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ABSTRACT

BACKGROUND

Biochemical, genetic, and clinical evidence indicates that smooth-muscle proliferation
around small pulmonary vessels is an essential part of the pathogenesis of pulmonary
hypertension. Mutations in the bone morphogenetic protein receptor type 2 (BMPR2)
have been linked to familial cases of pulmonary hypertension, but the molecular basis
of the common nonfamilial forms is unknown.

METHODS

We evaluated the pattern of expression of angiopoietin-1, a protein involved in the re-
cruitment of smooth-muscle cells around blood vessels; TIE2, the endothelial-spe-
cific receptor for angiopoietin-1; and bone morphogenetic protein receptor type 1A
(BMPR1A) and BMPR2 in lung-biopsy specimens from patients with pulmonary hyper-
tension and from normotensive control patients. The effect of angiopoietin-1 on the
modulation of BMPR expression was also evaluated in subcultures of human pulmo-
nary arteriolar endothelial cells.

RESULTS

The expression of angiopoietin-1 messenger RNA and the protein itself and the phos-
phorylation of TIE2 were strongly up-regulated in the lungs of patients with various
forms of pulmonary hypertension, correlating directly with the severity of disease.
A mechanistic link between familial and acquired pulmonary hypertension was demon-
strated by the finding that angiopoietin-1 shuts off the expression of BMPR1A, a trans-
membrane protein required for BMPR2 signaling, in pulmonary arteriolar endothelial
cells. Similarly, we found that the expression of BMPR1A was severely reduced in the
lungs of patients with various forms of acquired as well as primary nonfamilial pulmo-
nary hypertension.

CONCLUSIONS

These findings suggest that all forms of pulmonary hypertension are linked by defects in
the signaling pathway involving angiopoietin-1, TIE2, BMPR1A, and BMPR2 and con-
sequently identify specific molecular targets for therapeutic intervention.
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SIGNALING MOLECULES IN PULMONARY HYPERTENSION

HE PULMONARY VASCULAR BED IS A

high-flow, low-pressure circuit that has

the capacity to dilate and recruit unused
vasculature in order to accommodate increases in
blood flow. In pulmonary hypertension, this capac-
ity is lost, resulting in elevated pulmonary arterial
pressure at rest and further increases in pressure
with exercise.® At the cellular level, this pathologic
process is characterized by the proliferation of vas-
cular smooth-muscle cells and asymmetric neoin-
timal hyperplasia in small pulmonary arteries and
arterioles.2 The molecular mechanism underlying
the vasculopathy responsible for pulmonary hyper-
tension is unknown.

Recently, heterozygous mutations have been
characterized in the gene for bone morphogenetic
protein receptor type 2 (BMPR?2) in families with in-
herited pulmonary hypertension.3:# Mutations were
found to occur at highly conserved sites, predicted
to perturb heterodimerization with its sister recep-
tor, bone morphogenetic protein receptor type 1A
(BMPR1A), or to disrupt the ligand-binding func-
tion of this protein.> In addition, missense, deletion,
and nonsense mutations in the activin-receptor—like
kinase 1 gene (ALK1) have been identified in patients
with hereditary hemorrhagic telangiectasia in whom
pulmonary hypertension develops.® However, most
cases of pulmonary hypertension are sporadic or are
due to a variety of causes, including hypoxia, throm-
boembolism, left-sided heart failure, and drugs.”
One puzzling aspect of this disease is whether any
common molecular pathway underlies the seem-
ingly different causes of the same pulmonary vas-
cular pathologic process.

