ABSTRACT

Bone morphogenetic protein (Bmp) signaling is critical for vascular development
and homeostasis. Defects in this pathway lead to multiple vascular diseases, including
Heritable Pulmonary Arterial Hypertension (HPAH), which is genetically linked to
mutations in Bone Morphogenetic Protein Receptor Type 2 (BMPRZ2). All forms of PAH
display structural remodeling of resistance-level pulmonary arteries, suggesting that
defective Bmp signaling might underlie other forms of PAH, even in the absence of BMPRZ
mutations. Therefore, we utilized a genetics-based approach in mice to examine the

functional role of Bmp signaling in hypoxia-induced pulmonary hypertension (PH).

Chapters 2 and 3 describe work that is now published. These studies illustrate that
both Bmpr2 and Bmp2 (BmpZ2*/-) mutant mice have defective regulation of pulmonary
endothelial nitric oxide synthase (eNOS), indicating that Bmp signaling directly regulates
pulmonary vascular tone. In contrast to BmpZ2+- mice, Bmp4 deficient (Bmp4LlacZ/+) mice
have preserved regulation of eNOS. Moreover, Bmp2+/- mice develop increased hypoxia-
induced vascular remodeling and PH, while previous work showed that Bmp4LacZ/+ mice are
partially protected from these effects. These studies indicate that Bmp2 and Bmp4
oppositely affect the development of hypoxic PH, and that regulation of eNOS is likely a key

protective effect mediated by Bmp2 and Bmpr2 in the pulmonary vasculature.

The work shown in Chapter 4, which has been submitted for publication, explores
the role of Id1 as a downstream mediator of Bmp4-dependent responses in the pulmonary
vasculature. A previous study showed that Bmp4lacZ/+ mice display impaired hypoxia-
induced vascular smooth muscle cell (VSMC) proliferation with decreased Id1 expression,

suggesting that Id1 might promote VSMC proliferation in hypoxia. However, using Id1 null



mice, we show that Id1 expression is not required for hypoxic-induced VSMC proliferation
or PH. This finding might be due to functional compensation, since expression of the

closely-related Id3 is selectively up-regulated in Id1 null peripheral vessel VSMC.

Collectively, these studies provide functional insight into Bmp signaling in
pulmonary vascular homeostasis. They add to an understanding of human PAH by
illustrating distinct downstream events associated with Bmp2- vs. Bmp4-signaling in vivo.

Additionally, they provide potential targets for future therapies.
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CHAPTERI

INTRODUCTION

Part 1. The Bmp signaling pathway

Bone morphogenetic proteins

The Bone morphogenetic protein (Bmp) family of proteins has ancient origins in the
evolution of animals, arising 1.2-1.4 billion years ago (144). The first observation of their
signaling abilities was in 1965, when Marshall Urist found that demineralized bone matrix
could induce ectopic bone formation after intramuscular injection (212). The term “Bmp”
was coined in 1971 to signify the mysterious molecule(s) that caused autoinduction of bone
(213). Since these original findings, it has been revealed that this multi-member signaling
cascade plays essential roles in the development of nearly all vertebrate organs (reviewed

in (97, 240)).

Bmps, some of which are also called growth and differentiation factors (Gdfs), are
now considered to be the largest subfamily of the TGF-f3 superfamily of ligands. This
superfamily can be organized into clades based on sequence similarity and conservation
among primitive animals (Figure 1). This organization helps to clarify the difference in
receptor binding and cellular responses between Bmps and other TGF-f# superfamily
ligands. On this basis, there are 15 bona fide mammalian Bmp ligands that activate typical

Bmp-dependent responses, some of which are context dependent. For example, the
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Figure 1. Phylogenic comparison of TGF-f superfamily ligands based upon full length
human protein sequences. Sequence similarity to Drosophila Bmp orthologues is indicated.
Alternative names are listed in parentheses. Ligands in blue are bona fide BMP/GDF proteins that
have been shown to activate Bmp Smads. Phylogenetic analyses were conducted in MEGA4 using
the Neighbor-Joining method.



distantly related Gdfl5 group of ligands (Gdf15, Gdf9, and Gdf9b) can activate Bmp-
dependent responses but can also act as inhibitors of Bmp signaling (46, 137). Other
ligands, such as Gdf8, Gdf11, Gdfl, and Gdf3, are misnamed since they activate pathways
more typical of the TGF-B/Activin ligands (4-5). Still others, such as Bmp3, should be
classified as Bmp antagonists since they act by sequestering inactive Bmp receptor signaling

complexes (62).

Bmp signal transduction

Bmp signal transduction occurs by formation of heterotetrameric complexes of type
I (Activin-like kinase (Alk) 1, 2, 3, and 6) and type II receptors (Bmp receptor 2 (Bmpr2),
Activin receptor (Actr) 24, and Actr2B) (reviewed in (134, 141)). Both receptor types have
extracellular ligand binding, transmembrane, and cytoplasmic serine/threonine kinase
domains. These receptors have distinct ligand binding properties (Table 1, Table 2), but
show considerable promiscuity in binding to different members of the TGF-3 superfamily
(reviewed in (146)). Alk3 and Alké6 are activated by Bmp2 and Bmp4 equally well, while
Bmp5-8 group ligands principally activate Alk2. The order of receptor oligomerization can
also differ between Bmp ligands: Bmp2 and Bmp4 recruit type II receptors after first
binding with high affinity to a type I receptor, while Bmp5-8 group ligands bind first with
high affinity a type Il receptor and then recruit type I receptor. Upon ligand-induced
oligomerization, the type Il receptor phosphorylates the GS box of the type I receptor,
altering the type I receptor conformation and activating its kinase domain (reviewed in

(184)).



Table 1. Demonstrated type I receptor interactions for bona fide Bmp
ligands. Alternative names are listed in parentheses.

Receptor

Ligand

References

Alk1 (Acvrll)

Bmp9 (Gdf2)

Bmp10

(23,39,133,177,183)

(39,133)

Alk2 (Acvrl)

Bmp6 (Vgrl)
Bmp7 (OP-1)

Bmp9 (Gdf2)

(47)
(125, 206, 229)

(177)

Alk3 (Bmpr1A)

Bmp2 (Bmp2A)

(2,92,95-96, 98, 145, 226, 229)

Bmp4 (Bmp2B) (73,206, 226)
Bmp5 (15)
Bmp6 (Vgrl) (47
Bmp7 (OP-1) (206)
Bmp10 (127)
Gdf5 (Bmp14) (50)
Gdfé (Bmp13) (50)
Gdf9 (217)
Alk6 (BmprilB) Bmp2 (Bmp2A) (227)
Bmp4 (Bmp2B) (206)
Bmp6 (Vgrl) (47
Bmp7 (OP-1) (206, 229)
Bmp10 (127)
Gdf5 (Bmp14) (50,147)
Gdf6 (Bmp13) (50)
Gdf9 (217)
Gdf9B (Bmp15) (136)




Table 2. Demonstrated type Il receptor interactions for
bona fide Bmp ligands. Alternative names are listed in

parentheses.

Receptor Ligand References

Bmpr2 Bmp2 (Bmp2A) (94, 114)
Bmp4 (Bmp2B) (169)
Bmp6 (Vgrl) 47)
Bmp7 (OP-1) (114,169)
Bmp9 (Gdf2) (177,183)
Bmp10 (127)
Gdf5 (Bmp14) (50,147)
Gdfé (Bmp13) (50)
Gdf9 (217)
Gdf9B (Bmp15) (136)

Actr2A (Acvr2A) Bmp2 (Bmp2A) (2,225)
Bmp4 (Bmp2B) (225)
Bmp6 (Vgrl) 47
Bmp7 (OP-1) (67,125)
Bmp9 (Gdf2) (177)
Gdf9 (217)

Actr2B (Acvr2B) Bmp2 (Bmp2A) (94)
Bmp4 (Bmp2B) (125)
Bmp6 (Vgrl) 47
Bmp9 (Gdf2) (177)




Type 1 Bmp receptor activation leads to C-terminal phosphorylation of the Bmp-
restricted Smad signaling intermediates (Smadl, Smad5, and Smad8). This helps to
distinguish the effects of Bmp versus TGF-f3/Activin activated type I receptors (Alk4, 5 and
7) which generally activate Smad2 and Smad3. However, it should be noted that, in certain
instances, TGF-B can induce phosphorylation of Smad1/5/8 (36, 66) and Gdf9 can induce
phosphorylation of Smad2/3 (128). A number of Smad-independent signaling responses
have also been described. Among these, the MAP kinase family, PI3 kinase/AKT, PKC, and

Rho-GTPases can be activated by Bmps in certain contexts (reviewed in (239)).

Beyond type I and II receptors, several Bmp co-receptors have been identified.
These molecules modulate Bmp signaling by modifying Bmp ligand-receptor interactions
(Table 3). For example, endoglin interacts with a variety of TGF-B family ligands, including
Bmp2, Bmp7, and Bmp9, and is required for TGF-f to activate Smad1/5 (13, 19, 104, 177).
Endoglin also enhances Bmp7 and Bmp9-dependent Smad responses (40, 178), although

the mechanism by which this occurs is unknown.

Bmp-mediated regulation of gene expression

C-terminal phosphorylation of the receptor-activated (RA) Smad by the type [ Bmp
receptor leads to increased affinity of the RA-Smad for the co-activator Smad4 (reviewed in
(184)). The RA-Smad/Smad4 complex translocates to the nucleus and controls target gene
transcription by directly binding to Smad binding elements (SBE) or by interacting with
other transcription factors (reviewed in (170)). Smad binding to DNA is relatively weak
and often depends on additional DNA binding transcription factors. This allows for
considerable crosstalk with a variety of signaling pathways. For example, Smad1 synergizes

with the Wnt pathway member Lefl (44) and the Notch intracellular domain (84).



Table 3. Co-receptors of Bmp signaling. Alternative names are listed in parentheses.

Co-receptor Partner References
Endoglin (CD105) Bmp2 (Bmp2A) (14)
Bmp7 (OP-1) (14)
Bmp9 (Gdf2) (39)
TGFBR3 (betaglycan) Bmp2 (Bmp2A) 93)
Bmp4 (Bmp2B) (93)
Bmp7 (OP-1) (93)
GdfS (Bmp14) (93)
RGMa Bmp2 (Bmp2A) (11, 69)
Bmp4 (Bmp2B) (11)
Gdf7 (Bmp12) (69)
RGMb (DRAGON) Bmp2 (Bmp2A) (69,173)
Bmp4 (Bmp2B) (173)
Gdf7 (Bmp12) (69)

RGMc (Hemojuvelin)

Bmp2 (Bmp2A)

(10, 69, 99, 224, 232)

Bmp4 (Bmp2B) (224)
Bmp6 (Vgrl) (6,224)
Gdf7 (Bmp12) (69)

Bambi (Nma) Alk1 (Acvrll) (152)
Alk3 (Bmpr1A) (152)
Alk6 (BmprilB) (152)
Actr2A (Acvr2A) (152)

TrkC Bmpr2 (89)

Ror2 Alk6 (Bmpri1B) (174-175)




One of the best characterized Bmp target genes is Inhibitor of differentiation 1 (Id1)
(135, 205). Id1 acts as a dominant negative regulator of transcription by
heterodimerization with bHLH proteins (83). Thus, Bmp-induced expression of 1d1 leads to
an secondary network of Bmp-mediated gene regulation. Id1 has been shown to participate
in several Bmp-induced cellular effects, including promoting proliferation, inhibiting

differentiation, and, in some cases, inducing apoptosis (171, 186, 220).

In addition to direct transcriptional control, Smads have recently been shown to
modulate gene expression through transcription and maturation of microRNAs (26, 41).
Given that a single microRNA can regulate expression of hundreds of proteins (reviewed in
(12, 182)), this allows Bmp signaling an even larger network of control than previously

thought.

Regulation of Bmp signaling

Transduction of Bmp signaling is regulated at multiple levels. The expression of
Bmp ligands may be controlled at long-range by cis-acting elements (162) or locally by
altered mRNA stability (57). Most Bmp ligands are secreted as dimers in their active,
cleaved form, the production of which can also be regulated in a tissue-specific manner
(64). Once secreted, Bmp ligands are subject to interaction with a host of extracellular
modulators (reviewed in (210)). Many of these act as inhibitors by sequestering ligands
from interacting with receptors, reducing diffusion in the extracellular space, and/or
promoting their uptake and degradation. Still others are capable of both promoting and
inhibiting Bmp signals. Thus, the in vivo modulation of Bmp ligand activity is entirely
dependent on context. Further, each individual modulator has varying affinity for Bmp
ligands; for example, Noggin efficiently binds Bmp2, 4, 5, and 7 but does not inhibit Bmp9 or
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10 at all (180). Additionally, the duration of Bmp signals can be regulated: activated
receptor complexes and RA-Smads are targeted for proteosomal degradation by inhibitory
Smads (I-Smads) and Smad ubiquitin ligases respectively (reviewed in (117)), thus

establishing negative feedback.

Bmp signaling in vascular maintenance and disease

In addition to critical roles in vascular development, Bmp pathway components
have been reported to be altered in human vascular disease. For example, several Bmp
ligands have been shown to affect angiogenic response in vitro and some, such as Bmp2 and
Bmp4, are up-regulated in endothelial cells (ECs) at sites of atherosclerosis and vascular
injury (20, 32, 194). Bmp?2 is also up-regulated in two experimental models of systemic
hypertension (35). Moreover, exogenous administration of Bmp4 causes systemic
hypertension and endothelial dysfunction in mice (132). These studies suggest that Bmp
signaling might play a role in regulating vascular stability and/or function. Further
evidence for this comes from the analysis of vascular phenotypes that are associated with

genetic mutations in Bmp signaling components in mice and man (Table 4).

Of particular interest to us is the finding that a number of pathway components are
functionally implicated in protection against Pulmonary Hypertension (PH) (Table 4). PH is
a broad classification of diseases of varying etiology that is diagnostically defined as
elevated pulmonary artery pressure. However, regardless of underlying cause, all forms of
PH display the same structural remodeling of small, resistance-level arterioles of the lung
periphery (187). This argues that defects in similar regulatory mechanisms might underlie
the development of all forms of PH. Significant insight into these mechanisms has come

from rare genetic forms of Pulmonary Arterial Hypertension (PAH) that are associated with
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Table 4. Vascular phenotypes of Bmp mutations in humans and mice. All mutations are global
unless noted otherwise. Human mutations are denoted by all capital letters. Embryonic lethality is
indicated in parenthesis as day post coitum. PH: pulmonary hypertension, VSMC: vascular smooth
muscle cell, EC: endothelial cell, HPAH: Heritable Pulmonary Arterial Hypertension, HHT: Hereditary
Hemorrhagic Telangiectasia, SMC: smooth muscle cell, JP: Juvenile Polyposis

Genetic

Modification Het/Homozygous Vascular Phenotype Survival References

Bmp2 null Heterozygous Susceptible to hypoxic PH Viable 3)

Bmp4 null- Heterozygous Less severe hypoxic PH, Viable (54)

LacZ impaired vascular remodeling

Bmpr2 null Heterozygous Susceptible to PH, defective Viable (17,116, 193)
vascular remodeling,
abnormal vascular tone

Bmpr2 ‘Heterozygous Susceptible to hypoxic PH; Viable G5 ]

hypomorph endothelial dysfunction and

(AEx2) abnormal vascular tone

Bmpr2 '90% knockdown  Hemorrhage; vascular Viable (13 ]

knockdown dysplasia; impaired VSMC

by RNAi recruitment

Bmpr2 ‘Pulmonary EC Spontaneous PH, vascular Viable 79 ]

conditional inflammation

BMPRZ (mis-  Heterozygous HPAH, HPAH with HHT Viable (121-122,168) |

sense, non-

sense)

Alk1 null Homozygous Angiogenesis defects, Lethal (E10.5) (151, 214)
impaired VSMC recruitment

‘Heterozygous Models HHT Viable (95y |

Alk1 “EC-specific Vascular dysplasia Viable (159) |

conditional

ALKI(mis-  Heterozygous HHT2, HPAH withand Viable (58,90,122) |

sense, non- without HHT2

sense)
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Table 4, continued.

