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Dysfunctional bone morphogenetic protein receptor-2 (BMPR2) signaling is implicated in the pathogenesis of 
pulmonary arterial hypertension (PAH). We used a transcriptional high-throughput luciferase reporter assay 
to screen 3,756 FDA-approved drugs and bioactive compounds for induction of BMPR2 signaling. The best 
response was achieved with FK506 (tacrolimus), via a dual mechanism of action as a calcineurin inhibitor that 
also binds FK-binding protein-12 (FKBP12), a repressor of BMP signaling. FK506 released FKBP12 from type I  
receptors activin receptor-like kinase 1 (ALK1), ALK2, and ALK3 and activated downstream SMAD1/5 and 
MAPK signaling and ID1 gene regulation in a manner superior to the calcineurin inhibitor cyclosporine and 
the FKBP12 ligand rapamycin. In pulmonary artery endothelial cells (ECs) from patients with idiopathic PAH, 
low-dose FK506 reversed dysfunctional BMPR2 signaling. In mice with conditional Bmpr2 deletion in ECs, 
low-dose FK506 prevented exaggerated chronic hypoxic PAH associated with induction of EC targets of BMP 
signaling, such as apelin. Low-dose FK506 also reversed severe PAH in rats with medial hypertrophy following 
monocrotaline and in rats with neointima formation following VEGF receptor blockade and chronic hypoxia. 
Our studies indicate that low-dose FK506 could be useful in the treatment of PAH.

Introduction
Idiopathic pulmonary arterial hypertension (IPAH) is a rare disorder 
thought to develop following a genetic and/or environmental insult 
that triggers endothelial cell (EC) apoptosis, loss of distal vessels, 
and occlusive vascular remodeling (1). These pathological changes 
increase resistance to pulmonary flow and cause progressive right 
heart failure. Current therapies mainly include drugs with vasodila-
tory properties that improve cardiopulmonary function (2). How-
ever, the obliterative vascular pathology usually continues to prog-
ress (3), leaving heart-lung transplantation as the only option for 
many patients. Therefore, new approaches are needed that focus on 
activating cellular mechanisms to reverse vascular remodeling. One 
strategy could be to improve function of the bone morphogenetic 
protein receptor-2 (BMPR2) signaling pathway. Germline muta-
tions causing loss of BMPR2 function are found in >80% of familial 
and approximately 20% of sporadic cases of IPAH (4, 5). Acquired 
somatic chromosomal abnormalities in the BMPR2 signaling path-
way have also been described (6). The low penetrance of pulmonary 
arterial hypertension (PAH) found in nonaffected family members 
with a BMPR2 mutation has been attributed to a higher level of 

BMPR2 expression from the normal allele (7). In addition, patients 
with IPAH without a BMPR2 mutation or with PAH associated with 
other conditions have reduced expression of BMPR2 in pulmonary 
arteries (8). Furthermore, estrogen can reduce BMPR2 expression, 
perhaps explaining the propensity of females to develop PAH (9). 
IL-6, a cytokine increased in the blood of patients with IPAH, can 
reduce BMPR2 expression via a STAT3-miR17/92–mediated mech-
anism (10). Furthermore, patients with a BMPR2 mutation have 
worse pulmonary vascular remodeling (3). The importance of 
BMPR2 dysfunction in PAH is supported by studies in transgenic 
mice. Mice with deletion of BMPR2 in ECs (11) develop PAH, as 
do mice expressing a dominant-negative Bmpr2 gene after birth in 
vascular SMCs (12). Mice heterozygous for BMPR2 develop exag-
gerated PAH in response to hypoxia and serotonin (13). Reduced 
BMPR2 expression also occurs in monocrotaline (14) and chronic 
hypoxic (15) rat models of PAH, and delivery of BMPR2 by intrave-
nous gene therapy attenuates the disease in both models (16, 17). 
Moreover reconstitution of athymic rats with regulatory T cells also 
prevents PAH resulting from blockade of the VEGF receptor, coinci-
dent with an increase in BMPR2 expression in ECs (18).

Since clinical application of BMPR2 gene therapy poses chal-
lenges, we sought to identify an FDA-approved drug with a known 
pharmacokinetic and toxicity profile that increases signaling 
through the BMPR2 pathway. We applied a high-throughput assay 
to screen available libraries, and agents that appeared to activate 
the receptor were further tested in human pulmonary arterial 
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Figure 1
High-dose FK506, the main activator of BMP signaling found in the high-throughput screen, recapitulates BMP4 signaling and func-
tion. (A) BRE-luciferase activity in different numbers of C2C12 cells at different concentrations of BMP4. BMP4 at the EC-20 con-
centration of 250 pM for 1,500 cells per 60 μl per well permitted identification of coactivators. (B) Percentage BRE-luc activa-
tion, compared with 250 pM BMP4, in 6-point serial dilution for FK506 and rapamycin. (C) BRE-luciferase activity in C2C12 cells 
comparing FK506 (FK; 2 μg/ml), rapamycin (Rapa; 4 μg/ml), cyclosporine (Cyclo; 2 μg/ml), and Shield-1 (1 μg/ml) (n = 8; ***P < 0.001 
vs. CON, ###P < 0.001 vs. FK506, §§§P < 0.001 vs. cyclosporine, 1-way ANOVA, Bonferroni multiple-comparison test). (D) In human 
PAECs, ID1 expression relative to B2M mRNA 24 hours after stimulation with vehicle (CON), FK506 (15 ng/ml), or rapamycin  
(10 ng/ml) (n = 3; **P < 0.01 vs. vehicle, 1-way ANOVA, Dunnett’s post test). (E and F) Representative Western immunoblot and relative densit-
ometric analysis of PAECs showing (E) pSMAD1/5/8 and (F) ID1 relative to β-actin following stimulation with BMP4 (10 ng/ml) or FK506 (15 ng/ml)  
(n = 3; *P < 0.05; **P < 0.01 vs. CON, 2-way ANOVA). (G) Assessment of apoptosis with measurement of caspase-3/7 luminescence 24 hours 
after serum starvation and treatment with BMP4 (10 ng/ml) or FK506 (15 ng/ml). (n = 5; *P < 0.05; **P < 0.01 vs. CON, 1-way ANOVA, Dunnett’s 
post test). (H) Representative images from a Matrigel tube formation assay. Tube number and length were assessed after 8 hours in unstimu-
lated cells (CON) or following stimulation with VEGF (20 ng/ml), BMP4 (10 ng/ml), or FK506 (15 ng/ml). (n = 6; *P < 0.05; **P < 0.01 vs. CON, 
1-way ANOVA, Dunnett’s post test). Scale bar: 100 μm. Mean ± SEM.
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ECs (PAECs), including those from patients with dysfunctional 
BMPR2 signaling. The mechanism of BMPR2 activation by the 
most effective compound was investigated. Then the compound 
was tested in experimental PAH animal models for its efficacy in 
rescuing dysfunctional EC signaling and gene regulation and in 
preventing and reversing PAH.

