Tg(Bmpr2-R899X) mouse is likely to be different from 
that in a PAH patient with R899X mutation. However, it is 
possible that some PAH mice with BMPR2-tail domain muta-
tions might be SMAD-independent by interrupting interac-
tions between BMPR2 and the dynein light chain Tctex-1 as 
well as LIMK1, a key regulator of actin dynamics.27,28

Other studies have suggested the SMAD1-independent 
mechanism of PAH development in SMCs. Hansmann et al29 
presented a novel antiproliferative BMP2-BMPR2-PPARγ-
APOE axis in PAH. Mice with targeted deletion of peroxi-
some proliferator-activated receptor gamma (Pparg) in SMCs 
spontaneously developed PAH with elevated RVSP, RVH, 
and increased muscularization of the distal pulmonary arter-
ies. This was independent of SMAD1/5/8 phosphorylation. Li 

et al30 suggested a novel role of NOTCH3 in controlling the 
proliferation of SMCs and in maintaining SMCs in an undif-
ferentiated state. The severity of the disease in human PAH 
patients and rodent PH models correlated with the amount of 
NOTCH3 protein in vascular SMCs of the lung, suggesting 
that the NOTCH3 signaling pathway in SMCs is crucial for 
the development of PAH.

About 40% and 12% of L1Cre(+);Smad1f/f and Tagln-
Cre(+);Smad1f/f mice, respectively, displayed PH pheno-
types, indicating that Smad1 deletion in ECs has a greater 
impact on PAH pathogenesis than does Smad1 deletion in 
SMCs. The reason for this is unclear. One possible expla-
nation is that while BMPR2-SMAD1 signaling in SMCs 
affects only SMC layer, that in pECs affects both EC and 
SMC layers. Defects in BMPR2-SMAD1 signaling in 
SMCs increase the proliferation of SMCs,10 leading to a 

Figure 5. Bone morphogenetic protein 
(BMP) and transforming growth factor-
β (TGF-β) signalings form an opposing 
balance in pulmonary endothelial cells 
(pECs). A, Western blot analysis shows 
that SMAD2 phosphorylation by TGF-β1 
(0–2 ng/mL) is inhibited by BMP4 (25 ng/
mL) in BMPR2-intact 2f/2f cells, but this 
inhibitory effect of BMP4 is blunted in 
BMPR2-deficient 1f/1f cells. B, Inhibitory 
effect of BMP7 (25 ng/mL) on SMAD2 
phosphorylation by TGF-β1 is unaffected 
in BMPR2-deficient pECs. Error bars are 
SEM (**P<0.01 and ***P<0.001).

Figure 4. Enhanced SMAD2 
phosphorylation in Bmpr2-deleted 
pulmonary endothelial cells. A, Western 
blot shows elevated levels of pSMAD2 
in Bmpr21f/1f cells cultured in media 
containing 10% fetal bovine serum 
without additional cytokine treatment. 
B, While SMAD2 phosphorylation was 
increased in both Bmpr22f/2f and Bmpr21f/1f 
cells dose dependently by transforming 
growth factor-β1 (TGF-β1) treatment 
for 30 minutes after 16 hours of serum 
starvation, the response to TGF-β1 
treatment was significantly enhanced 
in Bmpr21f/1f cells. r2 and P values in 
regression analysis are indicated. Mean 
and standard error of data obtained from 
triplicate samples are shown at each data 
point.
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thickening of vessel walls, whereas those in ECs may result 
in endothelial dysfunction,31 leading to neoinitima forma-
tion, a disrupted balance of vasoactive mediators exacerbat-
ing vasoconstriction, increased EC permeability allowing 
serum growth factors to affect SMC proliferation and the 
release of mitogens such as serotonin from ECs to induce 
smooth muscle hyperplasia,32 and enhanced vessel occlu-
sion and in situ thrombosis.

Only a subset of mice with either endothelial or smooth 
muscle-Smad1 deletion displayed PH phenotypes. This 
incomplete penetrance could be a result of functional redun-
dancy among SMAD1, 5, and 8. Clear genetic interactions 
and mutual compensations between Smad1 and Smad5 in 
ECs have been reported.33 Because of the overlapping func-
tions of these SMAD proteins and the embryonic lethal-
ity of homozygous mutations of individual Smad1, 5, or 4 
genes, the association between SMAD mutations and PAH 
patients may be difficult to detect.34 Alternatively, strain-
specific genetic modifiers that modulate susceptibility to 
environmental insults may contribute to PAH development. 
Inflammation has been suggested as such an environmental 
factor associated with PAH. Inflammatory cells, including 
macrophages and lymphocytes were accumulated, and many 
proinflammatory cytokines were elevated in the PAH vascu-
lar lesions.35 Thus, treatment with inflammatory stimulants 
such as interleukin-636 and 5-lipoxygenase37 on Smad1-cKO 
mice may increase penetrance. If so, blocking inflammatory 
activation could have therapeutic benefits for PAH patients. 
Supporting this view, platelet-activating factor antagonists, a 
class of anti-inflammatory drugs, inhibited pulmonary vas-
cular remodeling induced by hypobaric hypoxia in rats.38 
Inhibition of 5-lipoxygenase-activating protein suppressed 
hypoxia-induced pulmonary vasoconstriction in vitro and 
the development of chronic hypoxic pulmonary hyperten-
sion in rats.39