Angiopoietin-1 is a 70-kD angiogenic factor es-
sential for lung vascular development. Produced by
smooth-muscle cells and precursor pericytes, an-
giopoietin-1 stabilizes the development of blood
vessels by recruiting muscle cells, through migra-
tion and division, to endothelial tubes, creating
mature arterial structures.®9 Animals lacking an-
giopoietin-1 die in utero, with little arterial develop-
mentin the lungs and other organs.1° The receptor
forangiopoietin-1, TIE2, is present only on vascular
endothelium.1 The ligand-receptor interaction be-
tween angiopoietin-1 secreted by smooth-muscle
cells and endothelium-specific TIE2 during organ
development induces the proliferation of muscle
cells around the endothelial vascular network. After
development is completed, angiopoietin-1 is ex-
pressed at a minimally detectable level in the hu-
man lung.12

Since angiopoietin-1 has been linked to the pro-
liferation of smooth-muscle cells during blood-ves-
sel development, we postulated the following: first,
that the excessive muscularization of pulmonary ar-
terioles seen in most forms of pulmonary hyperten-
sion could be the result of aberrant overexpression
of angiopoietin-1 in the adult lung and, second, that
constitutive expression of angiopoietin-1 could be
linked mechanistically to signaling by bone mor-
phogenetic protein receptors (BMPRs) and the
development of pulmonary hypertension through
modulation of the expression or function of this
receptor. To test our hypotheses, we studied the ex-
pression and localization of angiopoietin-1, TIE2,
and BMPR1A gene products in the lung in various
forms of acquired and nonfamilial primary pulmo-
nary hypertension and investigated the ability of an-
giopoietin-1 to modulate the levels of BMPR in hu-
man pulmonary endothelial cells. Our goal was to
establish a molecular fingerprint that unites differ-
ent forms of this disease.

METHODS

COLLECTION OF SPECIMENS

Between July 2000 and January 2002, lung biopsy
was performed in 22 consecutive patients undergo-
ing pulmonary thromboendarterectomy for throm-
boembolic pulmonary hypertension, 8 patients
undergoing lung transplantation (5 with primary
pulmonary hypertension and 3 with pulmonary
hypertension from scleroderma), 3 patients under-
going heart-lung transplantation as a result of
Eisenmenger’s syndrome, 9 patients undergoing
mitral-valve replacement because of mitral regurgi-
tation and pulmonary hypertension, and 19 patients
without pulmonary hypertension who were under-
going pulmonary resection for benign causes (i.e.,
noncancerous pulmonary nodules). Written in-
formed consent was obtained from each patient.
Patients who were undergoing thromboendarter-
ectomy, transplantation, or mitral-valve surgery (the
group with pulmonary hypertension) had a mean
pulmonary vascular resistance 0f 929 dyn-sec-cm=>
(range, 402 to 2040) and a mean pulmonary-artery
systolic pressure of 65 mm Hg (range, 50 to 110),
whereas patients undergoing pulmonary resection
(the control group) had a mean pulmonary vascu-
lar resistance of 174 dyn-sec-cm~5 (range, 145 to
210) and a mean pulmonary-artery systolic pressure
of 18 mm Hg (range, 11 to 25). The group with pul-
monary hypertension and the control group were
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similar (P>0.08) with respect to age (52+7.4 and
54+9.3 years, respectively), proportion of men (48
percent and 53 percent), arterial oxygen tension at
a fraction of inspired oxygen of 100 percent (291+
33.7 and 278+60.2 mm Hg), pulmonary-capillary
wedge pressure (9.5+2.6 and 8.8+2.7 mm Hg), car-
bon monoxide diffusing capacity (62+6.6 and 69+
7.8 percent of the predicted value), forced expiratory
volume in one second (67+6.0 and 65+11.5 percent
of the predicted value), and hematocrit (38+1.9 and
39+3.4 percent). The study was approved by the in-
stitutional review board of the University of Cali-
fornia, San Diego.

For patients with thromboembolic pulmonary
hypertension, tissue was obtained from the lobe de-
termined to be most affected by occlusive disease on
preoperative angiography. Patients with mitral-valve
abnormalities underwent lingular biopsy, patients
who received a heart-lung transplant underwent
biopsy of the upper and lower lobes of both lungs,
and patients who received a single lung transplant
and control patients underwent a biopsy of the up-
per and lower lobe on the affected side. Specimens
were obtained before cardiopulmonary bypass was
instituted or before lung resection was performed,
during ventilation at a fraction of inspired oxygen of
100 percent.

