
DOI: 10.1002/pul2.12056

RE S EARCH LETTER

Suppression of BMP signaling by PHD2 deficiency in
Pulmonary Arterial hypertension

Bin Liu1,2,3 | Dan Yi1,2,3 | Jiakai Pan1,2 | Jingbo Dai4,5,6 |

Maggie M. Zhu4,5,6 | You‐Yang Zhao4,5,6,7,8,9 | S. Paul Oh10 |

Michael B. Fallon2 | Zhiyu Dai1,2,3

1Division of Pulmonary, Critical Care and Sleep, Department of Internal Medicine, College of Medicine‐Phoenix, University of Arizona,
Phoenix, Arizona, USA
2Department of Internal Medicine, College of Medicine‐Phoenix, University of Arizona, Phoenix, Arizona, USA
3Translational Cardiovascular Research Center, College of Medicine‐Phoenix, University of Arizona, Phoenix, Arizona, USA
4Program for Lung and Vascular Biology and Regeneration Research, Stanley Manne Children's Research Institute, Ann & Robert H. Lurie
Children's Hospital of Chicago, Chicago, Illinois, USA
5Section for Injury Repair and Regeneration Research, Stanley Manne Children's Research Institute, Ann & Robert H. Lurie Children's
Hospital of Chicago, Chicago, Illinois, USA
6Department of Pediatrics, Division of Critical Care, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA
7Department of Pharmacology, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA
8Department of Medicine, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA
9Feinberg Cardiovascular and Renal Research Institute, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA
10Department of Neurobiology, Barrow Aneurysm and AVM Research Center, Barrow Neurological Institute, Phoenix, Arizona, USA

Correspondence
Zhiyu Dai, Department of Internal
Medicine, College of Medicine‐Phoenix,
University of Arizona, 475 N 5th St, BSPB
E512, Phoenix, AZ 85004, USA.
Email: zhiyudai@arizona.edu

Funding information

American Heart Association,
Grant/Award Number: 20CDA35310084;
National Heart, Lung, and Blood Institute,
Grant/Award Numbers: R01HL140409,
R01HL133951, R01HL148810,
R00HL13827; American Thoracic Society
Foundation Pulmonary Hypertension
Association Research Fellowship; Arizona
Biomedical Research Centre,
Grant/Award Number: ADHS18‐198871

Abstract

BMP signaling deficiency is evident in the lungs of patients with pulmonary arterial

hypertension. We demonstrated that PHD2 deficiency suppresses BMP signaling in

the lung endothelial cells, suggesting the novel mechanisms of dysregulated BMP

signaling in the development of pulmonary arterial hypertension.
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To the Editor,
Pulmonary arterial hypertension (PAH) is character-

ized by an increase in pulmonary vascular resistance and

obliterative pulmonary vascular remodeling that drive
right heart hypertrophy, failure, and premature death.1–3

Due to the poor understanding of the molecular
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mechanisms of obliterative vascular remodeling, current
therapies result in only modest improvements in
morbidity and mortality, with a 5‐year survival rate of
around 60%.1,2,4 Bone morphogenetic protein receptor
type 2 (BMPR2) mutations account for 80% of familial
PAH and approximately 20% of sporadic cases, and
BMPR2 expression is also reduced in the lung of patients
with multiple forms of PAH, including idiopathic PAH
(IPAH).5–8

Recently, we have reported the first mouse model of
pulmonary hypertension (PH) (Tie2Cre‐mediated disrup-
tion of Egln1, encoding hypoxia‐inducible factor [HIF]
prolyl hydroxylase 2 [PHD2], designated Egln1Tie2Cre,
CKO) with progressive obliterative vascular remodeling,
including vascular occlusion and plexiform‐like lesion
and right heart failure, which recapitulates many
features of clinical PAH including IPAH.9,10 HIF‐2α
activation secondary to PHD2 deficiency is responsible
for the severe phenotype in conditional knockout (CKO)
mice, as HIF‐2α knockout and inhibition by pharmaco-
logic approach inhibit severe PH in CKO mice.10–12

However, the effect and mechanisms of how HIF
signaling interacts with BMP signaling remain unknown.