Results
High-throughput screen yields activators of BMPR2 signaling. Like other 
members of the TGF-β family, BMPs elicit their effects through 
activation of receptor complexes, composed of a type II receptor 
(BMPR2, ActivinR2A, or ActivinR2B) and a type I receptor (ALK3 
[also known as BMPR1A], ALK6 [also known as BMPR1B], ALK2, 
or ALK1). This results in activation of multiple signaling pathways, 
such as MAPK, PI3K (pAKT), and pSMAD, and downstream tran-
scription factors, such as PPARγ (19) and inhibitor of differentiation 
1 (ID1) (20). The latter is a basic helix-loop-helix (HLH) transcrip-
tion factor that binds other HLH transcription factors and acts as 
a dominant-negative antagonist (21). As substrates of the ubiquit-
in/26S proteasome system that regulate protein stability, ID pro-
teins are short-lived, with a half-life of 30 minutes (22). As an early 
response gene (23), ID1 is transcribed in a pSMAD1/5-dependent 
manner (24) and thus is used commonly as a read out for BMPR2 
signaling in vascular cells (20, 25, 26). Furthermore, ectopic ID1 
expression induces EC migration and tube formation (26).

In developing the high-throughput assay to assess activation of 
BMPR2 signaling, we used the C2C12 mouse myoblastoma cell 
line stably transfected with a construct in which the BMP/SMAD 
elements of the ID1 promoter were linked to luciferase (BRE-luc). 
We optimized conditions to improve the luciferase signal related 
to varying the cell number, adding test compounds and the lucifer-
ase substrate. Plating 1,500 cells in 384-well plates without exoge-
nous ligand permitted the assessment of activators of BMPR2 sig-
naling in the presence of only endogenous ligand produced by the 
cells. Adding 250 pM BMP4, the concentration resulting in 20% 
of maximal response (EC-20), allowed distinction of activators 
requiring the presence of exogenous ligand (Figure 1A). Although 
BRE-luc C2C12 cells respond to all BMP ligands (BMP2, BMP4, 

BMP6, BMP7, and BMP9), we chose BMP4 for this assay because 
of excellent assay sensitivity. The following libraries available at 
the Stanford High-Throughput Bioscience Center were screened: 
NIH-CC, LOPAC, Biomol ICCB Known Bioactives, Microsource 
spectrum, and Biomol FDA-approved drug library.

The major activators of BMPR2 signaling identified, with and 
without additional ligand, are listed in Table 1. Values of per-
centage of activation were defined as luminescence relative to the 
EC-20 dose of BMP4, and agents that increased BRE-luc reporter 
activity greater than 10% are shown. Tacrolimus (FK506) was the 
main activator of BRE-luc (113%). A similar response was seen 
with a less commonly used immunosuppressive agent, ascomycin 
(FK520). This compound, like FK506, interacts with FK-binding 
protein-12 (FKBP12) to inhibit calcineurin and NF-ATc–medi-
ated IL-2 expression in T cells. Rapamycin, a third immunosup-
pressant that also interacts with FKBP12 and inhibits the mTOR 
pathway, but does not inhibit calcineurin, was a much weaker 
activator of signaling. Other agents included the TGF-β receptor 
blocker SB431542. The promising “hits” were tested in a 6-point 
serial dilution assay (Figure 1B), and the superiority of FK506 
over rapamycin was shown with respect to the magnitude of BRE-
luc activity reflecting BMPR2-mediated ID1 expression. FK506 
induced ID1 at low doses, and a high plateau of activation was rap-
idly achieved. We then compared the effect of FK506 and rapamy-
cin to another calcineurin inhibitor, cyclosporine, that does not 
interact with FKBP12 but binds the immunophilin, cyclophilin A, 
as well as shield-1 (27). Shield-1 binds FKBP12 but does not have 
any immunosuppressive properties (Figure 1C). We showed that 
the effect of FK506 on increasing BMP signaling could only par-
tially be replicated by an agent that binds FKBP12 or that inhibits 
calcineurin. Furthermore, we showed that FK506 is selective in 
increasing BMP signaling in a dose-dependent fashion (Supple-
mental Figure 1A; supplemental material available online with 
this article; doi:10.1172/JCI65592DS1), without inducing TGF-β 
signaling (Supplemental Figure 1B).

FK506, like BMP4, induces ID1 and pSMAD1/5 in PAECs. We also 
compared FK506 with rapamycin-mediated BMPR2 signaling in 
human PAECs. These cells have higher BMPR2 expression than 

Table 1
Activators of ID1 without and with exogenous BMP4

Drug Class ID1 activation without  ID1 activation with 
  exogenous BMP4 (%) exogenous BMP4 (%)
Tacrolimus (FK506) Immunosuppressant 113 255
Ascomycin (FK520) Immunosuppressant 104 238
Rapamycin Immunosuppressant 54 193
SB 431542 TGF-β receptor blocker 20 203
Aclarubicin Anthracycline 19 70
6-Methyl-2-pyridine hydrochloride Glutamate receptor antagonist 15 278
Indirubin Chinese herbal medicine for CML 14 216
Paclitaxel Mitotic inhibitor, prevents restenosis 13 150
Mycophenolate mofetil Immunosuppressant 12 121
Dimethoxyisoflavone Anabolic agent 11 160
Thiabendazole Antihelmintic 11 125
Albendazole Antihelmintic 11 108
AG-1296 c-kit, FGF, and PDGF kinase inhibitor 10 172

Activators of ID1 expression without and with exogenous BMP4 ligand found in high-throughput screen of 3,756 FDA-approved drugs and bioactive com-
pounds (20 μM each). 100% of activation is defined as BRE-luc activity relative to the EC-20 dose of 250 pM BMP4. Only activators that increase BRE-luc 
activity >10% are shown. CML, chronic myelogenous leukemia.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 8   August 2013 3603

other pulmonary artery vascular cells (8), and PAEC dysfunc-
tion has been implicated in the pathogenesis of PAH (11, 19, 28). 
Rapamycin attenuates chronic hypoxic PAH (29), but its effect on 
monocrotaline-induced PAH in rats is not unequivocal (30, 31). 
FK506 had not been previously tested in experimental PAH. We 
stimulated PAECs with 15 ng/ml FK506 or 10 ng/ml rapamycin, 
concentrations used to induce immunosuppression in the clini-
cal setting. Consistent with the BMP/SMAD transcriptional luci-
ferase assay, we confirmed a significant increase in ID1 mRNA 24 

hours after stimulation with FK506, but only a trend was evident 
with rapamycin (Figure 1D). We then compared BMPR2 signaling 
induced by FK506 with that induced by the natural ligand BMP4. 
Both agents resulted in similar induction of pSMAD1/5 at 15 min-
utes and ID1 at 1 hour (Figure 1E), consistent with the fact that 
ID1 is an early target gene of SMAD1/5-dependent and -indepen-
dent BMP signaling (23, 32). ID1 levels returned to control values 
6 hours after BMP4 stimulation but remained elevated following 
FK506 stimulation (Figure 1F). We then showed that FK506 was 

