


bone morphogenetic proteins [BMPs]) that activate 1 of 2
kinds of serine—threonine cell surface receptors that then
signal through intracellular pathways by phosphorylating
Smad proteins. Smads, named for intracellular signaling
proteins first found in drosophila and roundworms, move
from the cytosol to the nucleus, where they regulate spe-
cialized proteins called nuclear transcription factors that
activate or repress transcription of DNA and thereby direct
essential cell functions. Activated TGF superfamily recep-
tors may exert opposing effects within cells, which is a
fundamental problem with understanding their role in dis-
case (Figure 2).

The mutation that is associated with idiopathic PAH
occurs in the gene for BMP receptor type 2 (BMPR2).
This receptor is named for its major ligands, BMPs (mol-
ecules that bind to receptors), which are involved in carti-
lage and bone growth and repair (9, 10). Bone morphoge-
netic receptor type 2 is activated primarily by the cytokines
BMP 2, 4, and 7 and does not respond to TGF-f;,. The
BMPs were so named because they were first discovered to
be involved in repairing bone fractures (11). No one ex-
pected them to have a role in PAH until genetic studies
showed the link. Bone morphogenetic protein receptor
type 2 mutations are known to cause vascular lesions only
in the lungs, which is another mystery in this unique disease.

In addition to BMPR2 mutations that are associated
with PAH, another mutation within the TGF-B super-
family is associated with PAH. Some patients or blood
relatives of patients with hereditary hemorrhagic telangiec-
tasia (formerly known as the Rendu-Osler—Weber syn-
drome) develop PAH, sometimes without the more com-
monly seen systemic arteriovenous malformations (12, 13).
The gene mutation principally responsible for hereditary

The patient has normal alveolar structures but a small pulmonary artery
in which the lumen is occluded by concentric fibrosis. The artery also has
increased medial smooth muscle and a reactive adventitia. Dilated small
vessels border the airway above the artery.
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hemorrhagic telangiectasia is in activin receptor-like kinase
1, a member of the TGF-B superfamily that encodes
TGF-B receptor type 1 (7, 8). Thus, mutations in at least
2 genes of receptors in the TGF-B family are associated
with the same disease: PAH. This important observation
strengthens the evidence that this cell proliferation—pro-
moting pathway plays a central role in the pathogenesis of

PAH.

How Do MutaTIONs IN TGF- FAMILY RECEPTORS
Leap To PAH?

The first consideration is whether mutations in the
BMPR? receptor gene cause gain or loss of function of the
receptor. More than 140 BMPR2 mutations have been
identified in patients with heritable PAH (14, 15). On the
basis of analysis of how each murtation is likely to alter
transcription of the BMPR2 gene into messenger RNA for
the BMP receptor protein, all known BMPR2 mutations
cause a loss of receptor function, either through missense
(wrong amino acid), nonsense (stops transcription of DNA
into RNA at the site of the mutation onward), or frame-
shift (everything beyond the mutation is miscoded) alter-
ations of the codon. Another mechanism is RNA splicing
mistakes, in which pieces of the receptor protein are either
duplicated or left out during assembly of the receptor (15,
16). No known mutation in BMPR2 increases receptor
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function. Scientists use the term haploinsufficiency to de-
scribe reduced protein function when 1 gene of the protein
is mutated and dysfunctional and the other gene is normal.
Regardless of how a single mutated gene alters overall func-
tion, each known BMPR2 mutation should reduce the
ability of BMPs to regulate cell growth or other functions
(17).

Currently, we have hypotheses rather than answers
about how loss of normal functioning of a receptor leads to
hyperplasia of pulmonary arterioles. According to the pre-
vailing hypothesis, BMPR2-related PAH is due to the fail-
ure of BMPR2 opposing a competing TGF-3 family sig-
naling function whose activation causes proliferation of
smooth muscle in pulmonary arterioles. Current evidence
that BMPR2 has an intracellular braking function comes
from in vitro experiments in which activation of BMP re-
ceptors reduces pulmonary vascular smooth-muscle prolif-
eration (18). This hypothesis implies that the fundamental
mechanism of BMPR2-related PAH is an imbalance of
growth signaling caused by a reduction in the braking
function of BMPR2, sometimes coupled with increased
activation of growth-stimulating TGF-B superfamily re-
ceptors (Figures 2 and 3).