The aim of the present study was to determine the
effect of HIF on BMP signaling in pulmonary endothelial
cells. Both male and female Egln1f/f (wild‐type [WT]),
Egln1Tie2Cre (CKO), and Egln1/Hif2aTie2Cre (EH2) mice
were generated previously and used for the experi-
ments.10,13 The animal care and study protocol were
approved by the Institutional Animal Care and Use
Committee of the Northwestern University and Univer-
sity of Arizona. Right ventricular systolic pressure
(RVSP) was measured with a 1.4 F pressure transducer
catheter (Millar Instruments) and AcqKnowledge soft-
ware (Biopac Systems Inc.) as described previously.11,14

Primary human lung microvascular endothelial cells
(HLMVECs) culture and transfection, RNA‐sequencing,
quantitative reverse‐transcription polymerase chain
reaction (qRT‐PCR), Western blot analysis, and immu-
nostaining analysis were performed as described previ-
ously.10,11 Statistical evaluation was performed on
GraphPad Prism 9 (GraphPad Software, Inc.) using
one‐way analysis of variance for comparison of more
than two groups, followed by Tukey posthoc analysis for
p value correction for multiple comparisons among
groups or an unpaired two‐tailed Student's t test for
comparisons between two groups. p Values less than 0.05
were considered significant.

First, we carried out RNA‐sequencing (RNA‐seq)
analysis on the lung tissues of WT, CKO, and EH2 mice
at the age of 3.5 months as previously described.10

Expression of several components of BMP signaling,
including Bmpr1b, Bmp3, Bmpr2, Acvrl1, Bmp6, Eng,

Acvr2b, and Smad9 was decreased whereas Grem1, the
negative regulator of BMP signaling was markedly
increased in CKO lungs (Figure 1a). The qRT‐PCR
analysis confirmed the downregulation of Bmpr2,
Bmpr1b, Acvrl1, and upregulation of Grem1 in the
CKO lungs (Figure 1b). Western blot analysis also
demonstrated a marked decrease of BMPR2 protein
and an increase of Gremin‐1 (GREM1) protein levels in
CKO lungs (Figure 1c). To determine the localization
of BMPR2 and GREM1 proteins in the lung, we
performed immunostaining against BMPR2 (1:100,
Cat#612292; BD Biosciences), GREM1 (1:20,
Cat#WH0026585M4; Sigma‐Aldrich), and the endothe-
lial cells (ECs) marker CD31 and found a decrease in
BMPR2 and an increase in GREM1 in the ECs of CKO
lungs (Figure 1d). These data demonstrate the sup-
pression of BMP signaling in the lung ECs of Egln1‐
deficient mice. Genetic deletion of HIF‐2α in CKO
mice (EH2 mice) completely inhibited the develop-
ment of PH10 and the alteration of BMP signaling
molecules was also normalized in EH2 mice
(Figures 1a–d), suggesting that HIF‐2α activation
secondary to PHD2 deficiency suppresses BMP signal-
ing in PH in mice.