Figure 2
Low-dose FK506 induces pSMAD1/5/8 and ID1 in human mvPAECs related to FKBP12 interaction. (A) Id1 mRNA, normalized to 18S 
mRNA, in human unstimulated mvPAECs (CON) or 1 hour after the addition of BMP4 (10 ng/ml) or FK506 (0.2 ng/ml and 2.0 ng/ml). (B) 
Representative immunoblot and densitometric analysis of ID1 protein relative to β-actin at time points and doses indicated in A. (A and B)  
(n = 3; *P < 0.05; **P < 0.01 vs. CON, 1-way ANOVA, Dunnett’s post test). (C) BRE-luciferase activity in C2C12 cells after stimulation with the 
BMPR2 ligand BMP6 (50 ng/ml) and FK506 (1 μg/ml) for 24 hours, with or without preincubation for 30 minutes with kinase inhibitor LDN-
193189 (120 nM) (n = 6; ***P < 0.001 vs. CON; §§§P < 0.001 vs. BMP6, 1-way ANOVA, Bonferroni’s multiple-comparison test). (D) BRE-luci-
ferase activity in C2C12 cells treated with nontargeting siRNA (NTsi), BMPR2 siRNA (BMPR2si), BMPR2si plus Activin2A siRNA (ActA2si), 
and BMPR2si plus Activin2B siRNA (ActBsi) and stimulated with FK506 (1 μg/ml) (n = 6; §§P < 0.01 vs. BMPR2si and FK treatment;  
##P < 0.01 vs. BMPR2si-Act2Asi, 1-way ANOVA, Bonferroni’s multiple-comparison test). (E) Immunoprecipitation with an antibody to FLAG 
and immunoblot for HA and FLAG in 293T cells transfected with plasmids HA-ALK1, HA-ALK2, and HA-ALK3 as well as FKBP12-FLAG and 
stimulated with FK506 (100 ng/ml for 30 minutes). (F–H). BRE-luciferase activity in C2C12 cells treated with NTsi, ALK1 siRNA (ALK1si), 
ALK2si, and ALK3si and stimulated with (F) BMP4 (250 pM), (G) FK506 (2 μg/ml), and (H) rapamycin (n = 8; ##P < 0.01 vs. NTsi plus BMP4, 
NTsi plus FK506, NTsi plus rapamycin, 1-way ANOVA, Bonferroni’s multiple-comparison test). Mean ± SEM.
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Figure 3
Low-dose FK506 rescues IPAH mvPAEC dysfunction. (A) Representative immunoblot and densitometry showing BMPR2 and ID1/β-actin 
in human PAECs stimulated with BMP4 (10 ng/ml) or FK506 (15 ng/ml) following knockdown of BMPR2 with BMPR2si compared with NTsi 
as control (n = 3; *P < 0.05 vs. CON, 2-way ANOVA). (B) Representative immunoblot and densitometry of mvPAECs from 3 patients with 
IPAH showing ID1/β-actin at baseline (CON) or at various time points after stimulation with BMP4 (10 ng/ml) or FK506 (15 ng/ml) (n = 3; 
*P < 0.05 vs. CON, 2-way ANOVA). (C) ID1/18S mRNA 4 hours after and apelin/18S mRNA 8 hours after stimulation with BMP4 (10 ng/
ml) and low-dose FK506 (0.2 ng/ml) in the same IPAH mvPAECs as in B (n = 3; *P < 0.05; **P < 0.01, vs. CON, 1-way ANOVA, Dunnett’s 
post test). (D) Representative images and quantitative analysis of tube number and length of tubes formed in Matrigel with mvPAECs 
from a patient with IPAH 4 hours after unstimulated CON, VEGF (10 ng/ml), BMP4 (10 ng/ml), and FK506 (0.2 ng/ml) (n = 6; ***P < 0.001; 
**P < 0.01 vs. CON, 1-way ANOVA, Dunnett’s post test; scale bar: 100 μm). (E) Proposed model of activation of BMPR2 in the presence 
of a subactivating dose of BMPs and an activating dose of BMPs and mutated or dysfunctional BMPR2 receptor with an activating dose 
of BMPs or with a subactivating dose of BMPs and FK506. Mean ± SEM.
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similar to BMP4 in promoting PAEC survival following serum 
withdrawal, as judged by the Caspase-Glo 3/7 apoptosis assay (Fig-
ure 1G). In addition, BMP4 and FK506 were comparable to VEGF 
(20 ng/ml) in inducing formation of PAEC tubular networks in 
Matrigel (Figure 1H).

FK506 binds to and removes FKBP12 from BMP type I receptors. Pre-
vious data suggested that a low subimmunosuppressive dose of 
FK506 can prevent neointima formation in a carotid artery injury 
model in Apoe–/– mice (33, 34). We confirmed in microvessel PAECs 
(mvPAECs) that FK506, in concentrations as low as 0.2 ng/ml, 
increased Id1 mRNA and protein (Figure 2, A and B, respectively). 
The mechanism of action of FK506 was then investigated. Previ-
ous studies have shown that a BMP ligand (BMP2, BMP4, BMP6, 
BMP7, and BMP9) can initiate the interaction of a type II recep-
tor with serine/threonine kinase activity (BMPR2, ActivinR2A, or 
ActivinR2B) with a type I receptor (ALK1, ALK2, ALK3, and ALK6), 
resulting in its phosphorylation (35). We therefore determined 
whether FK506 requires the kinase activity to induce BMP signal-
ing. When we pretreated C2C12 BRE-luc cells with a BMP type 
I receptor kinase inhibitor, LDN-193189, FK506 failed to induce 
BMP signaling, as judged by BRE-luciferase (ID1 expression) (Fig-
ure 2C) as well as pSMAD1/5 (Supplemental Figure 2A). These fea-
tures were replicated by LDN-193189 inhibition of BMP6 activa-
tion of BMP signaling (BRE-luciferase) as a positive control. When 
BMPR2 was reduced by siRNA (documented in Supplemental Fig-
ure 2B), there was only a partial decrease in ID1 expression (Figure 
2D), suggesting that another type II receptor such as Activin R2A 
could substitute. In fact, we were able to show that reducing both 
ActivinR2A and BMPR2 by siRNA caused an additive decrease in 
ID1 expression (Figure 2D), consistent with previous reports (36).