SEQUENCE OF BMPR2 AND ALK1 IN PATIENTS
WITH PRIMARY PULMONARY HYPERTENSION

The complementary DNA (cDNA) of BMPR2 and
ALK1 was amplified from human-lung RNA by
reverse transcriptase—polymerase chain reaction
(RT-PCR), subcloned, and sequenced with use of
an ABI-PRISM 3100 genetic analyzer (Applied Bio-
systems). Sequence data were compared with those
in the National Center for Biotechnology Informa-
tion Entrez Nucleotide data base (accession num-
bers, NM_001204 for BMPR2 and Z22533 for ALK1).

PURIFICATION OF ANGIOPOIETIN-1

AND TREATMENT OF ENDOTHELIAL CELLS

An epitope tag, a C-terminal polyhistidine, was add-
ed to murine angiopoietin-1 cDNA, the cDNA was
subcloned into a plasmid, and recombinant an-
giopoietin-1 protein was produced in BL21 bacte-
ria. The protein was purified with use of an affinity
column (Ni-NTA, Stratagene). The size and the pu-
rity of recombinant angiopoietin-1 were verified
by staining with Coomassie blue and immuno-
blotting, and the biologic activity of the protein
was confirmed by the induction of TIE2-receptor
phosphorylation in vitro.13

Primary pulmonary endothelial cells were isolat-
ed from arterioles that were 500 to 1500 pm in di-
ameter from the lung tissue of normotensive sub-
jects and grown to 60 percent confluence. Subcul-
tures of these cells were incubated for two hours in
serum-free medium and treated with recombinant
angiopoietin-1 protein (50 ng per milliliter). Ali-
quots of cells were serially removed for the quan-
titation of TIE2 phosphorylation and the expres-
sion of BMPR1A.

IMMUNOPRECIPITATION

AND WESTERN BLOTTING

Western blotting was performed as previously de-
scribed!? with goat polyclonal anti-TIE2, mouse
monoclonal anti-BMPR2 (R&D Systems), and goat
polyclonal anti-angiopoietin-1, anti-angiopoietin-
2, anti-BMPR1A, and anti-actin (Santa Cruz Bio-
technology). TIE2 phosphorylation was assessed by
first incubating protein extracts with anti-TIE2 an-
tibody prebound to protein G—coated agarose beads
(Roche). The immunoprecipitated proteins were
then separated by sodium dodecyl sulfate—poly-
acrylamide-gel electrophoresis and transferred to
nitrocellulose. Quantitative TIE2 phosphorylation
immunoblotting was performed with anti-phos-
photyrosine antibody (Cell Signaling Technology).
The blots were washed and probed again with goat
anti-TIE2 to verify equal levels of TIE2.

RT-PCR AND NORTHERN BLOTTING

RT-PCR was performed as previously described, 4
with the use of the following primers: angiopoi-
etin-1, 5>GGCAACTGTCGTGAGAGTACGA3' and
5'CATTTAGATTGGAGGGGCCACA3'; BMPR1A,
5'GGTAAAGGCCGATATGGAGAAG3' and 5'TAG-
GCCGAAGCTGTAGATGTCA3'; BMPR2, 5'ATG-
AGCCTTTACTGAGACGAGAG3' and 5'CGCCAC-
CGCTTAAGAGAATAG3'; and glyceraldehyde-3-
phosphate dehydrogenase, 5’CCTGCTTCACCAC-
CTTCTTG3' and 5'CATCATCTCTGCCCCCTCTG3'.
For Northern blotting, 20 pg of RNA was separated
on 1.2 percent formaldehyde—agarose gels and then
transferred to Nytran Supercharge membranes
(Schleicher and Schuell). Membranes were hybrid-
ized with the use of probes labeled with phospho-
rus-32. Bands were visualized by autoradiography.