The TGEF- system is a strong candidate pathway for
the stimulus that drives proliferation of pulmonary arte-
rioles in PAH. A long line of research has shown that
activation of the TGF-B system stimulates vasculogenesis,
including intimal hyperplasia and medial smooth-muscle
growth (19). Most of the evidence that increased TGF-f3
activity promotes pulmonary vascular disease is inferred
from in vitro studies and genetic association studies. Rela-
tively common genetic variants in TGF-B8 (polymor-
phisms) affect TGF-f activation in humans (19, 20). The
onset of PAH occurs 10 years earlier in persons with
TGF-B polymorphisms that increase TGF-f activity (21,
22). Despite this indirect evidence, we do not understand
the molecular mechanism by which loss of BMP receptor
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function seems to accelerate vascular proliferation in PAH.
Unraveling these uncertainties will also help explain why
only about 20% of persons carrying a BMPR2 mutation
develop full-blown PAH.

WHAT PROPORTION OF ALL PAH Is AssOCIATED
WITH BMP RECEPTOR MUTATIONS?

The true prevalence of BMPR2 mutations in pulmo-
nary hypertensive diseases— especially idiopathic PAH—is
much higher than initally predicted. Shortly after the dis-
covery that mutations in BMPR?2 are associated with most
inherited (familial) PAH, researchers tested for mutations
in BMPR2 in patients with apparently idiopathic PAH.
The findings were surprising. About 25% (11% to 40%) of
patients with apparently idiopathic PAH carry a mutation
in BMPR2 (23-25). In most population surveys, familial
PAH, in which 2 or more related family members have the
disease, constitutes about 6% to 8% of total cases. Before
the discovery of BMPR2 receptor mutations, we thought
that inherited PAH formed a small minority of all cases
and that more than 90% of all cases were idiopathic.
Learning that a large number of patients with apparently
idiopathic PAH also carry BMPR2 mutations tells us that
BMPR2 mutations constitute the largest known risk for
PAH across all forms of the disease. In fact, if 25% of the
apparently idiopathic cases and all familial cases carry a
BMPR2 mutation, at least 30% of all PAH cases are related
to BMPR2 abnormalities. More important, the involve-
ment of BMPR2 mutations in idiopathic PAH and hered-
itary hemorrhagic telangiectasia—associated PAH increase
the likelihood that the molecular mechanisms of PAH fre-
quently involve aberrant TGF-8 family signaling. The role
of BMPR2 mutations in PAH may be larger still, because
environmental agents may increase the risk for PAH by
interacting with otherwise silent BA/PR2 mutations. These
links have been found in individuals who developed PAH
after using fenfluramine plus phentermine (15).

CURRENT TREATMENTS

Current medical management of PAH includes pros-
tacyclin analogues, endothelin antagonists, and phosphodi-
esterase antagonists. Prostacyclin analogues have been the
gold standard of treatment for more than 15 years (6, 26,
27). They work through an incompletely understood com-
bination of vasodilation and antiproliferation and perhaps
by improving right ventricular function. Prostacyclins also
antagonize platelets and therefore may reduce platelet-
derived growth factor signaling. Endothelin antagonists are
effective in many patients, through a combination of inhi-
bition of vasoconstriction and perhaps by reducing
smooth-muscle growth. Phosphodiesterase 5 antagonists
increase intracellular cyclic guanosine monophosphate, re-
sulting in vasodilation, but may also improve right ventric-
ular function. None of these classes of drugs directly inter-