FKBP12 interacts with TGF-β type I family receptors and 
blocks signaling by occupying the phosphorylation site at its 
glycine-serine–rich region (37). We hypothesized that FK506-
mediated BMP signaling was related to its interaction with and 
removal of FKBP12 (38) from type I receptors involved in BMP 
signaling, in addition to its known function as an inhibitor of the 
phosphatase calcineurin (39). By coimmunoprecipitation of 293T 
cell lysates transfected with plasmids containing FLAG-tagged 
FKBP12 as well as HA-tagged ALK1, ALK2, or ALK3, we showed 
that FKBP12 binds to type I receptors involved in BMP signaling 
and that FK506 releases FKBP12 from all 3 tested (Figure 2E). We 
then assessed which of the type I receptors was predominantly 
involved in FK506-mediated BMP signaling. We knocked down 
ALK1, ALK2, and ALK3 by siRNA in BRE-luc cells and assessed 
whether the loss of any one of the above receptors would com-
promise BMP4- or FK506-induced BRE luciferase activity. While 
BMP4 predominantly signaled via ALK3 and, to a lesser extent, 
ALK1 (Figure 2F), FK506 was able to interact with all 3 receptors 
(Figure 2G). Rapamycin exclusively recruited ALK2 (Figure 2H), a 
receptor that is not involved in BMP4-induced BMP signaling and 
therefore does not appear to preferentially interact with BMPR2. 
We confirmed that cyclosporine did not interact with type I recep-
tors (Supplemental Figure 2C).

FK506 binds and removes FKBP12 from multiple type I recep-
tors that interact with BMPR2 or ActivinR2A, whereas rapamycin 
only engages FKBP12 bound to ALK2. This explains, perhaps, 
why BRE-luc activity is greater with FK506 than with rapamycin 
combined with the calcineurin inhibitor cyclosporine (Supple-
mental Figure 2D). We furthermore tested whether removing 
FKBP12 by siRNA would mimic FK506 function, allowing for an 

increase in ID1 expression. However, reducing levels of FKBP12 to 
30% of control values (Supplemental Figure 2B) did not enhance 
baseline BRE-luciferase (Supplemental Figure 2E). This suggests 
that incomplete depletion of FKBP12 is either not sufficient to 
activate type I BMP receptors (BRE-luc) or that engaging FKBP12 
bound to the receptor and then removing it by FK506 may be 
required to activate the signaling machinery. We also assessed 
whether other FKBPs could inhibit ligand-independent type I 
receptor activation. However, reducing levels of 6 other FKBPs 
(FKBP12.6, FKBP13, FKBP25, FKBP52, FKBP54, and FKBP38) 
by siRNA, one at a time, did not induce BRE-luciferase activity 
(Supplemental Figure 2, F and G). These data are consistent with 
a redundancy in FKBPs as binding partners of type I receptors. 
We confirmed FK506 activation of pSMAD1/5 as one read out 
for BMP signaling as well as others, such as pERK, pAKT, and p-c-
JUN (Supplemental Figure 2, H–J).

FK506 rescues endothelial dysfunction in PAECs from patients with 
IPAH. To determine whether FK506 could rescue BMPR2 dys-
function in PAECs, we reduced BMPR2 protein levels to 50% of 
control values using RNAi (Figure 3A). As expected, these cells 
were unresponsive to BMP4 (10 ng/ml), but FK506 (15 ng/ml) 
increased ID1 in keeping with its ability to engage another type II 
receptor, specifically ActivinR2A (40). We then screened mvPAECs 
cultured from lungs harvested at transplant from 6 patients with 
IPAH that were obtained through the Pulmonary Hypertension 
Breakthrough Initiative Network. We found that mvPAECS from 
3 out of the 6 patients did not increase pSMAD1/5 or ID1 in 
response to normally activating doses of BMP4 (10 ng/ml). One of 
these patients had a documented mutation in BMPR2 (c.961C>CT; 
p.321R>R/X). In contrast, all mvPAEC cultures that did not 
respond to BMP4 showed an increase in pSMAD1/5 and ID1 1 
hour after stimulation with FK506 (15 ng/ml) (Figure 3B). Inter-
estingly, 4 hours after low-dose FK506 (0.2 ng/ml), ID1 mRNA 
was elevated, and at 8 hours, apelin mRNA was increased (Figure 
3C). Apelin is regulated by BMPR2-mediated signaling (19) and 
is important in endothelial homeostasis. We further documented 
that FK506 (0.2 ng/ml) rescued dysfunction of IPAH PAECs by 
reversing their previously described impaired ability to form tubu-
lar networks in Matrigel (41). FK506 induced tube formation 4 
hours after stimulation, in a manner comparable to that of VEGF 
(20 ng/ml), whereas BMP4 failed to do so (Figure 3D).

Taken together, we propose the following mechanism by which 
FK506 activates BMP signaling (see schema in Figure 3E). In the 
presence of BMPs at a subactivating dose, FKBP12 acts as inhibi-
tor of BMP signaling. An activating dose of BMP ligand initiates 
removal of FKBP12 from the type I receptor and allows for nor-
mal SMAD- and non-SMAD–dependent signaling. When BMPR2 
is mutated or dysfunctional, FK506 restores normal signaling by 
the dual action of removing FKBP12 from the type I receptor and 
inhibiting calcineurin.

Low-dose FK506 prevents hypoxic PAH in mice with deletion of BMPR2 
in ECs. Next, we asked whether FK506 would prevent PAH in a 
mouse with BMPR2 deleted in ECs to show — as proof of con-
cept — that FK506 could rescue downstream BMP signaling, 
even in the absence of a functional BMPR2 receptor. We crossed 
SCL-CreERTM, R26 LacZfl/fl, and Bmpr2fl/fl mice and created an SCL-
CreERTM+/R26R/Bmpr2–/– (EC-Bmpr2–/–) mouse by administering 2 
mg tamoxifen per day intraperitoneally for 10 days when the mice 
were 8–12 weeks of age. We documented BMPR2 deletion by pos-
itive LacZ staining in lung ECs (Figure 4, A and B) and in ECs of 