HISTOLOGIC AND IMMUNOHISTOCHEMICAL
ANALYSES

Six lung sections from each patient were stained
with hematoxylin and eosin and examined by means
of digital photomicroscopy at various magnifica-
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Figure 1. Angiopoietin-1 Expression in the Lung as a Mo-
lecular Marker for the Severity of Disease in Different Forms
of Pulmonary Hypertension, as Assessed by Reverse
Transcriptase-Polymerase Chain Reaction (RT-PCR) and
Western Blotting (Panel A), Northern and Western Blot-
ting (Panel B), and Linear-Regression Analysis (Panel C).

Panel A shows the results of RT-PCR and Western blot-
ting analysis of the expression of angiopoietin-1 (Ang-1),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
and actin in lung samples from patients with pulmonary
hypertension due to thromboembolic disease (lane 1),
Eisenmenger’s syndrome (lane 2), idiopathic causes
(i-e., primary pulmonary hypertension) (lane 3), sclero-
derma (lane 4), or mitral-valve regurgitation (lane 5) and
two normotensive control patients (Controls 1 and 2 in
lanes 6 and 7, respectively). Panel B shows the results of
Northern blot analysis of angiopoietin-1 and actin mes-
senger RNA, performed with human angiopoietin-1 and
actin complementary DNA probes, and of Western blot
analysis of angiopoietin-1 and actin proteins with the use
of anti-angiopoietin-1 and anti-actin antibodies on lung
tissue from patients and controls with various degrees of
pulmonary vascular resistance. Control patients had pul-
monary vascular resistance in the normal range of less
than 220 dyn-sec-cm~5. Panel C shows the results of lin-
ear regression analysis of the correlation between the
level of angiopoietin-1 protein in the lung and the degree
of preoperative pulmonary vascular resistance in all 61
patients. For each sample, the densities of the angiopoi-
etin-1 bands on Western blotting are normalized to the
density of the corresponding actin band.

tions to determine the severity of pulmonary hyper-
tension. A pulmonary pathologist who was unaware
of the patients’ diagnoses reviewed the photomicro-
graph slides and determined, for vessels measuring
100 to 1000 pm in diameter, the percentage of ves-
sels with medial hyperplasia or hypertrophy, the
number of myocytes per vessel wall, the percentage
of occluded vessels, and the percentage of vessels
with plexiform lesions.

Immunohistochemical analyses were performed
as previously described, 4 with the same antibodies
that were used in the immunoblotting experiments
and with biotinylated anti-goat IgG as a secondary
antibody (Vector). Each specimen had two negative
controls: one section without primary antibody and
one section with nonspecific goat IgG.

STATISTICAL ANALYSIS

The preoperative characteristics of patients with
pulmonary hypertension and control patients were
compared with use of Student’s independent-group
t-test for normally distributed variables and the Wil-
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coxon rank-sum test for measures that were not
normally distributed. The normality of distribution
was evaluated with use of the Shapiro-Wilks test.
Sex was compared with use of Pearson’s chi-square
test. A P value of less than 0.05 was considered to
indicate statistical significance, and all tests were
two-sided. The relation between pulmonary vascu-
lar resistance and the level of TIE2 phosphoryla-
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tion and angiopoietin-1 protein was characterized
with the use of linear regression.

RESULTS

ANGIOPOIETIN-1 EXPRESSION IN DIFFERENT FORMS
OF PULMONARY HYPERTENSION

The expression of angiopoietin-1 in lung tissue was
measured by RT-PCR and immunoblot analysis
(Fig. 1A). Before molecular analysis was performed,
lung sections from each patient were examined un-
der a light microscope to quantitate the pulmonary
hypertensive changes according to the Heath—
Edwards classification?> (Table 1). Specimens from
patients with pulmonary hypertension demonstrat-
ed Heath—Edwards stage 2, 3, 4, or 5 disease, with
diffuse medial arteriolar hypertrophy or hyperplasia
and stenosis of at least one third of all arterioles ex-
amined. There was a direct correlation between pre-
operative pulmonary arterial systolic pressure and
pulmonary vascular resistance and the pathologi-
cal grading of affected specimens.