Alk3 Mesoderm Hemorrhage, cardiac defects,  Lethal (E10.5) (157)
conditional deletion impaired VSMC recruitment
SMC (embryo) Cardiac defects, hemorrhage,  Lethal (E11.5)  (48)
impaired vascular remodeling
SMC (adul) Impaired vascular Viable (49
remodeling
Endoglin null Homozygous Angiogenesis defects Lethal (E10.5) (7
" Heterozygous Models HHT, spontaneous Viable  (21,208)
PH, abnormal vascular tone
ENDOGLIN ~ Heterozygous HHT1, HPAH with HHT1 Viable  (71,122,129)
(mis-sense,
non-sense)
Smad1 null Homozygous Defects in fusion of the Lethal (E9.5) (105)
chorioallantoic membrane
and (minor) yolk sac
angiogenesis
SMADI (mis-  Heterozygous HHT Viable ~ (108)
sense)
Smad4 EC Cardiac and angiogenesis Lethal (E10.5) (102)
conditional defects , VSMC recruitment
SMAD4 (mis-  Heterozygous HHT (with and without JP) Viable  (59-60)
sense, non-
sense)
Smad5 null Homozygous Cardiac and angiogenesis Lethal (E9.5) (28-29, 234)
defects
Smadé6 null Homozygous Cardiac defects, vascular Some viable (61)
calcification, systemic
hypertension
Smad8 null- Homozygous Spontaneous pulmonary Viable (82)
LacZ vascular remodeling
SMAD8 (non-  Heterozygous HPAH Viable  (185)
sense)
Tak1 null Homozygous Angiogenesis/cardiac defects  Lethal (E10.5) (85)
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mutations in multiple Bmp pathway genes. More than 70% of patients with Heritable PAH
(HPAH) and approximately 20% of Idiopathic PAH patients inherit heterozygous germline
mutations in BMPRZ (124). Additionally, there is one case report of HPAH due to mutation
in SMAD8 (185) and some patients with Hereditary Hemorrhagic Telangiectasia (HHT),
which is linked to mutations in ALKI and ENG, develop PAH (58, 71, 90, 122, 129).
Collectively, these findings indicate that Bmp signaling exerts critical protective effects on
the pulmonary vasculature. However, in vitro studies have been insufficient in determining
the molecular mechanisms by which Bmps maintain pulmonary vascular homeostasis. For
example, Bmp4 inhibits proliferation and promotes apoptosis in cultured proximal
pulmonary artery VSMCs (100, 202), but promotes proliferation and inhibits apoptosis in
VSMCs derived from more peripheral vessels (235). Moreover, Bmp4 promotes
proliferation in early passage mouse proximal pulmonary VSMCs but has the opposite effect
on the same cells at late passage (54). Thus, the context-specific effects of Bmps must be

evaluated in vivo, which is a substantial hurdle due to a lack of reliable reagents.

That being said, considerable functional evidence for these Bmp pathway
components in pulmonary vascular homeostasis has come from genetic studies in mice.
Even with the functional strength of these studies, however, it is still not immediately
discernable how Bmps exert their protective effects. For instance, while both Eng and
Smad8 mutant mice develop spontaneous pulmonary vascular remodeling (82, 208),
heterozygous Bmpr2 null (Bmpr2+/-) mice do not, and, if anything, display impaired vascular
remodeling in response to hypoxia (17). Further, Bmpr2+/- mice do not develop PH without
exposure to additional stimuli such as serotonin or inflammatory stress (17, 116, 193). The
role of inflammation in the development of PH may be of significance as two other mouse
models of impaired Bmpr2-dependent signaling, both of which lead to spontaneous PH,

exhibit local pulmonary vascular inflammation (79, 219). This is consistent with the
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observation that the pulmonary vascular lesions of patients with PAH often contain

infiltrating mononuclear cells and lymphocytes (reviewed in (72)).

In addition to anti-inflammatory roles, Bmp signaling has been shown to promote
vascular stability. Using RNAI in the germline to reduce Bmpr2 expression by 90% leads to
massive intestinal hemorrhage, vascular dysplasia, and impaired VSMC recruitment to
pulmonary vessels (113). This phenotype is similar to the defects observed in Alk1 and Eng
mutant mice (7, 151, 214), suggesting that Bmpr2, Alk1, and Endoglin coordinately regulate
vascular stability in vivo. Each of these is dominantly expressed in the endothelium (8, 55,
166, 181, 199, 208), and EC-specific deletion of BmprZ is sufficient to cause spontaneous PH
in some mice (79). This indicates that the endothelial compartment might be the primary

site of Bmp signaling in pulmonary vascular homeostasis.

Several Bmp ligands (BMP4, BMP6, and BMP9) are found at biologically active
concentrations in human serum (38, 77), which allows for direct access to affect EC
function. The endothelium plays a major role in regulating angiogenesis, and Bmp signaling
has been shown to modulate this process. For example, Bmp4 and Bmp6 have pro-
angiogenic effects on cultured ECs (75, 167). On the other hand, Bmp9 exerts potent anti-
angiogenic effects (38, 177). This finding might be of significance, as recent evidence shows
that Bmp9 is a ligand for Bmpr2, Alk1, and endoglin (23, 39, 133, 177, 183) and therefore
may provide a link between PAH and HHT. However, the mechanism that determines the

net pro- vs. anti-angiogenic effects of circulating Bmp ligands is unknown.

In addition to angiogenesis, ECs also play a major role in regulating vascular tone
through the release of vasodilators (78). Bmp2 and Bmp4 have been shown to impair nitric
oxide (NO)-dependent vasodilation of aortas and carotid arteries (33-34, 132) by causing

increased production of reactive oxygen species (ROS). However, this action might be
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vascular bed-specific since Bmp4 does not have this effect on pulmonary arteries (34).
Additionally, endoglin promotes production of NO through endothelial NO synthase (eNOS)
(87,176, 207), and Eng mutant mice display defects in vascular tone that are mediated by

impaired eNOS function due to increased ROS (16, 208).

In conclusion, the functional roles of Bmp signaling in pulmonary vascular
homeostasis remain unclear. However, genetic studies in mice indicate that different
components of the Bmp signaling pathway promote vascular stability, regulate vascular
reactivity, EC function, and inflammation in vivo. Future studies are required to determine
how these diverse effects coordinate vascular homeostasis, and when perturbed, lead to

disease.

Part II. Experimental models of pulmonary hypertension

The characteristic pathology of human PAH involves structural remodeling of
peripheral pulmonary arterioles, including media hypertrophy, neointimal lesions,
adventitial thickening, and obliterative plexiform lesions (reviewed in (187)). These events
serve to increase pulmonary vascular resistance, thereby placing strain on the right side of
the heart, which leads to right ventricular hypertrophy and eventual right-sided heart
failure. This section will discuss similarities and differences between human PAH and the

experimental models used to study it.

Some genetic studies in mice have demonstrated the development of spontaneous
PH. Most studies, however, have required additional stimuli to cause disease. The stimulus

by which this occurs, however, can be vastly different. As shown in Table 5, several
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experimental models, ranging from chemical, mechanical, and environmental, exist to study
PH. Each model has its own strengths and weaknesses. For example, all models develop
increased muscularization of peripheral pulmonary vessels, but most do not allow for direct

genetic manipulation in the intact organism.

Table 5. Established experimental models of pulmonary hypertension.

Species Model

Mice Chronic hypoxia
Serotonin infusion
Inflammatory stress
Pneumonectomy
Schistosomiasis

Genetic modification

Rats Chronic hypoxia
Monocrotaline
Pneumonectomy

Fawn-Hooded genetic background

Sheep Air embolism
Chronic hypoxia/high altitude

Ligation of ductus arteriosus

Cows Chronic hypoxia/high altitude

Pigs Hypoxia/high altitude

For the studies in this dissertation, we have chosen the well-established mouse

model of chronic hypoxia to induce PH. In response to hypoxia, mice develop increased
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pulmonary artery pressure, right ventricular hypertrophy, and increased peripheral
muscularization (reviewed in (196)). The true strength of this model comes when chronic
hypoxia is combined with genetic manipulation in mice, thus allowing for evaluation of
function in vivo. However, this model is criticized because hypoxic mice do not develop the
severe obliterative lesions seen in human PAH (218). While we agree this is an obvious
limitation, findings using the chronic hypoxia model provide insight into how the Bmp
signaling pathway can modify pulmonary vascular function. Therefore, even though these
mice do not develop severe vascular remodeling, they show defects in pulmonary vascular
function that may also occur in the early course of human disease. Further, studies using
the chronic hypoxia model are also relevant to the analysis of alveolar hypoxia, which plays
a critical role in promoting PH associated with chronic lung disease (reviewed in (163)).
Since chronic lung disease is the most common cause of PH worldwide, findings using the
chronic hypoxia model have important clinical implications for our understanding of an
important human disease. That being said, future studies, proposed in Chapter 5, will
attempt to develop additional models of PH that are able to utilize mouse genetics while

more closely mimicking human PAH.

Part III. Functional evaluation of Bmp signaling in hypoxic pulmonary hypertension

Even though loss-of-function mutations in BMPRZ are linked to HPAH in humans
(188), genetic studies in mice exposed to chronic hypoxia have revealed unexpected roles
for Bmp signaling in the pulmonary vasculature. In fact, the evidence suggests multiple

Bmp pathways exist in the lung, with some signaling events protecting against hypoxic PH
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while others promote hypoxic PH development. This section will discuss these findings in

order to provide a basis for the studies presented in this dissertation.

Previous studies have demonstrated that Bmpr2+/- mice are not susceptible to
hypoxic PH and, if anything, display impaired hypoxia-induced vascular remodeling (17,
116). However, when Bmpr2+/- mice are subjected to chronic hypoxia combined with
infusion of serotonin, they develop worse PH than wild type controls (116). Further, main
pulmonary artery sections from Bmpr2+/- mice exhibit increased contractile responses to
serotonin ex vivo (116). These findings suggest that abnormal vascular tone may

exacerbate the defects associated with Bmpr2 haploinsufficiency to cause PH in these mice.

In contrast, David Frank, a graduate from our lab, found that another Bmpr2 mutant
mouse line (Bmpr22Ex2/+) develops PH in response to hypoxia alone (55). Bmpr22Ex2/+ mice
are different from Bmpr2+/- mice in that instead of a null allele they carry a hypomorphic
allele of Bmpr2 (45) . Like Bmpr2+/- mice, though, Bmpr22Ex2/+ mice do not exhibit increased
hypoxic pulmonary vascular remodeling over wild type controls. Interestingly, Bmpr2AExz/+
mice display impaired hypoxic induction of eNOS expression, which has been shown to play
a critical role in the maintenance of low pulmonary vascular resistance (51, 197-198). This
suggests that impaired eNOS expression might participate in the development of hypoxic
PH in these mice. However, taken together with increased vasoconstriction in Bmpr2+/-
mice (116), this also raises the possibility that defective regulation of vascular tone may be
a direct result of impaired Bmp signaling. The studies described in Chapter 2 were designed

to address this question directly.

In Chapter 2, we provide the first evidence for Bmpr2-dependent signaling in the
direct regulation of vascular tone. Arteriographic analysis of isolated intrapulmonary

arteries shows that Bmpr22Ex2/+ mice suffer defects in vascular reactivity, including severely
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impaired NO-dependent vasodilation. Further, Bmpr2-dependent signaling directly
regulates the expression and activity of eNOS. These findings, which are now published,
suggest that the primary defect in Bmpr22Ex2/+ mice might be reduced Bmp-mediated
regulation of eNOS. They also raise the question as to which ligand is responsible for this

signaling in vivo.

Pulmonary BmpZ2 and Bmp4 expression are selectively up-regulated in mice exposed
to chronic hypoxia (54), indicating that these ligands might signal through Bmpr2 in the
protective response to hypoxia. Surprisingly, though, a previous study from our lab
indicated that Bmp4 promotes the development of hypoxic PH (54). In contrast, the studies
described in Chapter 3, which are now published, illustrate that Bmp2 exerts protective
effects in the pulmonary vascular response to hypoxia. Here, we show that, similar to
Bmpr22Ex2/+ mice, BmpZ2 deficient (Bmp2+/-) mice are susceptible to hypoxic PH. Further,
BmpZ2+/- mice display dysregulation of eNOS expression and activity while Bmp4 deficient
mice do not. Collectively, these findings indicate that Bmp2 and Bmp4 exert opposing
effects in the development of hypoxic PH, and that Bmp2 is the predominant ligand for

Bmpr2 in vivo. However, it also raises the question of the how Bmp4 promotes hypoxic PH.

Bmp4 deficient mice display impaired hypoxic pulmonary vascular remodeling and
are partially protected from the development of hypoxic PH (54). Given the contrast
between this phenotype and that of BmpZ and Bmpr22Ex2/+ mutant mice, pulmonary Bmp4
likely signals through Actr2a and Actr2b in vivo; however, there are no published data
regarding their expression in the intact pulmonary vasculature. Alk3 is likely the major
type I receptor for Bmp4 in pulmonary VSMCs, given that, like Bmp4 deficiency (54), patchy
deletion of Alk3 in VSMCs impairs hypoxia-induced pulmonary vascular remodeling (49).

Bmp4 deficient mice have impaired hypoxia-induced VSMC proliferation (54) in vivo,
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suggesting that Bmp4 likely promotes hypoxic pulmonary vascular remodeling through
proliferation of VSMCs. However, the downstream signaling events by which Bmp4 exerts
this effect are largely unknown. One possible mediator is Id1, the expression of which is
selectively reduced in pulmonary VSMCs of Bmp4 deficient mice (54). The studies
described in Chapter 4, which have been submitted for publication, were designed to

examine this directly.

Because Id1 is a well-characterized Bmp target gene, its expression has been used as
a downstream readout of active Bmp signaling in multiple systems, including the study of
PH (54, 68, 140, 203, 233). Yet, little is known about the functional role 1d1 plays in the
events leading to the development of PH. In Chapter 4, we use a genetics-based approach to
show that Id1 expression is not essential for hypoxia-induced pulmonary vascular
remodeling or PH; however, loss of Id1 expression leads to a selective increase in
expression of Id3 in pulmonary VSMCs. Given the known functional redundancy between
Id1 and Id3 in vivo (53, 119), we suggest that Id3 compensates for loss of Id1 expression in

the pulmonary vasculature of Id1 null mice.

Collectively, these studies provide functional insight into Bmp signaling in
pulmonary vascular homeostasis. They demonstrate a novel role branch of the Bmp
pathway that directly regulates pulmonary vascular tone and add to an understanding of
human PAH by illustrating distinct downstream events associated with Bmp2 versus Bmp4
signaling in vivo. Additionally, our studies provide potential targets in the treatment of
human PAH. Future studies will build upon these findings to further examine the spatial
regulation of Bmp2 versus Bmp4 signaling, attempt to rescue Bmp signaling defects by
eNOS overexpression in vivo, and evaluate the potential role of dominant negative BMPRZ

mutations in HPAH pathogenesis.
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CHAPTERII

BMPR22Ex2/+ MUTANT MICE DISPLAY DEFECTS IN VASCULAR REACTIVITY

Introduction

Genetic studies have shown that most patients with HPAH have inherited
heterozygous mutations at the BMPRZ locus (123). Most of these mutations encode
premature termination codons or are predicted to disrupt critical functional domains of the
mature protein (123). This implies that defective BMPR2-dependent signaling predisposes
individuals to the development of PH. Yet the protective role that BMPR2 normally plays in

the pulmonary vasculature has yet to be firmly established.

One approach to answer these questions has been to study the pulmonary
vasculature of mice that carry mutations at the BmprZ2 locus. Heterozygous BmprZ2 knock-
out (Bmpr2+/-) mice display a mild increase in pulmonary vascular resistance (17) and
increased susceptibility to PH in response to inflammatory stress or a combination of
hypoxia and serotonin infusion (116, 193). In support of this, our lab has shown that
another Bmpr2 mutant mouse (Bmpr22Ex2/+), which carries a partially-inactivating version
of Bmpr2 (45), develops increased hypoxic PH. However, neither of these Bmpr2 mutant
mice develops increased pulmonary vascular remodeling (17, 55). This indicates that
impaired Bmpr2-dependent signaling might promote events other than increased
pulmonary vascular remodeling that lead to hypoxic PH. Intriguingly, Bmpr24Ex2/+ mutant
mice display impaired hypoxia-induced expression of pulmonary eNOS (55), an enzyme that

is critically important in maintaining low pulmonary vascular resistance (51, 197-198).
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These findings suggest that defective regulation of pulmonary vascular reactivity might
underlie the development of hypoxic PH in Bmpr22Ex2/+ mutant mice. However, the ability of
Bmp signaling to directly regulate eNOS expression, and the functional role that Bmpr2

plays in this regulation, are unknown.

To address these questions, we evaluated the Bmp-mediated regulation of eNOS in
the pulmonary vasculature. We show that Bmp activation regulates eNOS expression and
activity in a Bmpr2-dependent manner. Furthermore, the Bmpr24tx2/+ mutation is
associated with increased vasoconstriction and severe defects in nitric oxide (NO)-mediated
vasodilation. These findings indicate that defective Bmp-mediated regulation of pulmonary
vascular tone could play a role in the pathogenesis of human PH. I performed the studies
outlined in this chapter, which were, in part, published in a larger study on Bmpr2AExz/+

mutant mice (55).