research article

3606 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 8   August 2013

Figure 4
Low-dose FK506 prevents the development of PAH in mice with a deletion of BMPR2 in ECs. (A and B) LacZ staining documenting BMPR2 
deletion in (A) distal PAECs and (B) capillary ECs in EC-Bmpr2–/– mice. Scale bar: 100 μm. (C) Reduced BMPR2 in whole lung lysates by 
Western immunoblot comparing wild-type mice with tamoxifen (TAM) with floxed Bmpr2 Cre-ERT mice with or without tamoxifen. (D) Absence 
of Bmpr2 mRNA in ECs harvested from EC-Bmpr2–/– (KO) vs. wild-type mice (n = 3; ***P < 0.001 WT vs. EC-Bmpr2–/–, 1-way ANOVA, Dun-
nett’s). (E) RVSP in wild-type and EC-Bmpr2–/– mice treated with vehicle or FK506 (0.05 mg/kg/d) in normoxia or hypoxia (10% O2) for 3 weeks  
(n = 8 per group; **P < 0.01 compared with vehicle normoxia; §§P < 0.01 vehicle hypoxia wild-type vs. EC-Bmpr2–/–, 2-way ANOVA, Dunnett’s). 
(F) RVH (Fulton index, weight of RV/LV and septum) in same groups as in E. (G) Representative histology of barium-injected lungs of wild-type 
and EC-Bmpr2–/– mice after normoxia/hypoxia with or without vehicle or FK506. The decreased number of vessels in hypoxia is ameliorated 
by FK506 (arrows). Scale bar: 100 μm. (H) Percentage muscularized alveolar wall and alveolar duct arteries per total arteries in wild-type and 
EC-Bmpr2–/– mice after normoxia/hypoxia with or without vehicle or FK506 (n = 8 mice;mean of 5 ×20 fields per mouse; **P < 0.01; ***P < 0.001 
vs. normoxia wild-type and EC-Bmpr2–/–, 2-way ANOVA, Dunnett’s). (I) Arteries per 100 alveoli in same animals as in H. (J) Apelin/18S mRNA 
and (K) eNOS/18S mRNA in mvPAECs from EC-Bmpr2–/– mice, preconditioned in 1% hypoxia and harvested 8 hours after BMP4 (10 ng/ml) or 
FK506 (0.2 ng/ml) vs. vehicle (CON) (n = 3; *P < 0.05 vs. CON, 1-way ANOVA, Dunnett’s). Mean ± SEM.
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other tissues (data not shown). Whole lung lysates of EC-Bmpr2–/– 
mice showed reduced BMPR2 protein expression compared with 
those of Cre–/– mice and Cre+/+ mice without tamoxifen treatment 
(Figure 4C). ECs harvested from the lungs of EC-Bmpr2–/– mice 
using CD31 antibody-coated beads showed no BMPR2 expression 
in contrast to PAECs from littermate controls (Figure 4D).

Male animals generally have a greater chronic hypoxia-induced 
pulmonary hypertensive response (42), so we used them exclu-
sively in our study. EC-Bmpr2–/– and littermate control mice were 
housed in room air or in 10% oxygen (chronic hypoxia) for 3 
weeks, during which time half the mice of each genotype were 
given a continuous s.c. infusion of low-dose FK506 (0.05 mg/
kg/day) by mini-osmotic pump and the other half were given 
vehicle. EC-Bmpr2–/– mice and littermate controls maintained in 
room air had similar values for right ventricular systolic pressure 
(RVSP), and FK506 had no effect on this measurement. The ele-
vation in RVSP in chronic hypoxia-exposed mice, as a measure of 
PAH, was more severe in the EC-Bmpr2–/– group than in controls 
(Figure 4E), although there was no further increase in right ven-
tricular hypertrophy (RVH) (Figure 4F) or in vascular changes, 
including muscularization of distal arteries (Figure 4G, vessels 
marked by arrows, and Figure 4H) and loss of peripheral arteries 
(Figure 4I). Administration of low-dose FK506 prevented chronic 
hypoxic PAH in both EC-Bmpr2–/– mice and in littermate controls, 
as judged by lack of elevated RVSP, RVH, and reduced vascular 
changes. Cardiac output decreased slightly in both genotypes 
after chronic hypoxia independent of FK506 treatment (Supple-
mental Table 1). A 3-week treatment with low-dose FK506 did 
not increase the systemic blood pressure (Supplemental Figure 
3). Despite its immunosuppressive properties, FK506, in the dose 
used, did not reduce total white blood cells, neutrophils, or lym-
phocytes (Supplemental Table 1). To address whether FK506 res-
cued EC dysfunction related to loss of BMPR2, we exposed PAECs 
from the EC-Bmpr2–/– mice to 1% O2 for 24 hours and treated the 
cells with low-dose FK506 (0.2 ng/ml) or BMP4 (10 ng/ml) for 
another 8 hours under the same conditions. An increase in apelin 
mRNA, an EC gene normally regulated by BMP signaling, and 
in endothelial nitric oxide synthase (eNOS), a gene regulated by 
apelin (43) and a marker of EC homeostasis were observed with 
FK506, but not with BMP4 (Figure 4, J and K). The same was true 
for cells under normoxic conditions (data not shown).

Low-dose FK506 reverses monocrotaline-induced PAH in rats, inhib-
its proliferation, and induces apoptosis in pulmonary artery SMCs. As 
patients with PAH present late in the course of their disease, we 
assessed whether FK506 could also reverse severe PAH and vas-
cular pathology in an experimental model without a deletion in 
BMPR2. PAH was induced in adult male Sprague Dawley rats, 
weighing between 180 and 220 g, with a single s.c. dose of mono-
crotaline (60 mg). PAH was verified in a subset of animals after 
day 21, and a 3-week treatment with vehicle or low-dose FK506 
(0.05 mg/kg/d) was initiated via s.c. mini-osmotic pump. While 
vehicle-treated rats showed severe PAH at day 42, FK506 treatment 
significantly reduced the PAH, measured by the RVSP (Figure 5A) 
as well as RVH (Figure 5B). The monocrotaline animal model of 
PAH is characterized by increased muscularity, and FK506-treated 
animals showed reduced muscularization compared with vehi-
cle-treated animals (Figure 5C).

We had previously shown that FK506 could increase apelin in 
pulmonary artery SMCs (PASMCs). Apelin has beneficial auto-
crine effects on PAEC function and, by a paracrine mechanism, 

suppresses PASMC proliferation and can induce apoptosis (19). 
However, we also showed a direct effect of FK506 in inhibiting 
PDGF-induced PASMC proliferation (Figure 5D) and in inducing 
apoptosis, as judged by the caspase luminescence assay (Figure 
5E). Interestingly, the latter effect of FK506 on SMCs was lost at 
higher immunosuppressive doses of 15 ng/ml. The mechanism 
appears to be pSMAD1/5 and ID1 independent (Supplemental 
Figure 4, A and B) and suggests an alternative pathway, possibly 
via PPARγ and ApoE (44) or via suppression of NF-ATc, as has been 
previously shown (31). Using an NFAT reporter assay in PASMCs, 
we confirmed mild NFAT inhibition at low doses of FK506 (0.2–
0.5 ng/ml) and a more pronounced effect at doses clinically used 
to induce immunosuppression (5–15 ng/ml) (Figure 5F). How-
ever, FK506 showed only a trend in reducing expression of IL-2, 
a major downstream target of NFAT signaling, when assessed in 
whole lung tissue of vehicle- and monocrotaline-treated rats (Fig-
ure 5G), and no effect on IFN-γ, another NFAT target (Supplemen-
tal Figure 4C). This suggests that inhibition of NFAT activation 
is not the major mechanism of action by which low-dose FK506 
reverses PAH.