Patients in the pulmonary hypertension group
had higher steady-state levels of angiopoietin-1
mRNA and protein in their biopsy specimens (Fig.
1A) than did control patients. Angiopoietin-1 tran-
scripts were not detected and angiopoietin-1 protein
was barely detectable in biopsy specimens from
control patients.

Table 1. Semiquantitative Morphometric Analysis of Pulmonary Vascular
Lesions.*
Control Patients with
Vessel Morphology Subjects Pulmonary Hypertension
PVR, 50-210 PVR, 400-1000 PVR, 1001-2000
dyn-sec-cm=s dyn-sec-cm~s dyn-sec-cm™s
(N=19) (N=22) (N=20)
Vessels with medial hy- 1+1.4 53£18.7 84+20.5
perplasia (%)
Mean no. of myocytes/ 15 32 57
vessel wall
Vessels occluded (%) 0 22£12.7 55+22.6
Plexiform lesions (%) 0 6+4.2 11+7.1
Median Heath—Edwards 0 3 4
staget

* Plus—minus values are means +SD. PVR denotes pulmonary vascular resistance.

The Heath—-Edwards classification has six stages; stage 1 indicates normal pulmo-

nary vascular morphology, and stage 6 end-stage pulmonary hypertension.
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CORRELATION OF ANGIOPOIETIN-1 EXPRESSION
AND TIE2 PHOSPHORYLATION
WITH DISEASE SEVERITY

Patients with pulmonary hypertension had greater
amounts of steady-state angiopoietin-1 mRNA and
protein in the lung than did control patients (Fig.
1B). The level of angiopoietin-1 correlated directly
with the severity of pulmonary hypertension as
measured by the preoperative pulmonary vascular
resistance and pulmonary arterial systolic pressure
(Fig. 1C). We found this correlation between gene
expression and phenotype (elevated pulmonary vas-
cular resistance) in all samples from the patients, ir-
respective of the cause of the disease. Angiopoietin-
1 was not detected by immunoblotting in the serum
orwall of the main pulmonary artery of patients with
pulmonary hypertension, suggesting that this pro-
tein and its effect are confined to the lung.

We also examined the expression of angiopoi-
etin-2, a competitive inhibitor of angiopoietin-1 in
vasculogenesis,1¢ in lung tissue from patients with
pulmonary hypertension and in lung tissue from
those without it. In contrast to angiopoietin-1, the
steady-state levels of angiopoietin-2 mRNA or pro-
tein did not differ significantly between lung tissue
from normotensive patients and lung tissue from
patients with pulmonary hypertension (data not
shown).

Since angiopoietin-1 has been shown in other
angiogenesis systems to bind and induce tyrosine
phosphorylation of TIE2,17 we examined whether
activation of TIE2 in the lung was a marker for the
severity of pulmonary hypertension. Steady-state
levels of TIE2 protein were similar in lung-biopsy
specimens from patients with pulmonary hyperten-
sion and control patients (Fig. 2A). However, using
quantitative phosphotyrosine immunoblotting, we
found that the degree of TIE2 phosphorylation was
directly proportional to the clinical severity of pul-
monary hypertension (as measured by pulmonary
arterial systolic pressure and pulmonary vascular re-
sistance) in the group with pulmonary hypertension
(Fig. 2B and 2C). In normotensive patients, minimal
levels of phosphorylated TIE2 protein were detected.

BMPR2 AND ALK1 GENES IN PATIENTS

WITH PRIMARY PULMONARY HYPERTENSION

We sequenced the BMPR2 and ALK1 genes in the five
patients with primary pulmonary hypertension in
this study to confirm the absence of familial disease.
None of the patients had deletion, missense, or non-
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sense mutations in the BMPR2 or ALK1 genes. None
had a polymorphism in the BMPR2 gene at position
354 in exon 3, as has previously been reported in
such patients.1® These results illustrate that not all
cases of primary pulmonary hypertension are de-
fined by mutations in these two genes.