Methods

Mouse lines

Mutant mice carrying a partially inactivating mutation at the Bmpr2 locus (Bmpr22Ex2/+)
were a gift from Karen Lyons (45). Bmpr22Ex2/+ mutant mice were maintained on a Balb/c] x
129Sv] background. H-2Kb-tsA58 transgenic mice (Immortomouse) (86), on a C57Bl1/10
background, and wild type ICR mice were purchased from Charles River. eNOS null mutant
mice were purchased from Jackson Laboratories. Because some pure background eNOS null
mutant mice have severe cardiovascular defects (70, 106, 111, 131), Bmpr22Ex2/+;eNOS null

double mutant mice were generated on a mixed Balb/c] x 129Sv] x C57Bl/6 genetic
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background. Bmpr22Ex2/+eNOS null double mutant mice are born at near-expected
Mendelian ratios and do not differ in body weight from wild type mice (data not shown).
Genotyping was performed on ear clip DNA using the primers and conditions described in

Table 6.

Intrapulmonary artery tree isolation

Intrapulmonary artery (IPA) trees were carefully trimmed free from surrounding
tissue of the left lung by tracing the main pulmonary artery from the hilum of whole lungs
under a dissecting microscope (SZ61, Olympus). Isolation was performed in cold PBS
(Gibco) and completed within 30 minutes post-mortem in order to preserve tissue integrity.
Isolated IPA trees contain continuous first, second, and third generation (approximate
diameter of 75 pm) vessels beginning at the hilum. These preparations, which contain ECs,
VSMCs, and adventitia, yield ~100 pg total protein and provide a means for specific analysis
of protein content in the arterial vasculature of the lung. For Bmp-response studies, freshly
isolated IPAs were cultured in DMEM with 10% FBS and treated * 50 ng/ml recombinant

Bmp2 or Bmp4 (R&D systems) for 18 hours prior to lysis.

Isolation and treatment of pulmonary endothelial cells

The isolation of conditionally immortalized pulmonary microvascular ECs (PECs)
has been described previously (54). In order to obtain wild type and Bmpr22Ex2/+ PECs,
Bmpr22Ex2/+ mutant mice were crossed with the Immortomouse (86). The Immortomouse is
a transgenic mouse strain that carries a temperature sensitive mutant of the SV40 large T

antigen. When cultured at 33°C, the SV40 large T antigen protein is in an active
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Table 6. Genotyping PCR primers for mouse lines utilized. Primer sequence, annealing
temperature, and amplicon size are listed. All PCR reactions were performed in a M] Mini
Gradient thermalcycler (Bio-Rad).

Gene

Bmp2
(wild type allele)
Bmp2
(mutant allele)

5"Bmp2 BAC LacZ
(transgene)

Bmp4LacZ
(knock-in)
Bmpr2
(wild type allele)

Bmpr2
(mutant allele)

eNOS
(wild type allele)

eNOS
(mutant allele)

H-2Kb-tsA58
(transgene)

Id1
(wild type allele)

Id1
(mutant allele)

Forward Primer Reverse Primer

AGCATGAACCCTCATGT  GTGACATTAGGCTGC
CTTGG TGTAGCA
AGCATGAACCCTCATGT  GAGACTAGTGAGACG
CTTGG TGCTACT
GTTGCAGTGCACGGCGA GCCACTGGTGTGGGC
TACACTTGCTG CATAATTCATTCGC
GTTGCAGTGCACGGCGA GCCACTGGTGTGGGC
TACACTTGCTG CATAATTCATTCGC
CCATGCTCTTTTGAAGATG GGCCGCTTTTCTGGATT
G CATC
CCATGCTCTTTTGAAGATG GGCCGCTTTTCTGGATT
G CATC
ATTTCCTGTCCCCTGCCTTC GGCCAGTgXEAGAGCCA
ATTTCCTGTCCCCTGCCTTC TGGCTACE%iTGATATT
AGCGCTTGTGTCGCCAT GTCACACCACAGAAG
TGTATTC TAAGGTTCC

CCTCAGCGACACAAGATGC GGTTGCTTTTGAACGTT
GATCG CTGAACC

CCTCAGCGACACAAGATGC GCACGAGACTAGTGAGA
GATCG CGTG
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Annealing
Temp
(Celsius)

62

62

58

58

60

60

65

65

58

66

66

Product
Size

322bp

367 bp

350 bp

350 bp

1000 bp

700 bp

442 bp

500 bp

1000 bp

850 bp

650 bp



conformation, binding to p53 and allowing for cellular transformation. However, under
non-permissive conditions (culture at 37°C), conformation of the gene product changes and
it no longer binds to p53 or immortalizes the cell. Importantly, we have characterized PECs
extensively: These cells behave like differentiated ECs - cobblestone appearance, capillary
structures in 3D culture, expression of eNOS and CD31 - when grown under non-permissive
conditions (3, 54-55). For normal culturing, PECs were maintained in EGM-2 MV (Lonza)
supplemented with 40 units/ml IFN-Y (Peprotech) at 33°C. For use in experiments, PECs

were shifted to 37°C for at least 72 hours in EGM-2 MV without IFN-Y.

For Bmp-response studies, PECs were treated with 10 ng/ml recombinant Bmp2
(R&D Systems) under serum-free conditions for up to 4 hours before lysis to evaluate
protein expression by western blot. For analysis of NOS activity, PECs were cultured in
basal EBM-2 (Clonetics) supplemented with 2.5 mM ascorbic acid (Sigma) and [H3]-arginine
to citrulline conversion evaluated using a NOS Activity Assay Kit (Cayman). For this, PECs
were exposed to 160 nM [H3]-arginine (NOS substrate) for the indicated times. Cells were
lysed and mixed with equilibrated resin, then [H3]-citrulline (NOS by-product) eluate was
collected and quantified by liquid scintillography. Pre-treatment with 1 mM L-NAME for 45
minutes served as a control for NOS-specific accumulation of [H3]-citrulline. Assays were

performed in triplicate and results expressed as CPM/ug protein.

Western blot

Cell and tissue lysis was carried out in Triton-X100 lysis buffer (25 mM HEPES pH
7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10% glycerol, 5 mM AEBSF, 2 mM NaOV,
50 mM NaF) on ice for 15 minutes at room temperature followed by clarification at 14k rpm

in 4°C. Concentration of the clarified supernatant was then determined by the DC Protein
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Assay (Bio-Rad). Equal quantities of total protein were denatured for 10 minutes at 100°C
in sample reducing buffer (50 mM Tris pH 6.8, 10% glycerol, 2 mM EDTA, 2% SDS, 144 mM
B-mercaptoethanol, 0.008% bromophenol blue) and resolved using SDS-PAGE (Bio-Rad) in
running buffer (2.5 mM Tris, 200 mM Glycine, 3.5 mM SDS) followed by transfer to PVDF
membrane (Bio-Rad) in transfer buffer (2.5 mM Tris, 200 mM Glycine, 3.5 mM SDS). After
blocking for 1 hour in 10% milk in TBST (25 mM Tris pH 8.0, 100 mM NaCl, 0.1% Tween-
20) with gentle rocking, primary antibodies were applied in either 5% milk in TBST or 5%
BSA in TBST (when detecting phospho-specific isoforms) overnight at 4°C. The next day,
after washing three times for 10 minutes each in TBST, HRP-conjugated secondary
antibodies raised against the host species of the primary antibody were applied in 5% milk
in TBST at room temperature for 30 minutes with gentle rocking. This was followed by
three washes in TBST for 10 minutes each. Western blots were visualized by ECL (Perkin
Elmer), exposed to X-ray film (HPI), and processed by a film developer (Merry X-Ray
Corporation). Blots that were re-probed were stripped in Restore Western Blot Stripping
Buffer (Pierce) for 10 minutes at room temperature with gentle rocking, followed by 3 TBST
washes. Stripped membranes were then subjected to the western blot protocol detailed

above. Primary and secondary antibodies utilized are detailed in Table 7.

IPA pressure arteriography

Intact IPA segments were carefully trimmed free from surrounding tissue of the left
lung by tracing the main pulmonary artery from the hilum of whole lungs under a dissecting
microscope (SMZ 1500, Nikon). Vessel isolation was performed under ice-cold modified
Krebs buffer: 118 mM NaCl, 25 mM NaHCOs3, 4.7 mM KCl, 0.9 mM MgS04-7(H20), 2.5 mM

CaClz-2(H20), 1 mM KH2PO4, and 11.1 mM glucose equilibrated with 5% CO; balanced to
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Table 7. Antibodies utilized for western blot analyses.

Antigen
B-actin

Bmpr2

Bmpr2

eNOS

eNOS (pSer1177)
Flk-1 (Vegfr2)
Id1

Id2

Id3

IgG (Goat)

IgG (Rabbit)
IgG (Mouse)
Smad1
pSmad1/5/8
VASP (pSer239)

VE-cadherin

Manufacturer

Sigma (A5316)

Clone 18 BD (612292)
ASQ (In-house)

BD (610296)

Cell Signaling (9571)
Santa Cruz (sc-504)
BioCheck (BCH-1/195-14)
Santa Cruz (sc-489)
BioCheck (BCH-1/17-3)
Santa Cruz (sc-2020)
Cell Signaling (7074)
KPL (04-18-06)

Santa Cruz (sc-7965)
Cell Signaling (9511)
Cell Signaling (3114)

Santa Cruz (sc-6458)
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Species
Mouse
Mouse
Rabbit
Mouse
Rabbit
Rabbit

Rabbit

Rabbit
Rabbit
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room air to maintain a constant pH of 7.35. Isolated vascular segments were transferred to
a custom arteriography chamber (University of Vermont, Instrument and Model Facility,
Burlington, VT) with two micrometer-controlled positioning arms holding glass
micropipettes in a 5 mL perfusion bath. All studies were performed using invariant, second
branch, second and third generation IPAs with resting external diameters of 75-100 um.
These were mounted on glass micropipettes at proximal and distal ends and secured using
single filaments of 10-0 braided nylon suture. Side branches from the mounted vessel were
individually tied off. The arteriography chamber was transferred to the stage of an inverted
microscope (Motic AE-21, Richmond, BC, Canada) equipped with a video camera and
computer-based monitoring system. The vessel image was captured and processed for
continuous measurement of the lumen diameter using video dimension analysis software
(IonOptix, Milton, MA). The perfusion chamber was initially connected to a 1 L non-
recirculating reservoir for superfusion of cannulated, pressurized IPAs. A second, 100 mL
recirculating reservoir was used for all drug studies. All studies were performed in Krebs

buffer pre-warmed to 37°C.

Experimental PH

Mice were exposed to normoxia or 10% normobaric oxygen for defined time
periods as described previously (55). At completion, 12-week-old mice were anesthetized
with 375 mg/kg Avertin (Sigma), ventilated by tracheotomy, and opened at the chest. Right
ventricular systolic pressure (RVSP) and diastolic pressures (RVDP), and left ventricular
diastolic pressure (LVDP) were measured by direct cardiac puncture using a pressure gauge
needle as described previously (55). Pressure wave forms were visualized and measured in

mmHg using a Digi-Med Blood Pressure Analyzer with Gould printer. Mean RVSP was
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calculated frone15 seconds of stable measurement wit h heart rate above 300
beats/minute. Right and left ventricular + septal (RV/LV+S) dry weights were determined
to evaluate right ventricular hypertrophy as described previously (55). Hematocrit was
measured using a Drummond Scientific Company micro-hematocrit centrifuge according to
manufacturer’s instructions. All experimental methods were approved by Vanderbilt

University’s Institutional Animal Care and Use Committee.

Histological evaluation of pulmonary vascular remodeling

After hemodynamic analysis, lungs were inflated and fixed overnight in 10%
formalin in PBS before mounting in paraffin. With the observer blinded to genotype and
treatment condition, the percentage of muscularized peripheral vessels in the pulmonary
vasculature was assessed by two color immunofluorescence staining for a-smooth muscle
actin (a-SMA) and von Willebrand factor (vVWF) as described previously (54-55). Vessels
were identified by vWF staining and considered non-muscularized or muscularized when

surrounding a-SMA-positive VSMCs were absent/present, respectively.

Immunoprecipitation

Immunoprecipitation (IP) for Bmpr2 was carried out on ~100 pg total protein
obtained from wild type and Bmpr22Ex2/+ [PA and PEC preparations. Lysates were pre-
cleared with Protein A/G conjugated sepharose (Santa Cruz SC-2003), then specific IP was
achieved with 2 pg anti-Bmpr2 mouse monoclonal antibody (BD #612292) overnight at 4°C.
The next day, 40 pl Protein A/G conjugated sepharose was added for 1 hour at 4°C with

rotation, then samples were pelleted at 14k rpm at 4°C, aspirated, and washed in Triton X-

28



100 lysis buffer. This washing procedure was repeated for a total of five washes. Samples

were then subjected to further analysis by glycosidase treatment or western blot.

Endoglycosidase treatment

Cleavage of specific asparagine-linked carbohydrate modifications by
endoglycosidases allows for evaluation of precise progress in the trafficking of proteins
(56). While PNGase F cleaves all asparagine-linked carbohydrate residues, Endoglycosidase
H (EndoH) cleaves only high mannose and hybrid structures which are modified by
enzymes resident in the medial-Golgi complex. Therefore, a glycoprotein that is EndoH-
sensitive has not been trafficked beyond the cis-Golgi. In order to analyze the trafficking of
Bmpr2, IP was performed as described above, samples were resuspended in 9 pl water, and
subjected to treatment with endoglycosidase H (NEB #P0702) or PNGase F (NEB #P0704).
Digestion was performed in 20 pl total volume using 2000 units EndoH or 1000 units
PNGase F for 2 hours at 37°C as per manufacturer’s protocol. Samples were then denatured

in reducing buffer at 100°C for 10 minutes and analyzed by western blot.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 5 with two-tailed t-test
for pair-wise comparisons and one-way ANOVA for multiple, between group comparisons
using Bonferroni correction for post-hoc, pair-wise comparisons. The minimal level of

significance was set at p<0.05.
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Results

Bmp signaling regulates eNOS expression and activity via Bmpr2

To explore the regulation of eNOS by Bmp signaling in the pulmonary vasculature,
we developed a novel assay in which isolated intrapulmonary artery (IPA) trees were
treated ex vivo with recombinant Bmp2. IPA preparations were carefully isolated from lung
parenchyma and airways under a dissecting microscope (Figure 2A). IPAs cultured up to 18
hours remain viable and express the EC markers eNOS, VE-cadherin, and Vegfr2 (Figure
2B). Upon treatment with Bmp2, there is a dose-dependent increase of eNOS and
phosphorylated-Smad1/5/8 (pSmad1/5/8) expression in wild type IPAs (Figure 2C),
indicating that Bmp pathway activation leads to increased expression of pulmonary eNOS.
To explore Bmp2-dependent regulation of eNOS further, we evaluated Bmp2-dependent
responses in cultured pulmonary microvascular ECs (PECs) from the Immortomouse.
Similar to IPAs, PECs show a rapid induction of eNOS and pSmad1/5/8 in response to Bmp2
(Figure 2D). To evaluate the role of Bmpr2 in mediating these effects, we isolated PECs
from Bmpr22Ex2/+ Immortomice. = Bmpr22Ex2/+ PECs display impaired induction of
pSmad1/5/8 in response to Bmp2 (Figure 2E, F). Furthermore, NOS activity in wild type
PECs is significantly increased following 4-hour treatment with Bmp2, but this effect is
absent in Bmpr22ex2/+ PECs (Figure 2G). The increase in NOS activity following Bmp2
treatment is blocked by the NOS inhibitor L-NAME (Figure 2G), indicating that this response
reflects Bmp2-induced changes in NOS activity. Therefore, Bmp signaling increases eNOS

expression and NOS activity in pulmonary ECs via Bmpr2-dependent effects.
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Figure 2. Bmp-mediated regulation of eNOS expression and function. A: Isolated IPA tree
from the left lobe of a freshly harvested wild type lung. Preparations contain 15t to 7t branches of
the main intrapulmonary artery through the subsequent 2" and 3™ generation branchpoint. B:
Expression of EC markers Vegfr2, eNOS, and VE-cadherin compared to -actin as assessed by
western blot in wild type IPAs after culture for 18 hours. Lanes 1 and 2 are from two separate IPA
preparations. C: eNOS and phosphorylated-Smad1/5/8 (pSmad1/5/8) in wild type IPAs treated
with Bmp2 for 18 hours. D: Western blot for eNOS and pSmad1/5/8 in PECs treated with 10
ng/ml Bmp2 over 4 hours compared to f-actin loading control. E, F: Bmp2-mediated
phosphorylation of Smad1/5/8 (pSmad1/5/8) in wild type and Bmpr22Ex2/+ PECs determined by
western blot (E) and quantified by densitometry relative to $-actin loading control (F). G: Bmp2-
mediated effect on NOS activity in intact wild type and Bmpr22Ex2/+ PECs assessed using a radio-
labeled arginine conversion assay +/- treatment with 10 ng/ml Bmp2 for 4 hours and +/- NOS
inhibition with 1 mM L-NAME. Assay was performed in triplicate and repeated with similar
results. Results from one experiment are shown. Data are expressed as mean +/- SEM. One-way
ANOVA with Bonferroni correction, p<0.05: a, vs. untreated control; b, vs. wild type 4 hour Bmp2.
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Abnormal pulmonary arterial tone in Bmpr22Ex2/+ mutant mice

Having established that Bmpr2-dependent signaling regulates eNOS expression and
activity, we sought to directly determine whether impaired Bmpr2-dependent signaling
leads to functional changes in the pulmonary vasculature. To do so, we established a
pressure arteriography system to evaluate vasoconstrictor and vasodilator responses in
isolated blood vessels. In order to evaluate physiologically relevant vasculature, we focused
our analyses upon [PAs. To minimize variability, we strictly limited our evaluation to IPA
segments from invariant, third branch, second and third generation IPAs with resting
external diameters of 75-100 um (Figure 34, yellow rings). These were mounted on glass
micropipettes at proximal and distal ends and side branches from the mounted vessel were
individually tied off (Figure 3B). The arteriography chamber was transferred to the stage of
an inverted microscope equipped with a video camera and computer-based monitoring
system (Figure 3C). IPAs were visualized by real-time video capture software and
processed for continuous measurement of the lumen diameter (Figure 3D). Our analysis,
the first to utilize murine IPAs in the study of PH, allows for quantification of vessel
reactivity in response to specific vasoactive agents (Figure 3E). Importantly, we are able to
evaluate both endothelial-dependent and endothelial-independent vasodilation through the
nitric oxide (NO) pathway. By combining this technique with the power of mouse genetics,
we are the first group with the ability to directly evaluate the physiological consequence of

a desired mutation in the context of experimental PH.