To further confirm this finding in Egln1‐deficient PH
mice, we knocked down PHD2 in the HLMVECs via siRNA
and performed a whole transcriptome analysis. Our data
showed that BMP signaling was downregulated in the
PHD2‐deficient HLMVECs, which is evident through
downregulation of BMP2, BMP3, BMPR1A, and BMP
downstream genes ID1, as well as upregulation of BMP
negative regulators NBL and GREM1 (Figure 1e). We then
confirmed that GREM1 was upregulated, whereas
BMPR1A and ID1 were downregulated in PHD2‐deficient
HLMVECs via QRT‐PCR analysis (Figure 1f). We also
found that PHD2 knockdown reduced BMPR2 protein
expression and BMP9 (5 ng/ml, Cat#553102; BioLegend)
treatment‐induced phosphorylation of Smad1/5/9 (indica-
tive of BMPR2 activity, 1:1000, Cat#13820S; Cell Signaling
Technology) in IPAH patient‐derived pulmonary arterial
endothelial cells (PAECs) (obtained from Pulmonary
Hypertension Breakthrough Initiative), which is not
affected by HIF‐2α knockdown (Figure 1g). PHD2 knock-
down leads to the stabilization of HIF‐1α and HIF‐2α,15 and
our vivo data showed that HIF‐2α mediates the down-
regulation of BMP signaling. To determine whether HIF‐2α
is responsible for the dysregulated BMP signaling, we
coknocked down HIF‐2α with PHD2 in HLMVECs using
siRNA. The qRT‐PCR analysis demonstrated that GREM1
upregulation due to PHD2 deficiency was blocked by HIF‐
2α knockdown (Figure 1h). This data is consistent with the
previous finding that hypoxia‐induced GREM1 expression
is dependent on HIF‐2α.16
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FIGURE 1 (See caption on next page)
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It remains unknown if GREM1 is an HIF‐2α target
gene. To characterize whether GREM1 is a direct
transcriptional target of HIF‐2α in HLMVECs, we did
in silico promoter analysis of the GREM1 promoter
and found that there are three putative hypoxia
response element (HRE) sites in the human GREM1
proximal promoter (Figure 1i). A 2.5‐kb human
GREM1 promoter was synthesized by GeneCopoeia
and cloned into the upstream of Firefly luciferase
reporter gene by replacing SV40 promoter
(Cat#E6651; Promega). From assessing the relative
luciferase activity, PHD2 knockdown in HLMVECs
significantly induced human GREM1 promoter activ-
ity, which was abolished by HIF‐2α translational
inhibitor C76 treatment11 (Figure 1j), suggesting that
GREM1 transcription was controlled by HIF‐2α in
HMVECs. To further determine which putative HRE
sites mediate GREM1 activation, we generated indi-
vidual HRE site mutation via overlapping PCR and
performed a transcriptional assessment. Our data
showed that mutations of each HRE all blocked
PHD2 deficiency‐induced luciferase activities
(Figure 1k), suggesting the direct regulation of GREM1
transcription by HIF‐2α. However, our data did not
support the direct regulation of HIF‐2α on BMPR2
expression (Figure 1g). Previous studies showed that
miRNA‐21, a hypoxia‐regulated microRNA, directly tar-
gets BMPR2 in PAECs in PAH.17 It is possible that PHD2

deficiency reduces BMPR2 through upregulation of
miRNA‐21. Further studies are warranted to address the
mechanisms on how HIF regulates BMPR2 and other
BMP signaling components.

Impaired BMP signaling has been shown to play an
important role in the development of PAH.18 Given the
marked suppression of BMP signaling in CKO lungs, we
sought to determine whether pharmacological activation
of BMP signaling would attenuate PH in CKO mice. CKO
mice at the age of 5 weeks were treated with a potent
BMPR2 activator FK506 (Tacrolimus, at a dose of
0.05 mg/kg; Astellas Pharma Inc.)18,19 or PBS intra-
peritoneally daily for 9 weeks.18 FK506 treatment
significantly decreased RVSP and RV hypertrophy in
CKO mice compared to vehicle (Figure 1l,m), which is in
line with the previous observation that activation of
BMPR2 reversed severe PAH in monocrotaline and
vascular endothelial growth factor receptor blockade
and chronic hypoxia‐induced PH rats.18 These data
suggest that suppression of BMP signaling contributes
to the pathogenesis of severe PH in CKO mice. Recent
studies demonstrated that low‐dose FK506 treatment was
a potential treatment in end‐stage PAH patients as is
evidenced by marked clinical response, stabilization in
cardiac function, and freedom from hospitalization for
right heart failure.19 Taken together, activation of BMP
signaling represents a promising approach for the
treatment of PAH patients.