DOWN-REGULATION OF BMPR1A IN THE LUNGS
IN VARIOUS FORMS OF PULMONARY
HYPERTENSION

Using RT-PCR and immunoblot analysis, we found
that BMPR1A and BMPR2 mRNA and protein were
expressed in lung samples from normotensive pa-
tients. In contrast, despite the high sensitivity of our
assays, almost no BMPR1A mRNA or protein was
detected in lung tissue from patients with primary
pulmonary hypertension and patients with four dif-
ferent acquired forms of the disease (Fig. 3). These
results suggest that, although familial forms of pul-
monary hypertension are defined by mutations in
the BMPR2 gene, nonfamilial forms of pulmonary
hypertension are characterized by severely dimin-
ished or absent steady-state levels of the BMPR2
coreceptor, BMPR1A, in the lung.

DOWN-REGULATION OF BMPR1A IN PULMONARY
ARTERIOLAR ENDOTHELIAL CELLS INCUBATED
WITH ANGIOPOIETIN-1

Our findings suggested a link between constitutive
angiopoietin-1 levels in the lung, the transcriptional
down-regulation of BMPR1A (either by decreased
transcription or enhanced degradation) in pulmo-
nary endothelium, and the genesis of pulmonary hy-
pertension. On the basis of these results, we hypoth-
esized that angiopoietin-1 signaling in pulmonary
arteriolar endothelial cells down-regulates BMPR1A
transcription. To test this hypothesis, we examined
whether angiopoietin-1 could directly modulate
the expression of BMPR1A. Purified recombinant
angiopoietin-1 protein was added to human primary
pulmonary endothelial cells in culture. On North-
ern blotting, subcultured human primary pulmo-
nary endothelial cells exposed to recombinantangio-
poietin-1 had undetectable steady-state levels of
BMPR1A mRNA, whereas untreated endothelial
cells strongly expressed BMPR1A (Fig. 4B). We
found that in subcultured human primary pulmo-
nary endothelial cells that were exposed to recom-
binant angiopoietin-1, levels of TIE2 tyrosine phos-
phorylation increased (Fig. 4A) and were followed
by a rapid diminution in the steady-state levels of
BMPR1A mRNA (Fig. 4C). These results suggest
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Figure 2. Correlation between Phosphorylation of the Endothelial-Specific
TIE2 Receptor in the Lung and Disease Severity as Indicated by Western Blot-
ting (Panel A), Immunoprecipitation with Inmunoblotting (Panel B), and Lin-
ear Regression Analysis (Panel C).

Panel A shows that by Western blot analysis, TIE2 is expressed at the protein
level in similar concentrations in lung tissue from patients with pulmonary
hypertension and lung tissue from control patients. In Panel B, quantitative
immunoprecipitation with immunoblotting shows that TIE2 tyrosine phos-
phorylation increases as a function of pulmonary vascular resistance. Panel C
shows the results of linear regression analysis of the correlation between
TIE2 tyrosine phosphorylation in the lung to the degree of preoperative pul-
monary vascular resistance in all 61 patients. For each sample, the densities
of the phosphorylated TIE2 bands are normalized to the density of the TIE2
Western band.

that, in vascular endothelial cells, angiopoietin-
1-ligand binding results in both TIE2 phospho-
rylation and subsequent down-regulation of the
BMPRI1A gene product. The diminished BMPR1A
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Figure 3. Diminution of Expression of Bone Morphogenetic Protein Receptor
Type 1A (BMPR1A) in Different Forms of Acquired and Nonfamilial Primary
Pulmonary Hypertension as Assessed by Reverse Transcriptase—Polymerase
Chain Reaction (Panel A) and Western Blotting (Panel B).