Vessel reactivity in IPAs from wild type and Bmpr22Ex2/+ mutant mice was evaluated
in a variety of ways: vasoconstriction in response to membrane depolarization (KCI) and
adrenergic stimulation (norepinephrine; NE); endothelial-dependent vasodilation with a

muscarinic receptor agonist (acetylcholine; ACh) and calcium ionophore (A23187); and
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Figure 3. Pressure arteriography using isolated intrapulmonary arteries. A: Arteriogram of
a left lung lobe from a wild type mouse. Yellow rings indicate segments of the invariant, third
branch, second and third generation intrapulmonary arteries (IPAs) excised for arteriographic
analysis. B: IPA after excision and mounting on glass canulae. C: Custom pressure arteriography
chamber used for vessel reactivity studies. D: Photo showing a mounted IPA during vessel
reactivity study. Yellow arrows indicate vessel wall (dark lines). External vessel diameter is
determined using real-time video image analysis software. E: Representative arteriography
tracing from a wild type IPA showing changes in external vessel diameter in response to
vasoactive stimulation as indicated. Arteriogram modified from TCV Surgery Research Lab,

University of Virginia.
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endothelial-independent vasodilation with NO donor (sodium nitroprusside; SNP) (Figure
4A, B). While membrane depolarization with KCI causes similar vasoconstriction in both
wild type and Bmpr22Ex2/+ IPAs (Figure 4C), Bmpr22Ex2/+ mutant IPAs show a significant
increase in NE-induced vasoconstriction compared with wild type littermates (Figure 4D).
In addition, endothelial-dependent vasodilation of submaximally constricted vessels with
both ACh and A23187, which induce vasodilation through eNOS, was absent in Bmpr2AExz/+
mutant IPAs (Figure 4E). This was also associated with a partial impairment in endothelial-
independent vasodilation in response to SNP (Figure 4E). These findings indicate that
Bmpr2Ex2/+ [PAs have multiple defects in NO-dependent vasodilation; namely, in addition to
impaired Bmp-mediated regulation of eNOS, Bmpr22Ex2/+ [PAs are hyper-constrictive and
NO-resistant. The exact functional role that the Bmpr22Ex2 allele plays in these defects is
unknown. Furthermore, it is unclear if defective eNOS-expression is the primary cause of
exacerbated hypoxic PH in Bmpr22Ex2/+ mutant mice. Preliminary data to evaluate both of

these questions are described below.

Genetic analysis of the Bmpr22Ex2 mutation in the context of eNOS deficiency

We hypothesized that, if the primary downstream defect in Bmpr24Ex2/+ mice is
diminished eNOS expression, then adding the Bmpr24Ex2 mutation to an eNOS null
background would not cause hypoxic PH that is exacerbated over that seen in eNOS null
mutants alone. However, if hypoxic PH is exacerbated in double mutants over eNOS null
mutants, it would suggest that diminished eNOS expression alone is not sufficient to cause
the degree of hypoxic PH seen in Bmpr22Ex2/+ mice. Therefore, we crossed Bmpr2AEx2/+
mutant mice with eNOS null mutant mice and then exposed wild type, Bmpr22Ex2/+, eNOS

null, and Bmpr22Ex2/+eNOS null double mutant mice to hypoxia for 5 weeks. Upon evaluating
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Figure 4. Abnormal pulmonary vasoconstriction and NO-mediated vasodilation in
Bmpr22Ex2/+* mutant mouse IPAs. A, B: Representative arteriography tracing of wild type (A) and
Bmpr22Ex2/+ (B) mutant IPAs showing response to defined vasoactive agents. C, D: Vasocontriction
responses to KCl (C) and norepinephrine (NE; D) at the indicated concentrations. E: Cumulative
NO-mediated vasodilation in IPAs pre-constricted with 10-®¢ M NE followed by treatment with the
EC-dependent vasodilators ACh and A23187 (both 10-° M) and the EC-independent vasodilator
SNP (10° M). Data are expressed mean +/- SEM. n=3 vessels/group. Kruskal Wallis ANOVA,
p<0.05: a, vs. wild type at same treatment condition.
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hypoxic PH development, we found that there is a significant increase in RVSP in response
to hypoxia in each genotype; however, in contrast to our expectation, there is no difference
in RVSP between wild type and mutant mice under any of the treatment conditions (Table
8). Male mice tend to develop more severe PH after 5 weeks of hypoxia than female mice,
but this effect is not modulated within either gender by Bmpr22Ex2/+, eNOS null, or
Bmpr22Ex2/+eNOS null double mutation (Table 8). No elevation of RVDP or LVDP was
observed in any genotype, confirming that the increase in RVSP is not due to left-sided heart
failure (data not shown). These hemodynamic data are supported by measurements of RV
hypertrophy, which also show an increase after 5 weeks of hypoxia, but reveal no
differences between genotypes (Table 8). There is also no difference in sedated heart rate

or hypoxia-induced increase in hematocrit between genotypes (Table 8).

To determine whether Bmpr22ix2/+eNOS null double mutation is associated with
alterations in hypoxia-induced pulmonary vascular remodeling, we evaluated the degree of
hypoxia-induced peripheral vessel muscularization in wild type, Bmpr22Ex2/+ eNOS null, and
Bmpr228x2/+eNOS null double mutant mice. Supporting our hemodynamic data, the
characteristic increase in peripheral muscularization is not different between genotypes

(Table 8).

One explanation for our findings is that genetic strain background may be
complicating direct analysis of mutation-specific effects. To address this possibility, we
evaluated the distribution of RVSP within each genotype. This revealed subpopulations of
mutant mice that developed greater hypoxic PH than wild type controls (Figure 5A, above
red dashed line: Bmpr228x2/+ - 3 /18 (16.7%), eNOS null - 2 /16 (12.5%), Bmpr22Ex2/+eNOS null
double mutants - 2/12 (16.7%)). Interestingly, these subpopulations are only observed

among male mice (females, Figure 5B; males, Figure 5C, above red dashed line: Bmpr24Ex2/+ -
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Table 8. Assessment of hypoxic PH in wild type, Bmpr2 2Ex2/+, eNOS null, and
Bmpr22Ex2/+eNQS null double mutant mice. Data are expressed as mean +/- SEM and numbers

per group are as indicated (n). One-way ANOVA with Bonferroni correction, p<0.05: b, vs.
corresponding genotype normoxic control.

RVSP,
mmHg

Female RVSP,
mmHg

Male RVSP,
mmHg

RV/LV+S,
mg/mg

Hematocrit,
%

Heart Rate, bpm

Muscularized
Vessels,
%

Normoxia
Wwild Type Bmp24Ex2/+ eNOS Null Double Mut.
Mean+SEM Mean+SEM Mean+SEM Mean+SEM
() Q] (n) (n)
22.10+1.18 21.99+1.06 26.97+2.80 20.32+0.21
17) (20) (7) @)
19.66+1.82 19.38+1.08 26.0+0.66 ND
7 (1 (3)
23.80+1.37 25.18+1.36 27.66+1.82 20.32+0.21
(10) C)] 4 (2)
0.256+0.01 0.260£0.01 0.247£0.02 0.239£0.01
17) (21) 8) (2)
36.77+1.45 39.03+0.70 36.38+2.51
40.5+0.50 (2
(15) (16) ®) @
492.5+14.9 472.5+11.8 506.3+17.7 438.5+£1.93
17) (20 (7 (2)
ND ND ND ND

40

3 Weeks Hypoxia
Wild Type Bmp22Ex2/+ eNOS Null Double Mut.
Mean+SEM Mean+SEM Mean+SEM Mean+SEM
() Q)] (n) (n)
b b b
32.78+1.17 34.53+1.72 34.00+£1.97 35.5+2.07
(14) (18) (14) (12)
b b b
31.14£1.65 28.88+1.48 29.3+3.16 32.63+3.14
) @) 0 (6
b b b
34.42+1.52 38.12+2.02 35.89+2.2 38.37+2.39
(7) (1n (10) (6)
b b b
0.375£0.01 0.395+0.01 0.347£0.01 0.355+0.02
(15) (22) (20) 17)
b b b
59.17£1.25 58.25+1.79 50.57+1.97 52.38+1.78
(6) (14) (14) (16)
437.0+8.3 439.3+10.5 425.8+11.6 431.4+11.4
(7 (18) (13) (13)
29.29+5.81 31.20+7.95 26.00+4.00 31.33+5.89
@ (5) (2) (3)
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Figure 5. RVSP in wild type, Bmpr228x2/+, eNOS null, and Bmpr228x2/+eNOS null double
mutant mice exposed to normoxia or 5 weeks hypoxia. A: RVSP for each genotype with
genders combined. B, C: RVSP for female (B) and male (C) mice of each genotype. (Double Mut)
mice are Bmpr228x2/*eNOS null. Each dot represents the mean RVSP from a single mouse. Bars
indicate mean RVSP for each group. Dashed line is set at highest wild type 5 week hypoxic RVSP.
One-way ANOVA with Bonferroni correction, p<0.05: b, vs. corresponding genotype normoxic
control.
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3/11 (27.2%), eNOS null - 2/10 (20%), Bmpr22Ex2/+eNOS null double mutants - 2/6
(33.3%)). However, these findings are insufficient to confirm or refute our hypothesis,
since both genetic strain background and gender greatly affect the development of hypoxic

PH in these studies.

Bmpr2-AEx?2 is retained in the endoplasmic reticulum

To explore the underlying mechanism of defective vascular reactivity in Bmpr24Ex2/+
mutant IPAs, we focused our attention on the expressed Bmpr2-AEx2 protein. While
homozygous Bmpr2-/- mutant mice suffer embryonic lethality at gastrulation (18),
homozygous Bmpr22Ex2/AEx2 mutant mice die at embryonic day 13.5 due to cardiovascular
defects (45). This indicates that the Bmpr22Ex2 allele gives rise to a partially functioning
protein, i.e. a hypomorphic Bmpr2 (Bmpr2-AEx2). This raises the possibility that defects in
Bmpr22Ex2/+ mutant mice may be directly due the expression of Bmpr2-AEx2 instead of
impaired Bmpr2-dependent signaling alone. To begin to address this, we first characterized
Bmpr2 expression by western blot using a commercially available mouse monoclonal
antibody (Clone 18, BD) raised against the C-terminus of Bmpr2. In wild type whole lung
lysates, Clone 18 resolves Bmpr2 predominantly as a 150 kDa band, whose expression is
decreased in Bmpr22Ex2/+ whole lung lysates (Figure 6A4, left). Clone 18 also resolves a band
of approximately 130 kDa that is only present in Bmpr24Ex2/+ whole lung lysates, suggesting
that this protein is Bmpr2-AEx2. This possibility is supported using an in-house rabbit
polyclonal antibody (ASQ) that is raised against a peptide encoded by exon 2, which is
deleted in the Bmpr22Exz allele. ASQ recognizes the 150 kDa band in wild type and
Bmpr22Ex2/+ whole lung lysates, but not the 130 kDa band (Figure 64, right). The expression

of the 130 kDa protein is consistently observed in Bmpr22Ex2/+ [PAs and is enriched in
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Figure 6. Western blot analysis of Bmpr2 expression in wild type and Bmpr22Ex2/+ mutant
mice. A: The in-house rabbit polyclonal antibody (ASQ) raised against a peptide encoded by exon
2 of Bmpr2 only resolves the wild type 150 kDa band (right), while Clone 18 (BD), raised against
the C-terminus of Bmpr2, resolves both wild type and the 130 kDa Bmpr2-AEx2 bands (left) in
whole lung lysates. B: Bmpr2-AEx2 is expressed in Bmpr22Ex2/+ [PAs (left) and PECs (right).
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Bmpr22ex2/+ PECs (Figure 6B). Therefore, the 150 kDa band represents expression of wild

type Bmpr2, while the 130 kDa band represents expression of Bmpr2-AEx2.

To evaluate whether Bmpr2-AEx2 undergoes proper sub-cellular trafficking, we
took advantage of the step-wise and sub-cellular compartment-specific modification of
asparagine-linked glycosyl residues (74). Asparagine-linked glycosylation events define
specific points of protein maturation, i.e. trafficking through the ER, cis-, medial-, and trans-
Golgi network. While the endoglycosidase PNGase F cleaves all asparagine-linked
oligosaccharides regardless of complexity, endoglycosidaseH (EndoH) cleaves only
immature asparagine-linked oligosaccharides that exist in the ER or cis-Golgi network. As
such, a glycoprotein that is EndoH-sensitive has not been trafficked beyond the cis-Golgi.
Upon subjecting wild type Bmpr2 and Bmpr2-AEx2 to endoglycosidase treatment, we found
that wild type Bmpr2 from IPAs and PECs (Figure 7A: bands 1 and 2; Figure 7B: band 4) is
not EndoH-sensitive but is cleaved by PNGase F (Figure 7A: bands 1’ and 2’; Figure 7B: band
4’), indicating that it has been trafficked beyond the cis-Golgi. Similar results are also
observed for wild type Bmpr2 expressed in Bmpr22Ex2/+ [PAs and PECs. On the other hand,
the truncated Bmpr2-AEx2 protein (Figure 7A: band 3; Figure 7B: band 5) is fully EndoH
sensitive and is not further cleaved by PNGaseF (Figure 7A: band 3’; Figure 7B: band 5’),
representing immature processing of this mutant protein. These results indicate that
Bmpr2-AEx2 is improperly trafficked in the pulmonary endothelium, which may play a
significant role in the vascular defects observed in Bmpr22Ex2/+ mutant mice. Future studies

to further evaluate this possibility are proposed in Chapter 5.
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Figure 7. Trafficking defect of Bmpr2-AEx2 in Bmpr22Ex2/+ [PAs and PECs. A, B: Bmpr2 was
immunoprecipitated from total protein of wild type and Bmpr22Ex2/+ [PAs (A) or PECs (B) and
then treated +/- endoglycosidase for assessment of sub-cellular compartment-specific
glycosylation. Wild type Bmpr2 (A: bands 1 and 2; B: band 4) is not EndoH-sensitive but is
cleaved by PNGaseF (A: bands 1’ and 2’; B: band 4’), indicating trafficking beyond the cis-Golgi.
Hypomorphic Bmpr2-AEx2 (A: band 3; B: band 5) is fully EndoH sensitive (A: band 3’; B: band 5’),
indicating incomplete trafficking. Blue arrow in A highlights assay sensitivity in the ability to
resolve trafficking intermediates of Bmpr2. Each lane represents immunoprecipitate from a single
IPA or PEC culture dish.
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Discussion

The majority of HPAH patients inherit heterozygous mutations at the BMPRZ locus
(123). Given that pulmonary BMPR2 is dominantly expressed in ECs (8, 55, 166, 199), the
pulmonary endothelium is likely a major target of defective BMPR2-dependent signaling.
Previous data from our lab has shown that Bmpr22Ex2/+ mutant mice develop exacerbated
hypoxic PH that is associated with impaired hypoxic regulation of pulmonary eNOS
expression (55). In the present study, we show that Bmp signaling regulates eNOS
expression and function in the pulmonary vasculature via Bmpr2. Furthermore, Bmpr22Exz/+
mutant [PAs have severe endothelial dysfunction, exhibiting defects in NO-mediated
vasodilation coupled with increased vasoconstriction. These findings indicate that Bmpr2
plays a previously unknown role in regulating vascular tone in the normoxic and hypoxic

pulmonary vasculature through the direct regulation of eNOS.