Recent studies have implied that BMP and TGF-β sig-
nalings form an opposing balance in pulmonary vascular 
homeostasis and that the imbalance in TGF-β/BMP signal-
ing may play an important role in PAH development.16 To 
investigate whether BMPR2 deficiency alters TGF-β signal-
ing in pECs, we established immortalized pEC lines from 
a R26CreER/+;Bmpr22f/2f mouse, in which tamoxifen treatment 
induces Bmpr2 deletion. This inducible system is advanta-
geous because we can minimize variations attributable to 
both strain and individual differences and passage numbers 
because Bmpr2-intact and Bmpr2-deficient cells originate 
from the same parental cells. Genetic ablation of the Bmpr2 
gene by 4TM is also more efficient and reproducible as com-
pared with knockdown approaches. Bmpr2-deleted pECs, 
as compared with Bmpr2-intact pECs, showed a markedly 
reduced level of pSMAD1/5/8 with BMP4 treatment as 
well as enhanced SMAD2 phosphorylation not only at the 
basal level but also with TGF-β1 treatment, demonstrating 
that Bmpr2 deficiency potentiates TGF-β signaling in pECs. 
Previous studies suggest that the TGF-β/BMP counter bal-
ance can occur at multiple levels, including activation of 
inhibitors of the opposing signal, inhibition of transcrip-
tional targets of the opposing signal, and competition for 

SMAD4.40–42 Molecular mechanism for the antagonism war-
rants future investigation.

Our data from pECs indicate that restoration of the TGF-β/
BMP balance could be an important therapeutic option for 
PAH. Supporting this view, recent reports have shown that 
the inhibition of TGF-β signaling by an ALK5 inhibitor 
(IN-1233) prevented PH in the monocrotaline-treated rat.43 
Calpain44 or the inhibition of TGF-β signaling via an angio-
tensin II type 1 receptor45 could be alternative therapeutic 
options for PAH. Our data and a previous report showed that 
BMP7 could phosphorylate SMAD1/5/8 in Bmpr2-deficient 
pECs or SMCs.17 Therefore, restoration of pSMAD1/5/8 
by BMP7 can be considered as a possible means to correct 
BMPR2 deficiency.

Perspectives
PAH is a rare but fatal disorder. The currently available thera-
pies help to provide symptomatic relief, but a drug treatment 
based on the mechanisms of the disease has yet to be devel-
oped. A deficiency in BMPR2 signaling has been shown to 
be involved in sporadic as well as heritable forms of PAH. 
The first step toward developing a therapy is to discern 
whether a SMAD-dependent or SMAD-independent path-
way is crucial for the pathogenesis of PAH. Here, using cKO 
mouse models, we demonstrated that homozygous deletion 
of Smad1 in either ECs or SMCs resulted in PH, suggest-
ing that the SMAD-dependent pathway is critical for PAH 
pathogenesis. Using a novel pulmonary EC line in which 
Bmpr2 deletion can be induced, we showed that BMPR2 is 
essential for SMAD1 phosphorylation by BMP4 but not by 
BMP7. We further demonstrated the presence of an oppos-
ing balance between BMP4 and TGF-β1 in the pECs and the 
causal relationship between Bmpr2 deficiency and enhanced 
TGF-β signaling. Our findings suggest that an impaired bal-
ance between TGF-β (SMAD2/3) and BMP4 (SMAD1/5/8) 
may underlie the pathogenesis of PAH and that correcting 
the imbalance, that is, either by enhancing SMAD1/5/8 or 
by inhibiting SMAD2/3, could be an effective strategy for 
developing a therapy for PAH.
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What Is New? 
•	With novel genetic mouse models and a novel pulmonary endothelial 

cell line, we demonstrate that SMAD1 is a crucial mediator of bone mor-
phogenetic protein (BMP) receptor type 2 signaling in endothelial and 
smooth muscle cells pertinent to pulmonary arterial hypertension (PAH), 
and that transforming growth factor-β and BMP form an opposing bal-
ance in pulmonary endothelial cells.

What Is Relevant? 
•	We present SMAD-dependent pathway as a central mediator of BMP re-

ceptor type 2, the most well-known genetic factor for PAH. An impaired 

balance between transforming growth factor-β and BMP may underlie 
the pathogenesis of PAH, and correcting the imbalance either by enhanc-
ing BMP or by inhibiting transforming growth factor-β signalings could 
be an effective therapeutic strategy for PAH.

Summary

SMAD1 is an important downstream mediator of the PAH patho-
genesis caused by Bmpr2 deficiency.

Novelty and Significance
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