In Panel A, reverse transcriptase—polymerase-chain-reaction analysis of
BMPR1A, bone morphogenetic protein receptor type 2 (BMPR2), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), and actin in lung samples from
patients with pulmonary hypertension due to thromboembolic disease,
Eisenmenger’s syndrome, idiopathic causes (primary pulmonary hyperten-
sion), scleroderma, or mitral-valve regurgitation and two normotensive con-
trol patients demonstrates attenuation of BMPR1A messenger RNA in
patients with pulmonary hypertension. In Panel B, Western blot analysis of
BMPR1A, BMPR2, and actin in the same lung-biopsy samples shows the at-
tenuation of BMPRI1A protein in patients with pulmonary hypertension.
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mRNA levels persisted for 36 hours in human pri-
mary pulmonary endothelial cells after exposure to
recombinant angiopoietin-1.

CELLULAR LOCALIZATION OF SIGNALING
MOLECULES IN LUNG TISSUE

Staining of sectioned specimens from patients with
pulmonary hypertension with anti-angiopoietin-1
antibody revealed that angiopoietin-1 was confined
to the cytoplasm of smooth-muscle cells in the me-

dia of pulmonary arterioles and small arteries meas-
uring less than 800 pm in diameter (Fig. 5A). An-
giopoietin-1 was notdetected in the lungs of control
patients with normal pulmonary vascular resistance
(Fig. 5B). Angiopoietin-2 immunoreactivity was de-
tected in the cytoplasm of vascular smooth-muscle
cells in large and small vessels in the lung and was
present in samples from patients with clinical pul-
monary hypertension and from those without it
(Fig. 5C and 5D).

TIE2 protein was limited to the cytoplasm and
the surface of endothelial cells lining pulmonary
vessels of all sizes from patients with pulmonary hy-
pertension and normotensive patients (Fig. 5E and
5F), a finding consistent with previous reports that
TIE2 is restricted to the endothelial-cell lineage.19:20

BMPR1A immunoreactivity was detected in en-
dothelium lining pulmonary arterioles measuring
less than 800 pm in diameter in biopsy specimens
from normotensive patients (Fig. SH). In contrast,
we were unable to find staining for BMPR1A using
an anti-BMPR1A antibody in any lung sample from
patients with pulmonary hypertension (Fig. 5G).

DISCUSSION

Most cases of pulmonary hypertension result from
diverse causes, including chronic hypoxia, congen-
ital heart defects, autoimmune disease, thrombo-
embolism, left-sided heart failure, ingestion of ano-
rexigens, or idiopathic causes. Whether a common
molecular mechanism underlies all these different
causes of pulmonary hypertension is unknown. The
goal of our research was to determine the genetic
steps responsible for this disease and to understand
the molecular “cross-talk” between endothelial and
smooth-muscle cells in the arteriolar wall that ulti-
mately defines pulmonary vascular structure. We
found that pulmonary hypertensive vasculopathy
is characterized by high steady-state levels of an-
giopoietin-1 in smooth-muscle cells lining small
pulmonary vessels, tyrosine phosphorylation of the
TIE2 receptor in pulmonary vascular endothelium,
and nearly complete down-regulation of steady-
state levels of BMPR1A mRNA and protein in pul-
monary vascular endothelium. We further demon-
strated that the level of angiopoietin-1 protein and
the degree of phosphorylation of its receptor TIE2
are sensitive molecular markers of the severity of
pulmonary hypertension in patients with nonfamil-
ial forms of the disease. These results establish a
link between the expression of angiopoietin-1, the
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Figure 4. Increased Phosphorylation of TIE2-Receptors
and Down-Regulation of Bone Morphogenetic Protein
Receptor Type 1A (BMPR1A) Protein in Pulmonary Endo-
thelial Cells Treated with Angiopoietin-1 (Ang-1), as As-
sessed by Immunoprecipitation and Immunoblotting
(Panel A), Northern Blotting (Panel B), and Serial Time-
Point Analysis (Panel C).