The role of eNOS in maintaining low pulmonary vascular resistance has been
demonstrated in a number of studies. Mice that are either heterozygous or homozygous
deficient for eNOS have increased hypoxic PH and pulmonary vascular tone (51, 197-198).
Additionally, there is evidence that there may be a reduction in eNOS expression in the
pulmonary endothelium of patients with PAH (63, 126). Therefore, our observation that
eNOS expression is reduced in the pulmonary vasculature of Bmpr22Ex2/+ mutant mice

suggests that Bmp-mediated regulation of eNOS could be of importance in human disease.

Our analyses indicate that Bmpr22Ex2/+ mutant mice have abnormalities in
endothelial function. In support of this, we have demonstrated that there is a marked defect
in NO-mediated vasodilation of preconstricted IPAs from Bmpr22Ex2/+ mutant mice. These

findings are consistent with loss of eNOS expression in Bmpr22Ex2/+ mutant IPAs, given that
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previous studies have shown complete loss of endothelium-dependent vasodilation in eNOS
null pulmonary arteries (197). However, our studies were performed on IPA preparations
from normoxic lungs, which do not display a difference in eNOS expression between wild
type and Bmpr22Ex2/+ mutants. As eNOS activity can be regulated independently of
expression levels (52), this raises the question as to whether there might also be a defect in
eNOS activity in Bmpr22Ex2/+ mutant [PAs. In support of this possibility, PECs isolated from
Bmpr22Ex2/+ mutant mice display decreased NOS activity in response to Bmp activation in
Bmpr2tEx2/+ PECs under normoxic conditions. Furthermore, there is a reduction in the
expression of activated phospho-eNOS (S1177) and the NO-target sGC in normoxic
Bmpr228x2/+ mutant lungs (55). Collectively, these data indicate that basal Bmp signaling
regulates eNOS expression and function in the pulmonary endothelium. Additionally, since
sGC is a marker of NOS activity and is required to mediate NO-dependent vasodilation,
reduced sGC expression may account for the defect in NO-donor-mediated vasodilation in

Bmpr25Exz/+PAs.

Earlier studies have demonstrated enhanced pulmonary vasoconstrictor responses
to exogenous serotonin in isolated pulmonary artery preparations from Bmpr2+/- mutant
mice (116). This finding has been used to support the hypothesis that increased pulmonary
vascular smooth muscle contractility accounts for increased susceptibility to PH in Bmpr2+/-
mutant mice. To explore this further, we developed a novel approach to study pulmonary
vascular responses in [PA preparations. Functional analysis of these smaller vessels is
likely to more closely reflect functional changes in pulmonary resistance vessels than the
analysis of extrapulmonary conduit vessels. Our studies confirmed that Bmpr24Ex2/+ mutant
IPAs have increased vasoconstrictor responses to NE, but contrast with earlier studies that
did not detect differences between wild type and Bmpr2+/- mutant mice to phenylephrine

(PE) (116). Like NE, PE induces vasoconstriction through activation of the a-adrenergic
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receptors in VSMCs. This discrepancy is likely to reflect differences in vascular responses to
conduit artery preparations used in the earlier studies (external diameters of 350-450 pm),
and the smaller IPA preparations used in our studies (resting external diameters of 75-100
pum, increasing to 250-350 pm after inflation). Regardless, results from both studies
indicate that there is increased pulmonary VSMC contractility in mice carrying
heterozygous mutations at the Bmpr2 locus that contributes to their increased susceptibility
to PH. The mechanisms by which these mutations give rise to defects in VSMC function
remain to be established; however, Bmp-mediated regulation of eNOS may play a role since
previous studies found that vasoconstriction responses can be augmented by eNOS

deficiency (101).

In addition to impaired NO-mediated vasodilation and increased vasoconstriction,
other mechanisms may contribute to the development of exacerbated hypoxic PH in
Bmpr2tEx2/+ mutant mice. To explore these possibilities, we chose a genetics-based
approach to evaluate the role of Bmpr2-mediated regulation of eNOS in vivo by examining
the Bmpr24Ex2 mutation in an eNOS null background. We hypothesized that, if the primary
downstream defect in Bmpr24Ex2/+ mice is diminished eNOS expression, then adding the
Bmpr24Ex2/+ mutation to an eNOS null background would not cause hypoxic PH that is
exacerbated over that seen in eNOS null mutants alone. Contrary to prior findings, neither
Bmpr22Ex2/+ or eNOS null mutant mice in this study displayed exacerbated hypoxic PH as
compared to wild type mice. However, a subset of Bmpr22Ex2/+ eNOS null, and
Bmpr22Ex2/+eNOS null double mutant mice developed more severe hypoxic PH than wild
type controls. These findings are consistent with an earlier study describing that a subset of
mice in which Bmpr2 is deleted in pulmonary ECs in vivo spontaneously develop PH (80).
Of note, all of the Bmpr22Ex2/+, eNOS null, and Bmpr22Ex2/+eNOS null double mutant mice in

our study that developed exacerbated hypoxic PH were male. This finding is likely related
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to eNOS deficiency, as the eNOS null mutation has greater impact on the male pulmonary
vasculature than female (111). Taken together, therefore, these studies neither confirm nor
refute our hypothesis that the primary defect in Bmpr22Ex2/+ mutant mice results from loss
of eNOS expression in the pulmonary vasculature. On this basis we are presently unable to
rule out that additional defects contribute to the development of exacerbated hypoxic PH in
Bmpr22Ex2/+ mutant mice. The wide spread in our data and the failure to confirm previous
reports that Bmpr22Ex2/+ or eNOS null mice develop more severe hypoxic PH than their wild
type littermates (51, 55, 197-198) suggests that the failure of these studies is primarily a
reflection of the mixed genetic background used for these studies. Unfortunately, this
problem was unavoidable, since pure background eNOS null mutant mice suffer severe
cardiovascular defects and post-natal mortality (70, 106, 111, 131). Therefore, to test our
original hypothesis, another genetic approach, rescue of hypoxic PH in Bmpr24Exz/+ by

overexpression of eNOS, is proposed in Chapter 5.

It is important to stress that these studies have been performed using Bmpr2AEx2/+
mutant mice, which express a truncated, hypomorphic version of Bmpr2 (Bmpr2-AEx2)
(45). This mutant mouse, in which the majority of the Bmpr2 ligand binding domain has
been deleted, exactly replicates an inherited mutation in one HPAH family, while
approximately 20-30% of all mutations in BMPRZ occur in the ligand binding domain.
Bmpr22Ex2/+ mutant mice are different than the heterozygous null Bmpr2 mutant mice
(Bmpr2+/-) used in earlier studies. Our lab has recently reported that Bmpr224Ex2/+ are more
susceptible to hypoxic PH than wild type littermates (55). On the other hand, Bmpr2+/-
mutant mice do not develop PH with hypoxia alone (17, 116). This raises the possibility
that the defects observed in Bmpr22Ex2/+ mutant mice are partially related to the expression
of Bmpr2-AEx2 instead of decreased Bmpr2-dependent signaling alone. This idea is

consistent with the finding that HPAH patients who carry expressed inactivating BMPRZ2
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mutations have more severe disease than those who carry non-expressed BMPR2 mutations
(9). Therefore, we investigated Bmpr2-AEx2 more closely and found that this mutant
protein displays defective sub-cellular trafficking. Examination of Bmpr2-AEx2
glycosylation revealed that this protein is retained in the ER or cis-Golgi. While this
preliminary evidence does not rule out that some Bmpr2-AEx2 reaches the cell surface, it
raises the possibility that mis-trafficked Bmpr2-AEx2 may exert dominant negative
interference on normal cellular processes. This hypothesis is more fully explored in

Chapter 5.

Collectively, the data presented in this chapter suggest a novel role for Bmpr2 in
regulation of pulmonary vascular tone. In this model, Bmp ligands signal through Bmpr2 to
regulate eNOS expression, thereby positively affecting NO production and promoting
vasodilation. In the presence of BmprZ mutation, the Bmp-mediated regulation of eNOS is
impaired, leading to endothelial dysfunction and increased pulmonary VSMC contractility.
These defects are exaggerated in chronic hypoxia when NO-mediated vasodilation is
imbalanced with hypoxic pulmonary vasoconstriction, thus exacerbating hypoxic PH in
Bmpr22Ex2/+ mutant mice. Our findings have implications for the understanding of human

HPAH and potentially identify areas of therapeutic intervention in other forms of PAH.

Acknowledgments

The studies described in this chapter were a collaborative effort among several
individuals. A particular debt of gratitude is owed to David Frank, Lynda Anderson, Mark

Jones, Ambra Pozzi, Stan Poole, and Jeff Reese.

50



CHAPTERIII

BMP2 EXERTS PROTECTIVE EFFECTS IN HYPOXIC PULMONARY HYPERTENSION

Introduction

The observation that most patients with the rare disease HPAH inherit
heterozygous mutations in BMPRZ (123) suggests that dysregulated BMPR2-dependent
signaling contributes to the pathogenesis of this disease. All forms of PH display structural
remodeling of resistance-level pulmonary arteries and increased pulmonary vascular tone
and reactivity (165), suggesting that defects in similar regulatory mechanisms may underlie
the development of most forms of PH. This also raises the wider question as to the role of
BMPR2-dependent signaling in more common forms of PH that are not associated with

inherited BMPRZ2 mutations.

To explore the role of Bmps in regulating pulmonary vascular function in the
absence of Bmpr2 mutations, we evaluated pulmonary expression of Bmpr2 ligands in a
mouse model of hypoxic PH. Pulmonary Bmp2 and Bmp4 expression (but not Bmp5, Bmp6,
or Bmp7) are up-regulated following exposure to hypoxia (54). Surprisingly, loss of
hypoxia-induced Bmp4 expression in heterozygous null Bmp4lacZ/+ mutant mice is
associated with reduced PH and decreased pulmonary vascular remodeling and VSMC
proliferation. These findings suggest that Bmp4 promotes hypoxic PH by increasing VSMC
proliferation and vascular remodeling. This is consistent with the observation that
conditional loss of Alk3 (a type 1 Bmp receptor required for some Bmpr2-signaling (42)) in

VSMCs protects mice against hypoxic pulmonary vascular remodeling (49). These findings
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contrast with our observations in Bmpr22Ex2/+ mutant mice, which show greater
susceptibility to hypoxic PH (55). Furthermore, ~30% of mice with conditional deletion of
Bmpr2 in ECs spontaneously develop PH (80). This indicates that loss of Bmpr2-mediated
signaling in ECs is sufficient to promote PH. Therefore, observations in Bmp4Lacz/+ and
Bmpr2 mutant mice suggest that Bmp signaling exerts opposing effects on the pulmonary
vasculature through its effect on VSMC and EC function. Furthermore, they raise the
questions as to the dominant ligand activating Bmpr2 in the pulmonary endothelium. Since
Bmp?2 is also up-regulated in the hypoxic lung (54) and is a Bmpr2 ligand, we therefore
hypothesized that hypoxia-induced expression of Bmp2 exerts opposing effects to Bmp4 in
the hypoxic pulmonary vasculature, and that Bmp2 is the dominant ligand activating Bmpr2

in pulmonary ECs.

To test this hypothesis, we investigated the role of Bmp2 in hypoxic PH using mice
deficient for Bmp2 (BmpZ2+/- mutant mice). We show that these mice develop more severe
hypoxic PH than their wild type littermates. Unlike Bmp4LlacZ/+ mutant mice, Bmp2+/- mutant
mice have decreased hypoxia-induced expression and activation of eNOS in the pulmonary
vasculature. These findings suggest that Bmp2 and Bmp4 exert opposing effects on the
pulmonary vasculature in vivo, and that the effects of Bmp2 are likely to be mediated
through activation of protective, Bmpr2-dependent effects in pulmonary ECs in hypoxic PH.
Our findings outlined in this chapter have recently been published as a co-first authored

study (3).
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Methods

Mouse lines

BmpZ2+/- mice bred on a C57Bl/6 background were a gift from Stephen Harris (236).
Bmp4Lacz/+ mice bred on an ICR background were a gift from Brigid Hogan (103). 5’ and 3’
BmpZ2 BAC transgenic reporter mice have been described (27). Wild type ICR mice for IPA
response studies were purchased from Charles River. Genotyping was performed by PCR of

ear punch DNA using the primer sets outlined in Table 6.

Quantitative RT-PCR

Total RNA from snap frozen left lung was extracted in Trizol reagent (Invitrogen)
and quantified by UV spectrophotemetry (NanoDrop, Thermo Scientific). Reverse
transcription of 1 ug RNA by Superscript Il (Invitrogen) was used to generate cDNA for
analysis by quantitative PCR (Biosystems 7300 Real Time PCR, Applied Biosystems) using
SYBR Green (Applied Biosystems). Primers complementary to mouse mRNA sequences
were designed to cross exon boundaries to avoid detection of contaminating genomic DNA
and are outlined in Table 9. Changes in mRNA expression were determined by comparison
of sample Ct values against a standard curve generated using pooled sample cDNA. All data

were normalized to S-actin mRNA and expressed as fold change of normoxic control.
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Table 9. Quantitative PCR primers utilized for RT-PCR analysis of mRNA. Primer
sequences and amplicon size are listed for each target mRNA. All Quantitative PCR
reactions were performed in a Biosystems 7300 Real-Time PCR (Applied Biosystems) using
SYBR Green (Applied Biosystems).

mRNA Forward Primer Reverse Primer Amslzlzigon
Bmp2 TGTGGGCCCTC?\TAAAGAAGCAG AGCAAGCTGAC?GGTCAGAGAAC 164 bp
Bmp4 CCTCAAGGGAGTGGAGATTG GACTACGTTTGGCCCTTCTG 102 bp
eNOS GGGAAAGCTGCAGGTATTTG TGATGGCTGAACGAAGATTG 115bp
B-actin ACGGCCAGGTCATCACTATTG AGGGGCCGGACTCATCGTA 371bp
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Western blot

Western blot analyses were performed as described in Chapter 2 using antibodies

detailed in Table 7.

Experimental PH

Experimental PH was performed as described in Chapter 2.

Histological evaluation of pulmonary vascular remodeling, proliferation, and vascular

density

Evaluation of pulmonary vascular remodeling was performed as described in
Chapter 2. With the observer blinded to genotype and treatment condition, VSMC
proliferation was determined as described using two-color immunofluorescence staining
for a-SMA and PCNA with DAPI nuclear stain (54-55). In this assay, proliferating VSMCs
stain positive for PCNA and are identified by expression of a-SMA. Vascular cell
proliferation is expressed as number of PCNA-positive VSMC/vessel. Because significant
hypoxia-induced proliferation is not observed at the 3 week time-point (130), proliferation
was scored after 1 week of hypoxia only. Vessel density, expressed as vessels per 100
alveoli, was determined after H&E staining and counting of peripheral vessels and alveoli

from 100X fields of view.
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Analysis of 3-galactosidase expression in BmpZ2 BAC LacZ transgenic mice

Lungs were inflated and fixed in 0.2% glutaraldehyde in PBS with 2 mM MgCl2 and
5 mM EGTA overnight. Tissue processing and 3-galactosidase staining were performed as
described (22). Results were quantified by counting the number of blue cells per alveolus
or vessel in cross section, excluding vessels if their longitudinal length was >2X their width.
Cell counts were obtained in peripheral vessels (20-50 um and distal to terminal
bronchioles) and larger vessels (50-200 um and associated with muscularized airways). We

evaluated >300 alveoli, >30 small, and >20 large vessels per mouse.

Isolation of IPA trees

The isolation of IPA trees was performed as described in Chapter 2. For Bmp-
response studies, freshly isolated IPA s were cultured in DMEM with 10% FBS and treated +

50 ng/ml recombinant Bmp2 or Bmp4 (R&D systems) for 18 hours prior to lysis.

Statistical analyses

Statistical analyses were performed as described in Chapter 2.
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Results

Bmp2-dependent signaling is impaired in BmpZ2+/- mutant mice

To determine the functional role of Bmp2 in hypoxic PH, we obtained mice in which
the BmpZ2 genomic locus has been disrupted. While homozygous deficiency of BmpZ2 results
in embryonic lethality, BmpZ2+/- mutant mice are phenotypically normal (236). Similar to
previous observations (54), wild type mice display increased pulmonary BmpZ2 mRNA and
phosphorylation of Smad1/5/8 (pSmad1/5/8) in response to chronic hypoxia (Figure 84, C,
D). However, both responses are significantly blunted in BmpZ2+/- mutant mice (Figure 8A, C,
D). There is no compensatory change in Bmp4 mRNA levels in hypoxic BmpZ2*/- mutant mice
(Figure 8B). Because BmpZ2+/- mutant mice display impaired Bmp2-dependent signaling,

they provide a useful model to study the functional role of BmpZ2 in hypoxic PH.