www.annals.org



The Enigma of Pulmonary Hypertension ReVl ew

Suppress Enhance
TGF-Bs BMPs @
bodi + BMP7
Antibodies _ Other ligands
Losartan
TGF-BR
BMPR2 Statins promote
SiRNA inhibits mutant
Phosphorylation
Smad 2 or 3 Smad 1 or5
Increase phosphatases Decrease phosphatases
to reduce Smads Phosphatases to increase Smads

inactivate Smads

@ Tyrosine kinases
~ PDGF receptor
Inhibit Rho kinases

TGF-B signals

Interactions with
COX, serotonin,

Promote
BMPR2
signals

tenacin, iD

BMP = bone morphogenetic protein; BMPR2 = bone morphogenetic protein receptor type 2; COX = cyclooxygenase; iD = inhibitor of differenti-
ation; PDGF = platelet-derived growth factor; siRNA = short inhibitory RNA; TGF-B = transforming growth factor-8; TGF-BR = transforming

growth factor- receptor.

act with the TGF-B pathways. Therefore, trying to
interfere with TGF superfamily signaling is uncharted ter-
ritory.

TREATMENT OPPORTUNITIES THAT AFFECT AN
ImBaLANCE OF BMPR2 anp TGF-, Activity

Figure 3 shows several potential competing signaling
pathways that could be targets for therapy directed at the
proliferative component of PAH. No one has tested them,
except in using losartan in experimental treatment of the
Marfan syndrome and imatinib in PAH (28, 29).

Unexpectedly, losartan (an angiotensin-receptor block-
er) inhibits the cleavage of active TGF-B; from its pre-
formed polypeptide complex and thereby reduces TGF-f3,
activity in the cell (Figure 3, circle 1). Excess TGF-B; ac-
tivity may be the link between the genetic defect in fibrillin
in the Marfan syndrome and the manifestations of this
disease (30). Remarkably, losartan fully prevents aortic an-
eurysms from developing in mice that are made transgenic
for a Marfan syndrome mutation (31). Losartan is in early
clinical trials of treatment for human Marfan syndrome.
We have no experimental data about losartan as therapy for
PAH, but the hypothesis that an imbalance in the TGF-f3
system leads to vascular proliferation suggests a therapeutic
role for a drug that reduces production of TGF-f,;.

Tyrosine kinases are another potential target for drug
therapy for PAH (Figure 3, circle 4). These intracellular

enzymes are important in controlling cellular proliferation
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and migration. The reasoning that connects tyrosine ki-
nases through the TGF-B system to PAH is circuitous.
Platelet-derived growth factor plays a role in some cases of
PAH. Platelet-derived growth factor is transduced by a ty-
rosine kinase receptor. Transforming growth factor-8 sig-
naling upregulates platelet-derived growth factor receptors
and also the tyrosine kinase oncogene associated with
chronic myelogenous leukemia (9, 32, 33). Interfering
with tyrosine kinase receptors could interrupt the effect of
enhanced TGF-f signaling and restore the balance of pro-
liferative and antiproliferative effects that control pulmo-
nary vascular proliferation. Tyrosine kinases are also in-
volved in vasoconstriction; their involvement in PAH is
therefore an attractive hypothesis. Imatinib, a tyrosine ki-
nase inhibitor, is in small, phase II trials after anecdotal
reports that it improves functional status in PAH.