In Panel A, immunoblot analysis shows that treatment
of human pulmonary arteriolar endothelial cells with an-
giopoietin-1 results in the induction of TIE2-receptor
phosphorylation but does not cause the modulation of
TIE2 protein levels. In Panel B, Northern blot analysis of
BMPRI1A and actin in human pulmonary endothelial cells
treated with angiopoietin-1 shows down-regulation of
steady-state levels of BMPR1A messenger RNA (mRNA)
by angiopoietin-1. Panel C shows the effect of exposure
to angiopoietin-1 on levels of BMPR1A mRNA and TIE2-
receptor tyrosine phosphorylation in human pulmonary
arteriolar endothelial cells over time. BMPRIA mRNA
levels were normalized to actin mRNA levels and are
presented as the mean of four independent experiments
at each time point. TIE2 phosphorylation is presented as
the mean of four independent measurements at each
time point.

phosphorylation of TIE2, and the magnitude of pul-
monary vascular resistance. Finally, we found that
angiopoietin-1 down-regulates steady-state levels of
BMPR1A mRNA and protein in subcultured human
pulmonary arteriolar endothelial cells. These results

N ENGL J MED 348;6 WWW.NEJM.ORG

Figure 5. Immunohistochemical Analysis of Representative Lung Samples
from Patients with Pulmonary Hypertension (Panels A, C, E, and G) and
Normotensive Control Patients (Panels B, D, F, and H) (x200).
Angiopoietin-1 (Ang-1) is present in vascular smooth-muscle cells in arteri-
oles less than 800 pm in diameter in lung tissue from a patient with pulmo-
nary hypertension (Panel A) but not lung tissue from a control patient (Panel
B). Angiopoietin-2 (Ang-2) is present in vascular smooth-muscle cells in ves-
sels of all sizes in lung tissue from a patient with pulmonary hypertension
(Panel C) and a normotensive patient (Panel D). TIE2 is present in endothelial
cells lining vessels of all sizes in a patient with pulmonary hypertension (Pan-
el E) and a control patient (Panel F). Bone morphogenetic protein receptor
type 1A (BMPR1A) is absent in endothelial cells in vessels less than 800 ym in
diameter in lung tissue from a patient with pulmonary hypertension (Panel G)
and present in lung tissue from a normotensive patient (Panel H). The scale
bar represents 100 ym.

unite nonfamilial primary pulmonary hypertension
and multiple forms of secondary pulmonary hyper-
tension by demonstrating that they have a similar
pattern of aberrant gene expression and suggest that
pulmonary hypertension may occur through a mo-
lecular cascade whereby angiopoietin-1 ultimately
down-regulates steady-state levels of BMPR1A.
Our results link two seemingly unrelated obser-
vations in pulmonary hypertension research. First,
experiments in our laboratory have shown that tar-
geted overexpression of angiopoietin-1 in the lungs
of rodents induces clinical and pathological pul-
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monary hypertension, specifically the hyperplasia
ofvascular smooth-muscle cells that is characteris-
tic of the disease. This experiment confirmed that
the expression of angiopoietin-1 in the adult lung is
causal of pulmonary hypertension rather than sec-
ondary to it and parallels results in other laborato-
ries that suggest that angiopoietin-1 induces mus-
cularization of nascent arteries in utero.2! Second,
familial pulmonary hypertension, a disease patho-
logically identical to many forms of secondary pul-
monary hypertension, is characterized by haploid
mutations in the BMPR2 gene, resulting in dose-
dependent modulation of BMPR2 oligomerization
with BMPR1A.22 Bone morphogenetic protein lig-
ands exert their effects through the activation and
heterodimerization of BMPR1 and BMPR2 on the
cell surface, leading to Smad intracellular signal-
ing.23 The effect of the activation of BMPR1A and
BMPR2 depends on the type of cell and can resultin
either promotion or inhibition of transcription.24:25
Although BMPR2 mutations have been seen in pa-
tients with sporadic primary pulmonary hyperten-
sion,2¢ they have not been identified in most forms
of the disease. Since we found that BMPR1A mRNA
levels are controlled by angiopoietin-1 in pulmonary
endothelium and that steady-state levels of BMPR1A
are markedly diminished in the lung tissue of pa-
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