BmpZ2+/- mutant mice develop exacerbated hypoxic pulmonary hypertension

The role of Bmp2 in hypoxia was investigated by exposing wild type and Bmp2+/-
mutant mice to 10% normobaric oxygen for up to 3 weeks. Compared to wild type
littermates, Bmp2+/- mutant mice develop higher RVSP after 3 weeks hypoxia (Figure 9A, B;
Table 10). RV hypertrophy also tended to be higher in BmpZ2+/- mutant mice than wild type
littermates after 3 weeks hypoxia, but this difference failed to reach statistical significance
(Table 10). Increased RVSP in Bmp2+/- mutant mice is not due to left ventricular failure as
no elevation in LVDP was observed (data not shown), and did not result from differences in

polycythemic responses to hypoxia between genotypes (Table 10).
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Figure 8. Bmp signaling in Bmp2+*/- mutant mice. A, B: Quantitative RT-PCR for BmpZ2 (A) and
Bmp4 (B) mRNA expression in wild type and Bmp2*/- mouse lungs under normoxia (wild type
n=8, Bmp2+/- n=6), 1 week hypoxia (wild type n=6, Bmp2*/- n=6), and 3 weeks hypoxia (wild type
n=5, Bmp2*/- n=5). C, D: Whole lung phospho-Smad1/5/8 (pSmad1/5/8) in wild type and
Bmp2+/- mutant mice detected by western blot (C) and quantified by densitometry (D). Data
expressed as mean +/- SEM for wild type mice (white bars), and Bmp2*/- mutant mice (black
bars). One-way ANOVA with Bonferroni correction, p<0.05: a, vs. wild type normoxia; b, vs. wild
type 1 week hypoxia, and c, vs. wild type 3 weeks hypoxia.
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Figure 9. Hypoxic PH responses in Bmp2*/- mutant mice. A: Representative RV pressure
tracings from wild type and Bmp2*/- mutant mice exposed to normoxia or 3 weeks hypoxia. B
Mean RVSP in wild type and Bmp2+*/- mutant mice exposed to normoxia or 3 weeks hypoxia.
Mouse numbers per group are indicated in Table 10 (page 60). Data are expressed as mean +/-
SEM for wild type mice (white bars) and Bmp2*/- mice (black bars). One-way ANOVA with
Bonferroni correction, p<0.05: a, vs. wild type normoxia; ¢, vs. wild type 3 week hypoxia.
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Table 10. Hypoxic PH in Bmp2*/- mutant mice. RVSP, RV/LV+Septal ratio, and hematocrit in wild
type and Bmp2*/- mutant mice exposed to normoxia, 1 week, or 3 weeks hypoxia. Data are expressed
as mean +/- SEM. Mouse numbers indicated in parentheses. One-way ANOVA with Bonferroni
correction, p<0.05: a, vs. wild type normoxia; ¢, vs. wild type 3 weeks hypoxia. RV/LV+S ratio and
hematocrit measurements were determined by L. Anderson.

Normoxia 1 Week Hypoxia 3 Weeks Hypoxia
Wild Type Bmp2+/- Wild Type Bmp2+/- Wild Type Bmp2+/-
Mean+/- Mean+/- Mean+/- Mean+/- Mean+/- Mean+/-
SEM SEM SEM SEM SEM SEM
() (n) () (n) (n) ()
21.26+/- 20.49+/- 27.66+/- 9 29.8+/- 9 27.29+/- 9 31.95+/- ‘Cl
RVSP, mmHg 0.822 0.69 1.41 1.47 0.86 1.40
(18) (17) (6) (6) (16) (8)
RV/LV4S 0.313+/- 0.309+/- 0.363+/- 0.330+/- 0.397+/- a 0.371+/- a
// +5 0.020 0.011 0.028 0.020 0.032 0.046
mg/mg
(14) (11) (6) (7 (19) 9)
42.75+/- 43.00+/- 56.27+/- 60.11+/-
Hematocrit, % 1.57 1.81 ND ND 3.27 3.58
(8) (5) (11) %)
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In addition to increased RVSP, Bmp2+/- mutant mice, when compared to wild type
littermates, show a marked increase in peripheral vessel muscularization after exposure to
hypoxia for 3 weeks (Table 11). Increased vessel remodeling is not associated with
significant differences in alveolar vascular density in wild type and BmpZ2+/- mutant mice
under normoxic or hypoxic conditions (Table 11), suggesting that aberrant remodeling and
PH responses to hypoxia do not result from a developmental defect in small vessel
patterning in the lung. Since previous studies indicate that proliferative effects of hypoxia
occur early in the development of hypoxic PH (130, 164), we went on to evaluate
pulmonary VSMC proliferation after 1 week of hypoxia in both small, peripheral
muscularized vessels (20-50 um diameter) and larger, airway-associated muscularized
vessels (50-200 pm diameter). There are very few o-SMA-positive, small, peripheral
muscularized vessels in normoxic lungs of either wild type or Bmp2+/- mutant mice. For this
reason, we were unable to evaluate basal, normoxic VSMC proliferation rates in these
vessels. Studies were therefore performed by comparing genotypes exposed to hypoxia
only. VSMC proliferation in these small, muscularized peripheral vessels is reduced in
hypoxic BmpZ2+/- mouse lungs, although these differences are not significantly different from
VSMC proliferation rates in wild type littermates (Table 11). Basal VSMC proliferation in
larger, muscularized vessels is slightly increased in Bmp2+/- versus wild type mice, but this
is not statistically significant. There is, however, a significant reduction in VSMC
proliferation in larger muscularized vessels from BmpZ2+/- mice compared to wild type
littermates after 1 week of hypoxia (Table 11). Taken together, these findings indicate that
BmpZ2+/- mutant mice have increased susceptibility to hypoxic PH. This is associated with
increased muscularization of the peripheral pulmonary vasculature which occurs without

evidence of increased VSMC proliferation.
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Table 11. Hypoxia-induced vascular remodeling and proliferation in wild type and Bmp2+/-
mutant mice. Peripheral pulmonary vessel muscularization, VSMC proliferation in small,
muscularized peripheral and larger proximal vessels, and peripheral vessel density ratios in wild
type and Bmp2*/- mutant mice exposed to normoxia, 1 week, or 3 weeks hypoxia. Data are
expressed as mean +/- SEM. Mouse numbers indicated in parentheses. One-way ANOVA with
Bonferroni correction, p<0.05: a, vs. wild type normoxia; b, vs. wild type 1 week hypoxia; ¢, vs. wild
type 3 weeks hypoxia. Peripheral muscularization and density ratios were determined by L.

Anderson.

Peripheral
Muscularization,
%

Proximal Vessel
VSMC
Proiferation,
PCNA+/Vessel

Peripheral Vessel
VSMC
Proiferation,
PCNA+/Vessel

Muscularized
Peripheral Vessel
Density,
Vessel/100 Alveoli

Normoxia
Wild Type Bmp2+/-
Mean+/- Mean+/-
SEM SEM
(n) (n)
1.33+/-0.49 8.00+/-4.03
(6) (5)
0.59+/-0.07 1.47+/-0.35
(3) (3)
ND ND
3.68+/-0.61 3.73+/-0.31
(6) (5)

1 Week Hypoxia 3 Weeks Hypoxia

Wild Type Bmp2+/- Wild Type Bmp2+/-

2

0
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Mean+/- Mean+/- Mean+/- Mean+/-
SEM SEM SEM SEM
(n) (n) (n) (n)
23.66+/- 1 45.00+/- ¢
ND ND 5.57 492
(6) (5)
a
43+/-0.34 1.36+/-0.23 0.64+/-0.08 1.01+/-0.25
(5) (4) (3) (3)
b
.20+/-0.03 0.11+/-0.03 0.07+/-0.01 0.04+/-0.01
(3) (4) (5) (4)
3.59+/-0.36 3.31+/-0.29
ND ND

(6) (5)



Bmp2 expression in the lung is closely associated with the vasculature

To determine the mechanism by which Bmp2 regulates pulmonary vascular
responses to chronic hypoxia, we first evaluated its cellular localization in hypoxic lungs.
We were unsuccessful in detecting Bmp2 protein expression by immunohistochemical
analysis using commercially available antibodies (data not shown). Therefore, to determine
which pulmonary cell types express Bmp2, we evaluated LacZ expression by -
galactosidase activity in the lungs of two Bmp2 BAC LacZ reporter mice (27). The 5’ Bmp2
BAC LacZ and 3’ Bmp2 BAC LacZ mice encompass most of the 5’ and 3’ cis-acting regulatory
sequences for Bmp2, respectively. The 5° Bmp2 BAC reporter expresses LacZ in the
embryonic lung while the 3 Bmp2 BAC reporter does not (27). Consistent with these
findings, there are only occasional (<1% of the total cells) intra-alveolar cells that show (-
galactosidase activity after 3 weeks of hypoxia in the 3’ Bmp2 BAC reporter mouse (data not
shown). In contrast, there is abundant 3-galactosidase activity in the adult lungs of 5’ Bmp2
BAC reporter mice (Figure 10A-F), indicating that pulmonary regulation of BmpZ2 in the
adult is dependent on cis-acting elements in the 5 BmpZ2 BAC reporter. Using these mice,
we show that BmpZ2 LacZ is expressed at low levels in alveolar and bronchial epithelium and
in a small number of vessels under normoxic conditions, and that there is a step-wise
increase in the number of LacZ-positive cells in the lung after exposure to hypoxia for 1 and
3 weeks (Figure 10G). While there is an increased number of LacZ-positive alveolar cells,
there is a marked increase in LacZ-positive cells in small, peripheral pulmonary vessels
following 1 and 3 weeks of hypoxia but no change in the number of LacZ-positive cells in
larger vessels. Higher magnification images of LacZ-positive cells in small, peripheral
pulmonary vessels indicate that the majority of these cells are located in the intimal wall
under hypoxic conditions (Figure 10F). This suggests that ECs are the main site of Bmp2

expression in the hypoxic peripheral pulmonary vasculature. These findings contrast with
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Figure 10. LacZ expression in the 5' Bmp2 BAC reporter mice. A-F: (3-galactosidase staining of
lung tissue sections from 5' Bmp2 BAC LacZ reporter mice under normoxia (A), 1 week hypoxia
(B), or 3 weeks hypoxia (C, D). Higher power images of LacZ-expressing cells under normoxic
conditions (E) and after 3 weeks hypoxia (F). LacZ staining is indicated in alveoli (thin black
arrows), small vessels (<50 pm and distal to terminal bronchioles, thick black arrows) and larger
vessels (50-200 um and associated with muscularized airways, clear block arrows). Black scale
bars 100 pum (A-D), white scale bars 50 pm (E, F). G: Quantification of LacZ-expressing cells. LacZ-
positive cells were counted and expressed as stained cells/unit. Data are mean +/- SEM (n=5 per
group). One-way ANOVA with Bonferroni correction, p<0.05: a, vs. normoxic control. Staining
and counts performed by M. deCaestecker.
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our previous observations using Bmp4 LacZ knock-in reporter mice (54). Bmp4 LacZ is also
widely expressed in bronchial and alveolar epithelium, but unlike the 5° BmpZ2 LacZ

reporter, we do not see increased Bmp4 LacZ expression in these small, peripheral vessels.

BmpZ2+/- mutant mice display decreased pulmonary eNOS expression and activity

Given that Bmp signaling has been shown to regulate expression and activity of
eNOS (Chapter 2), and since abnormalities in the eNOS pathway play an important role in
regulating pulmonary vascular responses in PH (31), we evaluated the regulation of
pulmonary eNOS in hypoxic BmpZ+- mutant mice. While chronic hypoxia increases
pulmonary eNOS protein expression in wild type mice, hypoxia-induced eNOS expression is
markedly reduced in BmpZ2+/- mutant mouse lungs (Figure 11A, B). Pulmonary eNOS
expression is also reduced in normoxic BmpZ2+/- mutant mice when compared with wild type
littermates but this difference did not reach statistical significance. There are no differences
in pulmonary eNOS mRNA expression in hypoxic wild type or BmpZ2+- mutant mice,
suggesting that the associated changes in eNOS protein expression are regulated at a post-
transcriptional level. Decreased pulmonary eNOS in Bmp2+/- mutant mice is associated with
a reduction in hypoxia-induced phosphorylation of vasodilator stimulated phosphoprotein
(VASP) Serine-239 (Figure 11A, C). VASP is phosphorylated at Ser239 by cGMP-dependent
protein kinases (PKGs) (24). As PKGs are downstream mediators of nitric oxide signaling,
analysis of phosphorylation at VASP Ser239 (pSer239 VASP) provides a sensitive indicator
of NOS activity in vivo (150). The pSer239 VASP antibody also recognizes a higher
molecular weight band corresponding to pSer157 VASP, a target of cAMP-dependent
protein kinases (PKAs) (24). There is no significant change in pSer157 VASP expression

between wild type and BmpZ+/- mutant mice under normoxic or hypoxic conditions (Figure
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Figure 11. eNOS expression in Bmp2*/- mutant mouse lungs. A-D: Western blot and
quantification of eNOS (A, B), phospho-Ser239 VASP (A, C), and phospho-Ser157 VASP (A, D) in
whole lung lysates from wild type and Bmp2*/- mutant mice exposed to normoxia or 3 weeks
hypoxia. E: Pulmonary eNOS mRNA expression assessed by quantitative RT-PCR under normoxic
conditions (wild type n=8; Bmp2+*/- n=6) or after 3 weeks hypoxia (wild type n=5; Bmp2+*/- n=5). F,
G: Western blot and quantification for eNOS expression in intrapulmonary artery preparations
(IPAs) isolated from normoxic or 3 week hypoxic wild type and Bmp2*/- mutant mice. Data are
expressed as mean +/- SEM for wild type (white bars) and Bmp2*/- (black bars). One-way ANOVA
with Bonferroni correction, p<0.05: a, vs. wild type normoxia; ¢, vs. wild type 3 weeks hypoxia.
Western blot analysis in A performed by L. Anderson.
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11A, D). This suggests that alterations in pSer239 VASP expression reflect differences in
pulmonary PKG activity, and that reduced eNOS expression is associated with reduced

pulmonary NOS activity in hypoxic Bmp2+/- mutant mice.

To examine the regulation of eNOS expression in the pulmonary vasculature of
BmpZ2+/- mice, we isolated whole intrapulmonary arterial (IPA) trees from wild type and
BmpZ2+/- mutant mice exposed to normoxia or 3 weeks hypoxia. This revealed that eNOS
protein expression is significantly reduced in IPAs of hypoxic BmpZ2+/- vs. wild type IPAs
(Figure 11F, G). These findings are consistent with our observations in whole lungs and
indicate that there is a defect in hypoxia-induced eNOS expression in the pulmonary

vasculature of BmpZ2+/- mice.

Bmp2, not Bmp4, is the ligand mediating Bmp-dependent regulation of eNOS in vivo

Our studies suggest that reduced eNOS expression in hypoxic Bmp2+/- mutant mice
results from decreased expression of Bmp2 in the hypoxic lung. Since heterozygous null
Bmp4tacZ/+ mutant mice are protected from the development of hypoxic PH (54), we went on
to evaluate the regulation of eNOS in hypoxic Bmp4laZ/+ mouse lungs. Unlike BmpZ2+/-,
Bmp4tacz/+ mutant mice show a normal eNOS response to chronic hypoxia (Figure 124, B),
indicating that Bmp2 and Bmp4 have different effects on hypoxic regulation of eNOS in vivo.
To evaluate this further, we compared eNOS responses to exogenous Bmp2 and Bmp4
treatment in IPAs. Bmp2 and Bmp4 induce similar increases in eNOS expression in wild
type IPAs (Figure 13A, B). These findings indicate that the different effects of Bmp2 and
Bmp4 in the hypoxic regulation of eNOS in vivo are unlikely to result from differences in
direct ligand-dependent cellular responses. Based on our analyses of Bmp2 and Bmp4

expression domains in the hypoxic lung, we propose that the differential effects of these
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Figure 12. eNOS expression in Bmp4'2<2/+ mutant mouse lungs. A-B: eNOS protein expression
(A) and quantification (B) in wild type and Bmp4'2°Z/+ mutant lungs. Data are expressed as mean
+/- SEM for wild type (white bars) and Bmp4az/+ mutant mice (hatched bars). One-way ANOVA
with Bonferroni correction, p<0.05: a, vs. wild type normoxic.
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Figure 13. Regulation of eNOS by Bmp2 and Bmp4 in isolated IPA preparations. A: Western
blot for eNOS expression in [PAs cultured +/- 50 ng/ml Bmp2 or Bmp4 for 18 hours before lysis.
B: Quantification of eNOS blots by densitometry normalized to -actin. Data are expressed as
mean +/- SEM. Unpaired t-test, p<0.05: a, vs. untreated controls.
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ligands on vascular function and eNOS expression in vivo result from their distinct cellular

expression domains in the hypoxic lung.

Discussion

The majority of patients with HPAH inherit heterozygous BMPRZ mutations (123),
indicating that dysregulated BMPR2-dependent signaling contributes to the development of
this disease. This suggest that defective BMPR2-dependent signaling might also play a role
in more common forms of PH not associated with inherited BMPRZ mutations. To address
this, we have explored the mechanisms by which two of the Bmpr2 ligands that are
expressed in the adult mouse lung, Bmp2 and Bmp4, modulate pulmonary vascular function

and remodeling in hypoxic PH.