Several other elements of the TGF- system signaling
pathway are under investigation as targets for drugs. First,
statins, the cholesterol-lowering 3-hydroxy-3-methylglu-
taryl coenzyme A reductase inhibitors, increase BMPR2
gene promoter function (Figure 3, circle 2). Promoters are
DNA elements that enhance transcription of related genes
when activated by hormones or other nuclear factors. St-
atins are effective in preventing and even reversing pulmo-
nary hypertension in some animal models of pulmonary
vascular disease (34), suggesting that a trial in human PAH
is justified. Second, drugs that alter the endogenous phos-
phatases that degrade intracellular Smads could enhance
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their role in transmitting a signal from the BMPR2 recep-
tor to the nuclear transcription factors that activate mes-
senger RNA synthesis (Figure 3, circle 2) (35). Third, li-
gands that activate BMPR2 could be targets for drugs that
activate or mimic them (BMP 7) (Figure 3, circle 2) (36,
37). Finally, the pathway that leads from transcription of
DNA bearing a BMPR2 mutation to a faulty BMPR2 re-
ceptor protein is a potential target for RNA interference
(Figure 3, circle 2) (38). Short inhibitory RNAs are intra-
cellular regulatory molecules that link to and inactivate
defective or undesired messenger RNAs before they can
serve as a template for synthesizing the intended protein
product. These are only a few of many potential ap-
proaches that basic scientists and pharmaceutical compa-
nies will certainly explore.

The complicated balance of TGF-B (the accelerator)
and BMPR2 (the brake) activation and the downstream
proliferative events leading to PAH are targets for drug
development. Bone morphogenetic protein receptor type 2
signaling interacts with many other systems that are known
to influence vascular tone and smooth-muscle growth (Fig-
ure 3, circle 5). In cell culture, BMPs antagonize TGF-f3—
induced cyclooxygenase-2 (COX-2) expression, and
COX-2 is involved in vascular proliferation and vasocon-
striction (39). Aspirin exerts potent antiplatelet effects
through COX-1 inhibition and could reduce COX-2-
stimulated vascular proliferation (39). Serotonin is a potent
vasoconstrictor and smooth-muscle cell mitogen that has
been implicated in PAH (40), and BMP activation reduces
serotonin signaling. Mutated BMPR2 signaling is also
linked to the expression of tenascin-C, a glycoprotein that
promotes smooth-muscle cell growth (41), and BMPR2
interacts with angiopoietin by means of BMPRIA (42).
Rho kinases are tyrosine kinases involved in vasoconstric-
tion and smooth-muscle proliferation and are potential
participants in PAH pathogenesis (43, 44). According to
case reports, drugs that suppress Rho and other tyrosine
kinases can benefit patients with PAH (45).

CLINICAL IMPLICATIONS

These new insights into the pathogenesis of PAH
should change the way in which we evaluate and manage
patients with established disease and their at-risk family
members (46). The most compelling reason to discover a
person’s mutation status is to guide couples in making
informed decisions about childbearing. Now that we know
that many people with PAH have undetected BMPR2 mu-
tations, physicians will increasingly refer patients of repro-
ductive age with apparently idiopathic PAH for genetic
counseling and mutation testing (47).

We now have an armamentarium of effective oral and
inhaled drugs, including prostacyclin analogues, endothe-
lin receptor antagonists, and phosphodiesterase inhibitors
(6, 28). Newer drugs strategies designed specifically for the
TGF-B superfamily should affect vascular proliferation and
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may alter the biological mechanisms that cause PAH.
Newer drug approaches discussed in this article are under
investigation, including statins, aspirin, Rho kinase inhib-
itors, vasoactive intestinal polypeptide, tyrosine kinase in-
hibitors (imatinib), and possibly losartan. We will soon be
ready to try to prevent cell proliferation in pulmonary ar-
terioles in BMPR2 mutation carriers who are clinically
healthy, which means that we will need approaches to de-
tecting preclinical disease. These approaches may include
microimaging of the pulmonary circulation, biomarkers
specific for PAH or BMPR2 signaling and physiologic test-
ing, such as end-tidal CO, measurement (47). When we
are ready to do clinical trials aimed at prevention, we will
need a larger scale approach to genetic testing. The most
effective approach includes genetic testing of family mem-
bers of mutation-positive patients with idiopathic PAH,
because that cohort has most BMPR2 mutations in the
general population.

This story of PAH is a stunning example of modern
clinical science. In the past few years, we have begun to
understand a hitherto mysterious “idiopathic” disease and
devise treatments aimed at its molecular causes.
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