Low-dose FK506 reverses PAH related to neointima formation. Given 
that the monocrotaline rat model does not replicate the pathology 
in humans with PAH (45), we also assessed whether FK506 could 
reverse severe obliterative pulmonary vascular lesions character-
ized by neointima formation in distal pulmonary arteries. This 
pathology is seen in rats treated with the VEGF receptor blocker 
SUGEN 5416 and exposed to chronic hypoxia (46, 47). Adult male 
Sprague Dawley rats at 8 weeks of age, weighing between 180 and 
220 g, were given a single s.c. dose of SUGEN 5416 (20 mg/kg), 
exposed to chronic hypoxia for 3 weeks, and then kept in nor-
moxia for another 5 weeks (Figure 6A). This experimental proto-
col induces severe and progressive PAH, with extensive loss and 
obliteration of distal arteries associated with neointimal lesions 
(46). Beginning at 8 weeks, we initiated a 3-week treatment with 
either vehicle or low-dose FK506, by continuous s.c. infusion via 
mini-osmotic pump (0.05 mg/kg/d). Vehicle-treated rats showed 
severe PAH, but FK506 reversed the elevation in RVSP and RVH, 
resulting in values not significantly different from those of con-
trols (Figure 6B). Cardiac output was lower after administration 
of SUGEN 5416 and hypoxia and increased with FK506 treatment 
(Supplemental Table 2). The percentage of vessels with a neoin-
tima was reduced from 60% in vehicle-treated rats to less than 20% 
in those administered FK506 (Figure 6C). Consistent with previ-
ous studies, we documented mild emphysema in rats treated with 
SUGEN 5416 and hypoxia (48, 49), reflected in a 25% decrease in 
the number of alveoli and a comparable reduction in the number 
of arteries (Figure 6D). FK506 preferentially restored arterial num-
ber so the ratio of arteries per 100 alveoli increased (Figure 6E). As 
in the murine chronic hypoxia experiments, FK506 also restored 
endothelial function, as judged by an increase in apelin (Figure 6F) 
in whole lung tissue. Although we cannot exclude a contribution 
of NFAT inhibition in FK506-mediated reversal of PAH, we found 
no significant reduction in targets of NFAT activation, i.e., IL-2 
(Figure 6G) and IFN-γ (Supplemental Figure 5).

Discussion
We report the first high-throughput screen of known pharma-
ceuticals to determine whether any of these agents would increase 
BMPR2 signaling. Our study design permitted evaluation of 
strong activators (without exogenous BMP ligand), weaker acti-
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Figure 5
Low-dose FK506 reverses monocrotaline-induced PAH in rats, inhibits proliferation, and induces apoptosis in PASMCs. (A) RVSP (mmHg) 
in rats 21 days after monocrotaline (MCT) treatment (60 mg s.c. once), with or without 3-week treatment with vehicle (VEH) or low-dose 
FK506 (n = 6–8; **P < 0.01 compared with VEH treated; #P < 0.05 compared with day 21 monocrotaline; §§§P < 0.001 compared with day 42 
monocrotaline vehicle, 1-way ANOVA, Bonferroni post test). (B) RVH (Fulton index) in same group as above (***P < 0.001 compared with 
vehicle treated; §P < 0.05 compared with day 42 monocrotaline vehicle, 1-way ANOVA, Bonferroni post test). (C) Represented lung histol-
ogy (Movat stain) (scale bar: 100 μm). (D) MTT proliferation assay with PASMCs in the presence or absence of PDGF (20 ng/ml) 72 hours 
after stimulation with vehicle (CON), BMP4 (10 ng/ml), or FK506 (0.2 and 2.0 ng/ml) (n = 5; **P < 0.01, ***P < 0.001, BMP4 vs. CON [in the 
presence of PDGF], 1-way ANOVA, Dunnett’s). (E) Assessment of apoptosis with measurement of caspase-3/7 luminescence under 24-hour 
serum starvation or treatment with BMP4 (10 ng/ml) or FK506 (0.2, 1.0, 2.0, and 15 ng/ml) (n = 5; *P < 0.05 1-way ANOVA, Dunnett’s post 
test). (F) Luciferase NFAT reporter activation assay in PASMCs stimulated with PDGF (30 ng/ml) and doses of FK506 between 0.2 and 
15 ng/ml. (##P < 0.01 and ###P < 0.001, vs. stimulation by PDGF alone, 1-way ANOVA with Bonferroni’s multiple pairs test). (G) Il2/Gapdh 
mRNA expression in whole lungs of rats 21 days after monocrotaline treatment (60 mg s.c. once), with or without 3-week treatment with 
vehicle or low-dose FK506 (n = 6–8; nonsignificant, 2-way ANOVA). Mean ± SEM.
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vators (with exogenous BMP ligand), and potential inhibitors 
of BMP signaling. The top 3 activators of BMP-mediated signal-
ing and ID1 target gene expression, FK506 (tacrolimus), FK520 
(ascomycin), and rapamycin, are potent immunosuppressants that 
prevent T cell proliferation by interacting with the immunophilin 
FKBP12 (50). FK506 appears superior to rapamycin in potentiat-
ing BMP signaling because it also inhibits the phosphatase cal-
cineurin (51). In addition, FK506 interacts with FKBP12 associ-
ated with all 3 BMPR type 1 receptors (ALK1, ALK2, and ALK3), 
including those preferred by BMPR2 (ALK1 and ALK3), whereas 
rapamycin only interacts with ALK2. Cyclosporine shares the cal-
cineurin inhibitory properties of FK506 (52), but as it does not 
bind FKBP12, it is a weak activator of BMP signaling in PAECs.

Also on the list of BMPR2 signaling activators is the TGF-β 
receptor blocker, SB431542, which could antagonize the 
enhanced TGF-β signaling that occurs when BMPR2 is deficient 
(53). Our libraries contained pharmaceuticals currently used 
to treat PAH, including bosentan, iloprost, and imatinib. None 
activated BRE-luciferase, although iloprost can induce ID1 by 
a pSMAD1/5-independent, cAMP-mediated mechanism (54). 
Recent data suggest that other medications approved and effective 
for PAH, such as the vasodilator and phosphodiesterase inhibitor 
sildenafil, can partially restore BMPR2 defective signaling (55), 
underscoring the importance of this pathway in PAH.

Both at immunosuppressive and at low doses, FK506 not only 
mimics BMP4 signaling in PAECs but also promotes PAEC sur-
vival and increases tube formation, functions essential for prevent-
ing loss of vessels and inducing vessel regeneration in PAH (56). In 
addition, we have evidence of both paracrine (via apelin) (57) and 
autocrine effects of FK506 in reducing proliferation and mediat-
ing apoptosis in SMCs.