Bmp4 is expressed widely in bronchial and alveolar epithelium and, to a lesser
extent, pulmonary ECs, and is up-regulated by chronic hypoxia; Bmp4 levels do not increase
with hypoxia in Bmp4laZ/+ mutant mice, and these mice are protected from the
development of hypoxic PH (54). As Bmpr2Ex2/+ mutant mice develop more severe hypoxic
PH (55), these data suggest that dominant effects of the Bmpr2 mutation do not result from
loss of Bmp4-dependent responses in the pulmonary vasculature. This led us to explore
whether Bmp2, which is also up-regulated in the hypoxic lung (54), is the predominant
intrapulmonary Bmp ligand responsible for activating these Bmpr2-dependent responses in
the pulmonary vasculature. We now show that Bmp2 levels do not increase with hypoxia in
heterozygous null BmpZ2+/- mutant mice, and that these mice develop more severe hypoxic

PH than wild type littermates. Furthermore, like Bmpr22Ex2/+ mutant mice, there is marked
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reduction in hypoxia-induced eNOS expression in the pulmonary vasculature of BmpZ2+/-
mutant mice. This is associated with a reduction in phosphorylation of VASP Ser239, which
is a sensitive indicator of defective NO/cGMP signaling in the vasculature (150), suggesting
that there is a decrease in pulmonary NOS activity in hypoxic Bmp2+/- mutant mice. This
indicates that eNOS deficiency is a common feature in hypoxic BmpZ2+/- and Bmpr22Exz/+
mutant mice. Furthermore, while it has been suggested that other intrapulmonary Bmp
ligands (including Bmp6 and Bmp7) and/or circulating Bmp ligands (including Bmp9) may
activate Bmpr2 in the pulmonary vasculature (211), our studies suggest that effects of
Bmpr2 mutations may in part result from loss of Bmp2-dependent responses in the

vasculature.

Increased PH in Bmp2+/- mutant mice is associated with increased peripheral
muscularization, a marker of pulmonary vascular remodeling. This is not associated with
an increase in pulmonary VSMC proliferation in hypoxic Bmp2+/- mutant mice. VSMC
proliferation in larger muscularized vessels is actually decreased in BmpZ*/- mutant mice
after 1 week of hypoxia. These findings were unexpected as hypoxia-induced peripheral
vessel muscularization is usually associated with increased VSMC proliferation (130). This
expansion of peripheral muscularized vessels does not result from decreased VSMC
apoptosis in hypoxic BmpZ2+/- versus wild type mice, as our lab has been unable to detect
pulmonary VSMC apoptosis in wild type mice exposed to 10% oxygen by TUNEL assay or
cleaved caspase 3 staining (54). Therefore, while exogenous Bmp2 promotes growth
inhibition and induces apoptosis in cultured VSMCs (54, 139, 202, 235, 238), our findings
indicate that these responses do not play significant roles in promoting enhanced vascular
remodeling in the hypoxic pulmonary vasculature of BmpZ2+/- mutant mice in vivo. It has
been proposed that peripheral vascular remodeling in hypoxia results from increased

migration of differentiated pulmonary VSMCs from more proximal sites and/or increased
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differentiation of non-muscularized peripheral vessel pericytes into VSMCs (130).
Exogenous Bmp2 (and Bmp4) increase migration of cultured pulmonary VSMCs (54). On
this basis, reduced expression of Bmp2 would be expected to reduce, not increase, the
degree of hypoxia-induced peripheral vascular muscularization in BmpZ2+/- mutant mice.
Therefore, our studies suggest that increased hypoxic peripheral muscularization in Bmp2+/-
mutant mice is most likely to result from increased vascular pericyte differentiation into

VSMCs. The mechanism by which this occurs is unknown.

Bmp2 and Bmp4 have 92% amino acid sequence identity and are essentially
indistinguishable in most in vitro functional assays. However, studies from our lab suggest
that Bmp2 and Bmp4 have opposing effects in hypoxic PH in vivo. Furthermore, there is a
marked reduction in hypoxia-induced eNOS expression in Bmp2+/- mutant mice while eNOS
expression is unaffected in Bmp4Lacz/+ mutant mouse lungs. As discussed in Chapter 2, eNOS
deficiency could account for the differences in PH responses to chronic hypoxia in the two
Bmp mutant mouse lines. However, our studies also show that eNOS expression is induced
equally after treating cultured IPA preparations with exogenous Bmp2 and Bmp4. This
suggests that the opposing effects of these ligands in vivo do not result from differences in
direct cellular responses to Bmp2 and Bmp4. One explanation is that vascular target cells
respond differently to these ligands in vivo because Bmp2 and Bmp4 are expressed in
distinct cellular domains of the lung. Our findings using Bmp2 BAC transgenic reporter mice
to identify cellular expression domains of Bmp2 in the hypoxic lung support this hypothesis.
Together with our lab’s earlier observations using Bmp4 LacZ knock-in mice to evaluate
Bmp4 localization in the hypoxic lung (54), these findings indicate that BmpZ2 and Bmp4 are
expressed in overlapping expression domains in the alveolar epithelium, but that Bmp2 is
more strongly expressed than Bmp4 in small peripheral vessels in the hypoxic lung.

Therefore, reduced expression of the two Bmp ligands in BmpZ2+/- versus Bmp4LacZ/+ mutant
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mice may have different effects on vascular function and eNOS expression as a result of
differences in local Bmp concentrations in and around the hypoxic pulmonary vasculature.

Future studies to further evaluate these possibilities are proposed in Chapter 5.

In summary, these studies demonstrate for the first time the opposing roles of Bmp2
and Bmp4 ligands in the development of hypoxic PH. We show that eNOS deficiency is a
common feature in hypoxic BmpZ2+/- and Bmpr22Ex2/+ mutant mice and suggest that Bmp?2 is
the predominant ligand mediating Bmpr2-dependent effects in the hypoxic pulmonary
vasculature. As the functional effects of Bmp2 and Bmp4 are indistinguishable in vitro,
these findings underscore the importance of studies to evaluate the functional role of the
Bmp pathway in vivo. These studies shed new light on the mechanisms by which aberrant
BMP signaling associated with BMPR2 mutations may contribute to the pathogenesis of
HPAH as well as other, more common forms of PH not associated with inherited BMPRZ

mutations.
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CHAPTER IV

ROLE AND REGULATION OF ID FAMILY MEMBERS IN HYPOXIC PH

Introduction

Advances in our understanding of the mechanisms underlying HPAH will likely
come from investigation of the downstream signaling effectors of Bmp signaling. The
receptor Bmpr2 is a component of the Bmp signaling cascade which is activated when
members of this family of growth factors bind to specific combinations of type I and type Il
Bmp receptors. Activation of these receptors leads to C-terminal phosphorylation of the
receptor-activated Smads (Smad1/5/8), their nuclear translocation, and transactivation of
target genes (42). One such well-characterized transcriptional target of Bmp-activated
Smads is the gene encoding the basic helix-loop-helix (bHLH) protein Inhibitor of
Differentiation 1 (Id1) (135, 205). Id proteins, of which there are four known members in
mammals (Id1-4), lack the DNA binding basic domain, thereby serving as dominant negative
regulators of transcription by heterodimerization with other bHLH proteins (83). The best
described targets of Id1 are members of the ubiquitously expressed family of “E” proteins,
which are sequestered and prevented from binding to tissue-specific bHLH proteins (149).
This negative regulatory function allows Id1 to play a role in multiple cellular processes.
For example, Id1 promotes proliferation, inhibits differentiation, and in some cases induces
apoptosis (171, 186, 220). Being a well-characterized Bmp target, expression of Id1 has

been used as a downstream readout of active Bmp signaling in multiple systems, including
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the study of PH (54, 68, 140, 203, 233). However, little is known about the role Id1 plays in

the events leading to the development of PH.

The vascular remodeling that is characteristic of human PAH has been suggested to
arise from increased proliferation and migration of VSMCs, reduced vascular cell apoptosis,
and trans-differentiation of pericytes (130). Previous in vitro work suggests a complex and
cell-dependent functional role for Id1 in mediating many of these functions. For example, it
has been shown that ID1 promotes proliferation, tube formation, and migration of human
umbilical vein and bovine aortic ECs (107, 148, 172, 215). ID1 also promotes migration of
human umbilical vein VSMCs (30). On the other hand, another group of investigators has
shown that ID1 exerts anti-proliferative effects in human pulmonary artery smooth muscle
cells (233). In these studies, BMP-mediated regulation of ID1 was shown to be BMPR2-
dependent, leading these authors to conclude that reduced expression of ID1 in pulmonary
VSMCs from HPAH patients with BMPRZ mutations might promote pulmonary vascular

remodeling in this disease.

In vivo studies on Id1 expression also suggest a complex regulation of Id1 in
different models of PH. For example, pulmonary Id1 expression is reduced in the
monocrotaline-injury rat model (115, 140), unchanged (115) or reduced (200) in the rat
model of chronic hypoxia, but increased in murine hypoxic PH (54). Furthermore, we have
shown that pulmonary Id1 expression is reduced in mice that are heterozygous deficient for
the ligand Bmp4, suggesting that Id1 is an in vivo target of Bmp4 (54). Since these studies
also revealed that Bmp4 mutant mice are protected from the development of hypoxic PH,
pulmonary vascular remodeling, and hypoxia-induced VSMC proliferation, these findings
also suggest that Id1 could be acting as a downstream mediator of Bmp4 to promote

hypoxia-induced remodeling of the pulmonary vasculature. This is consistent with
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numerous studies indicating that Id1 promotes proliferation in a variety of cell types (171,
186, 220), but contrasts with in vitro studies suggesting that Id1 mediates anti-proliferative

effects of Bmp4 in pulmonary VSMCs (233).

To address these inconsistencies in the literature, we sought to determine the
definitive in vivo role of Id1 in a model of chronic hypoxia-induced PH using a genetic
approach in mice. Despite robust induction of Id1 expression in the pulmonary vasculature
of wild type mice by hypoxia, we found no differences in hypoxic PH, pulmonary vascular
remodeling, or proliferation in wild type mice and mice with germ line Id1 deficiency.
However, loss of Id1 expression led to up-regulation of other Id family members in the lung
- Id1 null mutant mice display a selective increase in expression of Id3 in pulmonary VSMCs.
Taken together, these findings indicate that Id1 is not required for the development of
hypoxic PH or pulmonary vascular remodeling, but suggest that Id3 compensates for loss of
Id1 expression in the pulmonary vasculature of /d1 null mice. On this basis, we propose that
there could be functional redundancy between Id1 and Id3 in the hypoxic pulmonary
vasculature. Results from these studies have been submitted for publication and are

currently under revision (118).

Methods

Mouse lines

Germ line, Id1 null mutant mice (230) bred on a C57Bl/6] x 129 genetic background
were a gift from Robert Benezra (Memorial Sloan-Kettering Cancer Center). Genotyping

was performed by PCR of ear punch DNA using primers outlined in Table 6.
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Experimental pulmonary hypertension

Experimental PH was carried out as described in Chapter 2.

Histological evaluation of pulmonary vascular remodeling and proliferation

Evaluation of pulmonary vascular remodeling was performed as described in
Chapter 2. Vascular cell proliferation was determined as described in Chapter 3.
Proliferating ECs and VSMCs stain positive for PCNA and are identified by their respective
location in the vessel wall by a-SMA staining. Vascular cell proliferation is expressed as cell
type-specific index (number of proliferating EC or VSMC/total number of EC or VSMC

counted).

Intrapulmonary artery tree isolation

IPA trees were isolated as described in Chapter 2.

Western blot

Western blot analyses were performed as described in Chapter 2 using the
antibodies outlined in Table 7. Western blots for Id1 were performed using three different
anti-Id1 antibodies: rabbit monoclonal antibodies Clone 195-14 and Clone 37-2 (BioCheck),
and rabbit polyclonal (Santa Cruz, SC-488), as indicated. Specificity for each antibody was
confirmed by lack of signal in lung lysates from Id1 null mice (Figure 14). Additionally,

rabbit polyclonal anti-Id2 (Santa Cruz, SC-489), rabbit monoclonal anti-ld3 Clone 17-3
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Figure 14. Western blot specificity of anti-Id1 antibodies. Western blot for Id1 and (-actin in
normoxic, 1 week hypoxic, and 3 week hypoxic wild type, Id1*/-, and Id1 null whole lung lysates,
as indicated. Specificity of staining was determined by the absence of signal in lung lysates from
Id1 null mice using rabbit monoclonal anti-Id1 antibodies Clones 195-14 (A) and 37-2 (B)
(Biocheck) and a rabbit polyclonal anti-Id1 antibody (Santa Cruz, SC-488) (C).
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(BioCheck), rabbit polyclonal anti-C-terminal phospho-Smad1/5/8 (Cell Signaling, 9511),
and mouse monoclonal anti-B-actin antibody Clone AC-74 (Sigma) were used. Specific
bands (doublet for 1d1, single bands for Id2 and 1d3) were quantified by densitometry and

normalized to (3-actin loading controls.

Immunohistochemistry

Immunoperoxidase staining for Id1, Id2, and 1d3 was performed on formalin-fixed,
paraffin-embedded lung sections using diamino benzidine with ABC amplification (Vector)
and counterstained with Mayer’s hematoxylin (Fluka). Rabbit monoclonal anti-Id1 Clone
37-2, anti-Id2 Clone 92-8, and anti-Id3 Clone 17-3 antibodies were used (Id1-3 antibodies
from Biocheck). Cells positive for Id protein expression were quantified from ten 200X
fields while blinded to treatment and genotype. For these studies we evaluated airway-
associated vessels separated into small (20-50 pum) and larger vessel sizes (50-100pum).
Vessels were only scored if in cross-section, and counts were expressed as number of

positive cells per vessel.

Immunofluorescence was performed on formalin-fixed, paraffin-embedded lung
sections with the antibodies outlined above and detected with a rabbit IgG specific HRP-
conjugated secondary antibody amplified using Cy3 labeled tyramide signal amplification,
according to the manufacturer’s instructions (Perkin Elmer). DNA was stained with DAPI
(Vector). VSMCs were identified by a-smooth muscle actin (a-SMA) staining using mouse
monoclonal anti-a-SMA (Sigma) and a FITC-labeled anti-mouse IgG secondary antibody
(Vector). While blinded to genotype and treatment conditions, Id1-3 positive cells were
quantified in ten 200X fields of view. For these studies, we focused on small (20-50 um)

peripheral muscularized vessels distal to terminal bronchioles as these are the major site of
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pulmonary vascular remodeling in hypoxic PH (130). Cells were defined as VSMCs if a-SMA
positive, and EC when located internal to a-SMA positive smooth muscle cells. Vessels were
only scored if in cross-section. Id1-3 positive cells were expressed as compartment-specific
Id1-3 positive cellular indices (Id1-3 positive VSMC or EC/total VSMC or EC DAPI stained

nuclei).

Statistical analyses

Statistical analyses were performed as described in Chapter 2.

Results

Regulation of pulmonary Id1 expression by hypoxia

To evaluate the regulation of pulmonary Id1 in response to hypoxia, we first
performed western blot analyses of whole lung lysates. This revealed low level expression
of Id1 in normoxic lungs with a robust induction of Id1 after 1 week and 3 weeks of hypoxia
(Figure 15A, B). This increase in Idl expression was confirmed using two other
commercially available antibodies (Figure 14). All of the antibodies detect a doublet for I1d1
that is lost in Id1 null lysates, confirming that both bands represent Id1 isoforms. Increased
Id1 expression is associated with correlative activation of the Bmp pathway, as indicated by
increased C-terminal phosphorylation of the receptor activated Smads 1, 5 and 8 (pS1/5/8)
in response to hypoxia (Figure 15A). Since Id1 may be expressed in different cell types in

the lung, we went onto evaluate Id1 expression in the pulmonary arterial vasculature by
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Figure 15. Regulation of Id1 expression in the hypoxic lung. A: Western blot for Id1 using
rabbit monoclonal antibody Clone 195-14, phospho-Smad1/5/8 (pS1/5/8) and B-actin in
normoxic, 1 week hypoxic and 3 week hypoxic wild type lung lysates. B: Densitometry of Id1
bands (doublet) relative to $-actin controls from A. C: Western blot for Id1 using anti-Id1 Clone
195-14 in normoxic and 1 week hypoxic wild type intrapulmonary artery (IPA) preparations. D:
Densitometry of Id1 bands relative to 3-actin from C. Data are expressed as mean +/- SEM. a:
p<0.05 versus wild type normoxic control by One-Way ANOVA with Bonferroni correction (B) or
two-tailed t-test (D).
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western blot using IPAs isolated from wild type mice maintained under normoxic or
hypoxic conditions. As seen in whole lungs, low levels of Id1 in [PAs isolated from normoxic

mice are up-regulated after exposure to 1 week of hypoxia (Figure 15C, D).