FIGURE 1 Endothelial PHD2 deficiency suppressed BMP signaling in lung endothelial cells. (a) RNA‐seq analysis demonstrated
suppression of BMP signaling by PHD2 deficiency in HIF‐2α dependent manner in PH mice. Egln1f/f (WT), Egln1Tie2Cre (CKO), and Egln1/

Hif2aTie2Cre (EH2) mice. (b) mRNA expression of Bmpr2, Bmpr1b, Acrvl1, and Grem1 were dysregulated in the lung of CKO mice and
normalized in EH2 mice. (c) Downregulated protein expression of BMPR2 and upregulation of GREM1 in the CKO lungs were normalized
in EH2 lungs. (d) Decreased BMPR2 and increased GREM1 in the lung ECs of CKO lungs via immunostaining. V, vessel. (e) RNA‐
sequencing analysis showed that PHD2 deficiency reduced the expression of BMP signaling molecules. HLMVECs were transfected with
control siRNA (siCtl) or PHD2 siRNA for 48 h. Three replicates were pooled in an equal amount for RNA‐seq analysis. (f) qRT‐PCR analysis
confirmed the reduction of BMP signaling, including upregulation of GREM1 and downregulation of BMPR1A and ID1 in PHD2‐deficient
HLMVECs. N= 3. (g) BMPR2 expression and activities were reduced by PHD2 knockdown, but not affected by HIF‐2α knockdown in IPAH
patient‐derived PAECs. IPAH PAECs were transfected with siCtl or PHD2 or HIF‐2α siRNA for 48 h, followed by treatment of BMP9 (5 ng/
ml) for 16 h. (h) GREM1 is upregulated by HIF‐2α secondary to PHD2 deficiency. HLMVECs were transfected with siCtl or PHD2 siRNA or
PHD2 plus HIF2A siRNA for 48 h. N= 3. (i) A diagram showing three putative hypoxia responsible element (HRE) sites in the promoter
region of the human GREM1 promoter. Red highlighted texts indicate mutated HRE sequences. (j) Luciferase assay demonstrates that
human GREM1 promoter activities were induced by PHD2 deficiency in an HIF‐2α‐dependent manner. HLMVECs were cotransfected with
human GREM1 promoter firefly luciferase plasmids, control Renilla luciferase plasmids, and siCtl or PHD2 siRNA for 48 h, followed by
treatment with dimethyl sulfoxide or HIF‐2α translational inhibitor C76 (20 μm) for 16 h. N= 3. (k) Mutagenesis studies and luciferase
assays demonstrated that HRE sites in the GREM1 promoter mediate GREM1 activation in PHD2‐deficient HLMVECs. N= 3 to 4. (l) FK506
treatment reduced right ventricular (RV) systolic pressure in CKO mice. (m) RV hypertrophy was inhibited in FK506‐treated CKO mice
compared to PBS. One‐way analysis of variance with Tukey posthoc analysis for multiple group comparisons (b, h, j, k). Student t test (f, l,
m). CKO, conditional knockout; DAPI, 4′,6‐diamidino‐2‐phenylindole; HIF, hypoxia‐inducible factor; HLMVEC, human lung microvascular
endothelial cell; IPAH, idiopathic pulmonary arterial hypertension; mRNA, messenger RNA; PAEC, pulmonary arterial endothelial cell;
PBS, phosphate‐buffered saline; PH, pulmonary hypertension; PHD2, prolyl hydroxylase 2; qRT‐PCR, quantitative reverse‐transcription
polymerase chain reaction; RVSP, right ventricular systolic pressure; siRNA, small interfering RNA; WT, wild‐type. *p< 0.05; **p< 0.01, and
***p< 0.001
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