TGF-β type I family receptors (including ALK3) share a com-
mon glycine-serine–rich sequence, identified as the site of phos-
phorylation by type 2 receptors as well as the FKBP12 binding 
site (58). FKBP12 has multiple functions, including Ca++ channel 
gating and protein folding (37). By serving as a docking protein 
for the phosphatase calcineurin (39), FKBP12 also modulates 
the phosphorylation status of TGF-β type I and other receptors, 
e.g., EGF-R and inositol trisphosphate receptors (50), providing 
a safeguard against leaky constitutive signaling (37). We showed 
that FK506 interacts with FKBP12 and is able to dissociate it 
from type I receptors, e.g., ALK1, ALK2, and ALK3 that form 
heterodimers with BMPR2. This is a novel finding, although 
the concept that FK506 can release bound FKBP12 from TGF-β 
type I receptors or EGF-R (59) has been described previously. 
Furthermore FK506, even at low doses, inhibits calcineurin 
activity, which, in concert with removing FKBP12, results in 
phosphorylation of ALK1, ALK2, and ALK3 and in downstream 
pSMAD1/5-dependent and -independent signaling. Phosphory-
lation of the type I receptor induced by FK506 requires kinase 
activity from a type 2 BMP receptor, and the type I receptor likely 
co-opts ActivinR2A when BMPR2 is reduced or dysfunctional. 
Thus, signaling is transduced in mice with deletion of BMPR2 in 
ECs and in human PAECs with mutant BMPR2.

FK506 also increases EC expression of ALK1 and endoglin (60). 
As loss-of-function mutations in these genes are observed in PAH 
associated with hemorrhagic telangiectasia (HHT), FK506 could 
also be of potential benefit in patients with this disorder. In fact, 
FK506 was given following liver transplant in a patient with 
HHT who had multiple arteriovenous malformations, and it was 

noted that internal and external telangiectases, epistaxes, and 
anemia disappeared, suggesting that the mechanism of action of 
FK506 involved partial correction of endoglin and ALK1 haplo-
insufficiency (60).

Binding and removing FKBP12 from the type I receptors by 
FK506 is dynamic and varies with different FK506 concentrations 
at different time points (data not shown), so the effect, particu-
larly, of low-dose FK506 is unlikely to induce the same constitutive 
activation of BMP signaling that is observed in fibrodysplasia ossi-
ficans progressiva. This is a condition characterized by a mutation 
in ALK2 that permanently reduces binding of FKBP12 (61).

Low-dose FK506 reverses the impaired ability of PAECs from 
patients with IPAH to form tubular networks (41, 62), consis-
tent with its induction of apelin, a pSMAD-independent target 
of BMPR2 signaling (19). Apelin (63), a ligand for the G protein–
coupled receptor APJ, is highly expressed in endothelial but not 
in other vascular cells (64). It is proangiogenic (65) and induces 
eNOS (57). Apelin-null mice develop more severe hypoxia-in-
duced PAH than controls. Patients with IPAH have reduced apelin 
plasma levels (43), and their PAECs have decreased apelin mRNA 
and protein (19). Furthermore, the role of apelin in raising lev-
els of a miRNA that represses FGF production is thought to be 
responsible for the paracrine effect of apelin in suppressing SMC 
proliferation and inducing SMC apoptosis. This may be the mech-
anism causing reversal of PAH in both the monocrotaline and the 
SUGEN hypoxia rat models (66), but we also showed that low-dose 
FK506 represses cultured PASMC proliferation and induces apop-
tosis independent of endothelial apelin.

Our studies show efficacy of low-dose FK506 in activating the 
BMPR2 pathway. Interestingly, it was this dose in contrast to a 
higher dose that inhibited atherosclerotic plaque development and 
progression in Apoe–/– mice (33, 34). Moreover, high doses of FK506 
(>10 fold of those used in our study) caused systemic hypertension 
and transplant vasculopathy in animal models, presumably medi-
ated by a paradoxical decrease in eNOS and increase in endothelin 
production (67). In contrast, the low-dose FK506 used in our studies 
did not induce systemic hypertension, even after a 3-week treatment.

We chose mice with deletion of BMPR2 in ECs to determine 
whether FK506 could prevent hypoxia-induced PAH in the 
absence of endothelial BMPR2 and found that it was effective 
in both EC-Bmpr2–/– and wild-type genotypes. The latter may be 
related to reversal of hypoxia-mediated suppression of BMPR2 
signaling (68).

Our study is one of few to show that an agent can reverse severe 
established PAH and neointima formation in the SUGEN5416/
hypoxia rat model (46, 66). We suggest that FK506 was able to 
do so both by upregulating apelin and, to a lesser extent, by sup-
pressing NF-ATc–mediated gene regulation. The effect of inhibit-
ing NFAT activation, in addition to increasing BMPR2 signaling, 
would be beneficial in treating PAH. Previous studies have shown 
that inhibition of NF-ATc with rapamycin reverses monocrotal-
ine-induced PAH (31) by restoring Kv1.5 channel expression, 
decreasing proliferation, and inducing apoptosis of SMCs.

Treatment with FK506 increases cardiac output in the 
SUGEN5416/hypoxia rat model, perhaps because the interaction 
of FK506 with FKBPs modulates calcium cycling in the heart. In 
a mouse model of left heart failure, characterized by increased 
expression of FKBP12.6 in the heart, FK506 restored contractile 
function of isolated cardiomyocytes by inhibiting the association 
with FKBP12.6 and the ryanodine receptor (69).
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improving BMP signaling could be valuable in treating PAH as well 
as other vascular and nonvascular diseases, including cancer, in which 
BMP signaling is reduced, and bone grafting or spinal fusion surgery, 
in which activation of BMP is required for a successful result (70, 71).

In conclusion, we used a high-throughput screen to identify a com-
pound, FK506, that is able to activate BMPR2-mediated signaling and 
endothelial-specific gene regulation (e.g., apelin), even in the absence 
of exogenous ligand and BMPR2. The efficacy of low-dose FK506 in 

Figure 6
Low-dose FK506 reverses established PAH and neointima formation in rats. (A) Timeline of experiments. (B) RVSP and RVH (Fulton index) 
in rats in normoxia with or without vehicle (VEH) or FK506 and in rats after SUGEN with 3 weeks hypoxia and 5 weeks normoxia, sacri-
ficed at 8 weeks and at 11 weeks following treatment with vehicle or FK506 (n = 8; *P < 0.05; ***P < 0.001 vs. same condition in normoxia, 
2-way ANOVA, Bonferroni post test). (C) Representative images (scale bar: 100 μm) and percentage vessels with neointima in hypoxia/
SUGEN/normoxia rats at 8 and 11 weeks treated with vehicle or FK506 (n = 8; **P < 0.01 vs. vehicle, 1-way ANOVA, Bonferroni post test). 
(D) Number of alveoli per mm2 in normoxia (with or without vehicle or FK506) and in rats after hypoxia/SUGEN/normoxia, sacrificed at 11 
weeks (with or without 3-week treatment of vehicle or FK506) (n = 8; *P < 0.05 vs. untreated normoxia condition, 2-way ANOVA, Dunnett’s 
post test). (E) Mean number of arteries per 100 alveoli (5 fields ×20) in same groups as in D (n = 8, #P < 0.05, 1-way ANOVA, selected 
pairs post test, vehicle vs. FK506). (F) Apelin/β-actin mRNA expression in total lung lysate in same group as in D (n = 8; *P < 0.05, 1-way 
ANOVA, Dunnett’s post test). (G) Il2/Gapdh mRNA expression in whole lungs of rats in normoxia (with or without vehicle or FK506) and 
in rats after hypoxia/SUGEN/normoxia, sacrificed at 11 weeks (with or without 3-week treatment of vehicle or FK506) (n = 8; *P < 0.05 vs. 
vehicle normoxia, #P < 0.05 vs. FK normoxia, nonsignificant trend in decrease of IL-2 with FK506 treatment, 2-way ANOVA, Bonferroni 
multiple-comparison test). Mean ± SEM.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 8   August 2013 3611

FKBP12 were transfected into C2C12 BRE-luc cells using DharmaFect3, 
and knockdown efficiency was determined by qRT-PCR. Nontargeting 
siRNA (Dharmacon) was used as a control.

Tube formation assay. PAECs were starved for 12 hours in 0.2% FBS, and 
10,000 cells were seeded on Matrigel (Trevigen) in serum-free medium with 
or without stimuli. The number of tubes and tube length were assessed 
after 8 hours in large PAECs and after 4 hours in mvPAECs.

Creation of cell-specific inducible EC-Bmpr2–/– mice. Endothelial SCL-CRE 
ERT mice, with a 5′-endothelial SCL enhancer (–7 to 0.9 kb) that directs 
expression to endothelium (74), were crossed with Rosa26R mice and 
crossed with Bmpr2fl/fl mice created previously in our laboratory. Tamox-
ifen was given at 2 mg per day i.p. for 10 days; after another 14 days, CRE 
activation led to a deletion in BMPR2 in ECs in lungs as well as all other 
vascularized tissues. Littermates were used as controls.

Hypoxia/SUGEN/normoxia and monocrotaline rat models. Adult male 
Sprague Dawley rats at 8 weeks of age, weighing between 180 and 220 g, 
were given a single s.c. dose of SUGEN5416 (20 mg/kg) and then placed 
in chronic hypoxia for 3 weeks, followed by a period of 5 weeks normoxia, 
as previously described (46). The monocrotaline experiments in rats were 
carried out as previously described (75).

Statistics. All data are presented as mean ± SEM. We performed the statis-
tical analyses using 1-way ANOVA when more than 2 groups of data were 
compared and 2-way ANOVA when 2 conditions were involved. We consid-
ered differences to be statistically significant at P < 0.05.

Study approval. All animal experiments were reviewed and approved by the 
Stanford University IACUC in accordance with the guidelines of the NIH. 
The studies on human primary cells were approved by the appropriate Insti-
tutional Review Board on human subjects and IACUC at Stanford University.
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Methods
High-throughput screen. Libraries of FDA-approved drugs and bioactive com-
pounds, containing 3,756 unique compounds (NIH-CC, LOPAC, Biomol 
ICCB Known Bioactives, Microsource spectrum, Biomol FDA-approved 
drug library), were available from the High-Throughput Bioscience Center 
at Stanford University. The C2C12 mouse myoblast cell line that stably 
expresses a BMP response element from the ID1 promoter linked to luci-
ferase (BRE-luc) (25) was used as a reporter cell line for BMP activation. 
The bioassay can detect luciferase activity after stimulation with a dose as 
low as 3 pM BMP4 (our ligand of choice, due to the excellent assay sensi-
tivity) (see Supplemental Figure for details).

Reagents. FK506 (Cayman Chemicals), rapamycin (Cayman Chemicals), 
cyclosporine (Sigma-Aldrich), shield-1 (a gift from T.J. Wandless, Stanford 
University), SUGEN5416 (Cayman Chemicals), BMP4 (Sigma-Aldrich), 
and monocrotaline (Sigma-Aldrich) were used.

Plasmids. FKBP12-Flag plasmid was a gift from Takeshi Imamura (JFCR 
Cancer Institute, Tokyo, Japan). HA-ALK1, HA-ALK2, HA-ALK3 have been 
previously described (72).

Transcription reporter assays. C2C12 cells were seeded in 24-well plates 
and then transfected with Polyethylenimine (PEI, Fermentas) with the 
indicated plasmids. For CAGA-Luc, the luciferase activity was analyzed 24 
hours after stimulation with TGF-β3 (5 ng/ml) or FK506 with indicated 
concentrations. For BRE-luc, the transfected cells were pretreated with 
LDN-193189 (120 nM) for 30 minutes before stimulation with FK506 (1 
μg/ml) for 24 hours. Each experiment was performed in triplicate at least, 
with normalization to β-galactosidase activity.

Cell culture. C2C12 mouse myoblastoma cell line was stably transfected 
with a construct in which the BMP/SMAD elements of the ID1 promoter 
were linked to luciferase (BRE-luc) (a gift from Peter ten Dijke). C2C12 and 
293T were maintained in DMEM supplemented with 10% FBS, penicillin/
streptomycin, and Glutamine (Gibco). Human large PAECs (ScienCell) 
and human and mouse mvPAECs were grown in commercial EC media 
(ScienCell). Cells were subcultured at a 1:3 ratio in gelatin-coated dishes. 
Human PASMCs (Lonza) were grown in commercial SMC media (Lonza) 
and subcultured at a 1:5 ratio. Only passages 3–8 were used.

Immunoprecipitation and immunoblotting. 293T cells were transfected with 
indicated plasmids, medium was changed 12 hours after transfection, and, 
48 hours after transfection, cells were stimulated with FK506 (100 ng/ml) 
for 30 minutes (see the Supplemental Methods for details).

Isolation of human and mvPAECs. Human and murine mvPAECs were iso-
lated from digested whole lung tissue using CD31 antibody–coated mag-
netic beads (Dynabeads; Invitrogen) as previously described (19).

mRNA expression by qRT-PCR. Total RNA was extracted and purified 
from whole lung tissue and cells with the RNAeasy Plus Kit (Qiagen) 
and then reverse transcribed using SuperScript III (Invitrogen) per the 
manufacturer’s instructions. Expression levels of selected genes were 
quantified using preverified Assays-on-Demand TaqMan primer/probe 
sets (Applied Biosystems) and normalized to ribosomal RNA 18S and 
B2M (mice and humans) and β-actin and Gapdh (rats). The housekeep-
ing gene that was chosen was most consistent throughout the experi-
mental conditions.

Western immunoblotting. Western immunoblotting was done as previously 
described (41).

Apoptosis assay and proliferation assays. PAEC, mvPAEC, and PASMC survival 
and proliferation were assessed by cell counts and MTT assays. Caspase-3/7 
(Promega) was used to detect apoptosis as previously shown (19, 41).

RNAi. siRNAs for BMPR2 (Dharmacon) were transfected into PAECs 
using RNAi Max (Invitrogen) as described previously (73). The knock-
down efficiency for BMPR2 was determined by Western immunoblotting. 
siRNAs for BMPR2, ActivinR2A, Activin R2B, ALK1, ALK2, ALK3, and 
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