Localization of Id1 expression in the hypoxic pulmonary vasculature

Having observed robust induction of Id1 expression in the hypoxic pulmonary
vasculature, we sought to determine the precise localization of Id1 in the hypoxic lung by
immunohistochemistry. For this, we first evaluated the specificity of three different
commercially available Id1 antibodies by comparing staining of lung sections from wild
type and Id1 null mice exposed to 1 week hypoxia. The first antibody we tested, a rabbit
polyclonal anti-Id1 from Santa Cruz (C-20, sc-488), has been used extensively to evaluate
Id1 expression domains in a variety of different tissues (1, 25, 37, 43, 54, 76, 109-110, 153,
160, 209, 216, 231, 237). This antibody gave selective staining of lung ECs in wild type but
not Id1 null mice (Figure 16A, B, D, E). However, this antibody also gave non-specific
cytoplasmic staining of bronchial and VSMCs in some of the muscularized vessels of wild
type and Id1 null lungs (Figure 16C, F). Given this non-specific staining of VSMCs, we went
on to evaluate immunohistochemical staining of the lung using two other commercially
available anti-Id1 rabbit monoclonal antibodies, Clones 195-14 and 37-2 (BioCheck). Both
of these antibodies have been validated in Id1 null mammary tissue, but there are no data
on their use in mouse lungs (160). Clone 195-14 did not stain wild type or Id1 null lung
tissue (data not shown). Clone 37-2, on the other hand, gave dominant nuclear staining in
alveolar and EC compartments in wild type but not Id1 null lung tissue (Figure 16G-L).
Therefore, studies on 1d1 localization were performed using the specific rabbit monoclonal

Clone 37-2.
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Figure 16. Characterization of immunohistochemical staining using different Id1
antibodies. Immunoperoxidase staining for Id1 in lung sections from 1 week hypoxic wild type
and Id1 null mice as indicated. A-F: Rabbit polyclonal anti-Id1 antibody (Santa Cruz, SC-488).
Arrowheads denote nuclear staining in ECs which is absent in Id1 null lungs. Thick arrows
indicate non-specific, cytoplasmic staining seen in vessel walls and bronchial smooth muscle cells
in wild type and Id1 null mouse lungs. G-L: Rabbit monoclonal anti-Id1 antibody Clone 37-2
(Biocheck). Nuclear staining of ECs (arrowheads) and VSMCs within the vessel walls (thin
arrows) is seen in wild type but not Id1 null mouse lungs. Sections were counterstained with
hematoxylin. I, L: Inset from H and K, respectively. Bar is 50 um. * indicates vessels.
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By immunoperoxidase staining, we found that Id1 is expressed in alveolar
epithelium and ECs under both normoxic and hypoxic conditions (Figure 17A-E). There is
no detectable Id1 in larger airways or in bronchial smooth muscle cells using these
antibodies (Figure 18). Negative staining of hypoxic Id1 null mouse lungs confirms antibody
specificity in these studies (Figure 17F). Quantification of Id1-positive alveolar cells and
vascular cells in small airway-associated vessels (20-50 um diameter) shows that both are
significantly increased in response to hypoxia (Figure 17G, H). Larger vessels (50-100 um
diameter) also tend to have increased numbers of Id1-positive cells, but this increase is not
statistically significant (p=0.077; Figure 171). The majority of vessel-associated 1d1
expressing cells are ECs under both normoxic and hypoxic conditions (Figure 17A-E; Figure
18). However, there is a significant increase in Id1 expressing cells in the walls of these
larger vessels under hypoxic conditions (mean + SEM per vessel, normoxia: 0.158 + 0.158
vs. hypoxia: 0.706 + 0.122, two-tailed t-test, p<0.03). These cells are located within the

vessel wall and have elongated nuclei typical of VSMCs and (Figure 17C, E; arrows).

To more fully characterize the cellular distribution of Id1 in the pulmonary
vasculature, we performed double immunofluorescence analysis for Id1 and the smooth
muscle cell marker, a-smooth muscle actin (a-SMA). For these studies, we focused on small
intrapulmonary resistance vessels (20-50 um diameter and distal to terminal bronchioles),
since these vessels are the main site of pulmonary vascular remodeling in hypoxic PH (130).
As in the airway-associated vessels, most Id1 expressing cells in these small peripheral
vessels are inside the smooth muscle wall, consistent with their being ECs (Figure 17]-0,
arrowheads). Specificity of Id1 antibody staining in these studies was again confirmed by
negative staining of hypoxic Id1 null mouse lungs (Figure 17P). Quantification of cellular
expression under hypoxic conditions revealed a selective increase in the proportion of Id1-

positive VSMCs compared with peripheral vessels from normoxic lungs (Figure 17Q). There
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Figure 17. Localization of Id1 expression in the hypoxic lung. A-E: Immunoperoxidase
staining for Id1 in lung sections from normoxic and 1 week hypoxic wild type mice using rabbit
monoclonal anti-Id1 antibody Clone 37-2 (BioCheck). E: inset from D. F: Negative staining of 1
week hypoxic lung from Id1 null mouse using anti-Id1 Clone 37-2. G-I: Quantification of 1d1
positive nuclei in alveoli and both small (20-50 um) and larger airway-associated muscularized
vessels (50-100 mm) from normoxic and 1 week hypoxic wild type mouse lungs (normoxic n=4, 1
week hypoxia n=5). J-0: Immunofluorescence for Id1 (red) and a-SMA (green) in muscularized
pulmonary vessels distal to terminal bronchioles (20-50 um diameter) from normoxic and 1 week
hypoxic wild type mice using rabbit anti-Id1 monoclonal antibody Clone 37-2. Nuclear staining
with DAPI is shown in blue. P: Negative staining of 1 week hypoxic lung from Id1 null mouse using
anti-Id1 Clone 37-2. Q, R: Quantification of cell-specific Id1 expression indices in VSMC (Q) and EC
(R) compartments in 20-50 pm muscularized peripheral vessels from normoxic and 1 week
hypoxic wild type mouse lungs (n=4 each group). Bar is 100 pm. * indicate vessels, arrows
indicate VSMC staining, arrowheads denote EC staining. Data are expressed as mean +/- SEM. a:
p<0.05 versus wild type normoxic control by two-tailed t-test.
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Figure 18. Inmunofluorescence for Id1 localization in hypoxic lungs. A: Prominent
endothelial staining for Id1 in a larger diameter vessel cut in longitudinal section and negative
staining of bronchial smooth muscle cells using rabbit monoclonal anti-Id1 antibody Clone 37-2
(red). Tissues are counterstained with mouse anti-a-SMA antibodies (green) to identify smooth
muscle cells. B: inset from A. Images were taken from a wild type mouse exposed to 1 week
hypoxia. Bar is 100 um. * indicates vessel, arrowheads indicate ECs, arrows indicate bronchial
smooth muscle cells.
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is no change in the proportion of Id1-positive ECs in vessels from normoxic or hypoxic mice
(Figure 17R). Taken together, these findings indicate that there is a generalized increase in
Id1-expressing cells in alveolar epithelium and small airway-associated vessels following
exposure to hypoxia, and that this is associated with a specific increase in the number of

Id1-positive VSMCs in both large and small intrapulmonary arteries and distal arterioles.

Role of Id1 in the development of hypoxic pulmonary hypertension

To investigate the functional role of Id1 in hypoxic PH, we obtained mutant mice
with targeted disruption of the Id1 genomic locus (230). Id1 null mice are viable and no
apparent developmental abnormalities are observed in either gender. Western blot for 1d1
expression confirmed that hypoxic induction of pulmonary Id1 expression is diminished or
absent in Id1+- and Id1 null mice, respectively (Figure 194, the full length western blot is
shown in Figure 14A). We measured RVSP in wild type, Id1*- and Id1 null mice after
exposure to 1 or 3 weeks normobaric hypoxia. There is a significant increase in RVSP in
response to hypoxia in wild type and Id1 mutant mice, but no difference in RVSP between
wild type and Id1 deficient mice under any of the treatment conditions (Figure 19B and
Table 12). Male mice develop more severe PH after 3 weeks of hypoxia than female mice,
but Id1 deficiency does not modulate this effect within either gender (Table 12). No
elevation of RVDP or LVDP was observed, confirming that the increase in RVSP is not due to
left-sided heart failure (data not shown). These hemodynamic data are supported by
measurements of RV hypertrophy, which also increase after 3 weeks of hypoxia, but reveal
no differences between genotypes (Table 12). There is also no difference in sedated heart

rate or hypoxia-induced increase in hematocrit between genotypes (Table 12).
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Figure 19. Hypoxic PH responses in wild type and Id1 deficient mice. A: Representative
western blot for Id1 using rabbit monoclonal antibody Clone 195-14 and (-actin in normoxic, 1
week hypoxic and 3 week hypoxic wild type, Id1*/-, and Id1 null whole lung lysates. B: Right
Ventricular Systolic Pressures (RVSP) in wild type, Id1*/- and Id1 null mice exposed to normoxia, 1
week or 3 weeks hypoxia. Mouse numbers are indicated (n). Each dot represents the mean RVSP
from a single animal; bars indicate mean values for each group. b: p<0.05 versus corresponding
genotype normoxic control by One-Way ANOVA with Bonferroni correction.

92



(02) (02) (61) (02) +1) (6) (91) (91) (o1)
8EIF086E 6TIFESIY E£6FS8TY Qﬁ.o:m.mﬁf S6FLSTY S6IF880% TVIFI'6EY ¥ IZF8TISY T 1ZFET1TH
q q q

(81) (1) (1) (s1T) (t1) (8) (r1) (12 (2)
 E8TFEE6Y SY'IFZE0S ETTFILIY TTTFIL'OY 9IS TFIELY ILTFSL6E T6'07S6'9E T6'0FZV'SE ET'TFOSTE

(12 (zd) 6 L1z (e1) #1)8 )1 (smt (02 ¥ (01) 9
, 0078820 00'0F16Z°0  T0°0%60€0 T0'0¥E9Z'0 00'0¥0SZ0 10°0F9¥Z0 TO0FELZ'0 00°0FL610 001079810

Tz (zd 6 (L1) ¢ (¢1)s #D1 (s)o (sDe6 (02 s (o1)8
,000F09E0 00'0FZ9€'0 T00¥89E0 TO0F6EE0D T00FZOE0 T0°0FL62°0 00078520 001075420 00°0%LSZ0

(o1) (6) (6) (6) (8) (s) (o1) (9) (¥)
Z6TF6E0E 80°7FS8'8Z ,ZSTFSL0E TSTF6T'9Z S8TFOS9Z LTEFO6L'8Z ZITFECTZ S80FEE0Z 60TF6ETT
q q q q q

(o1) (t1) (o1) (o1) (9) (¥) (9) (8) (9)
9V TIF69'ST TOTFI6FT ¥80FSL'ST €80F9T°EC 96 TFIOTZ T197F99€Z €80FI861 8EIFI60Z 8STFIO6T
q q q q q

(02) (02) (61) (61) (1) (6) (91) 1) (o1)

q 6T TFH0'8Z VT TF899Z ¢ TO'TFZI'8Z 8807652 0STFSTHZ 81ZFBL9Z LL'0F9L0Z 8079902 90'TF96'61
(u) (u) (u) (u) (w) (u) (u) (u) (u)
WASFUBSN WASFUBSN WNHASFUBSN NASFUBSN INASFUBSN WHASFUBS NASFUBSN WHASFUBSIN WASFUBS

--IPI +IPI adAyL piim -/-IPI -+ IPI adAL piim -/-IPI -+ IPI adAL, piim

erxodAH syeoM € erxodAH oo T BIXOULION

wdq
‘9)ey Jeay

05 LI 0 H

8/3w qySap
Apog/Ay

Sw /3w
‘S+AT/AY

Syww
‘dSAY ?[_IN

Sww
‘dSAY srewag

SHWwW ‘dSAY

"UO[}D9.110D [UO.LIdJuUOyg
UM YAONYV Aepy-auQ 4Aq erxodAy ypam ¢ adA) plim a[ewd) sns.aaa G0'0>d :2 pue ‘[01u0d dixouriou adAjouss Surpuodsa.riod
snsaaA §0'0>d :q "(u) payesrpul aqe stoquinu asnoy "eIxodAy syoam ¢ 10 ‘oam T ‘eIxourIou 03 pasodxa 921w jjnu [p] pue

7+ IpI ‘°9d£) p[Im woay NS -/+ UeaW Sk passaldxa aJde eie( 921w JUIDYIP Ip] pue 9dA) pyim ul Hd d1xodAH *ZT d[qel

93



To determine whether loss of Id1 expression is associated with alterations in
hypoxia-induced pulmonary vascular remodeling, we evaluated the degree of hypoxia-
induced peripheral vessel muscularization and proliferation in wild type, Id1+~, and Id1 null
mouse lungs. Supporting our finding that Id1 is dispensable for the development of hypoxic
PH, this characteristic increase in peripheral muscularization does not differ between
genotypes (Table 13). Furthermore, while small, peripheral pulmonary vessels from
hypoxic Id1+/- and Id1 /- mice tend to have an increased numbers of PCNA positive
proliferating VSMCs, this increase is not statistically significant. There is no difference in EC
proliferation with hypoxia between genotypes (Table 13). Collectively, these data indicate
that expression of Id1 is not required for the physiologic events, vascular remodeling or

vascular cell proliferation associated with the development of hypoxic PH.

Compensatory expression of other /d family members in /d1 deficient mice

One explanation for our findings is that changes in expression of other Id family
members compensate for loss of Id1 in Id1 null mice. To evaluate this, we first evaluated
expression of the other Id family members, Id2-4, in normoxic and hypoxic wild type mouse
lungs by western blot analyses of whole lung lysates. Pulmonary Id2 and 1d3 expression
levels are increased following exposure to 1 week hypoxia in wild type mice (Figure 20A-C).
Id2 and Id3 are also elevated at 3 weeks of hypoxia (data not shown). In contrast,
pulmonary Id4 expression is barely detectable in lung lysates from wild type mice under
normoxic conditions, and there is no significant increase in 1d4 expression after 1 or 3
weeks hypoxia (data not shown). To evaluate compensatory expression of Id family
members associated with loss of Id1, we compared the expression of Id2 and Id3 in the

lungs of wild type and Id1 null mice. There is a marked increase in expression of 1d2 and
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Figure 20. Regulation of pulmonary Id2 and Id3 expression in wild type and Id1 null mice.
A: Western blot for Id2, 1d3 and B-actin in normoxic and 1 week hypoxic wild type whole lung
lysates. B, C: Densitometry of Id2 (B) and Id3 (C) expression relative to -actin from A. D:
Western blot for 1d2, Id3 and (-actin in normoxic and 1 week hypoxic wild type and Id1 null
whole lung lysates. E, F: Densitometry of Id2 (E) and 1d3 (F) expression relative to 3-actin from D.
Data are expressed as mean +/- SEM. a: p<0.05 versus wild type normoxic control by two-tailed t-
test (B-C) or One-Way ANOVA with Bonferroni correction (E, F).

96



Id3 in normoxic Id1 null mouse lungs, but no further increase in Id2 or 1d3 expression levels
are seen in Id1 null mice compared with wild type littermates in responses to chronic
hypoxia (Figure 20D-F). These findings suggest that 1d2 and/or Id3 may compensate for

loss of pulmonary Id1 expression in Id1 null mice.

Localization of 1d2 expression in the hypoxic pulmonary vasculature of wild type and Id1

null mice

To determine whether Id2 and/or Id3 expression could compensate for loss of 1d1
in the pulmonary vasculature of Id1 null mice, we evaluated their cellular localization in
wild type and Id1 null mouse lungs under normoxic and hypoxic conditions. For these
studies we used commercially available rabbit monoclonal anti-Id2 and Id3 antibodies. As
with Id1, we first evaluated expression in airway-associated vessels by immunoperoxidase
staining of lung tissues. Since we do not have IdZ2 null mice in our facility, antibody
specificity was evaluated by negative staining using rabbit IgG control for these studies
(Figure 21H). Using these antibodies we show that Id2 is detectable at low levels in
scattered endothelium and alveolar epithelial cells under normoxic conditions and is more
easily detected and widely expressed throughout the lung after 1 week of hypoxia (Figure
21A-G). Id2-positive VSMCs are detectable in airway-associated vessels under hypoxic
conditions (Figure 21C, arrow). Id2 is expressed in both endothelial and smooth muscle cell
compartments of the pulmonary vasculature of Id1 null mice under hypoxic conditions, but
is more strongly expressed throughout the lung in both normoxic and hypoxic Id1 null than
in wild type mice (Figure 21E-G). Unlike 1d1, Id2 is detectable in bronchial smooth muscle

cells (Figure 21D, yellow arrows).
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Figure 21. Localization of Id2 expression in wild type and Id1 null mouse lungs. A-G:
Immunoperoxidase staining for Id2 in lung sections from normoxic and 1 week hypoxic wild type
and Id1 null mice. C, G: inset from B and F, respectively. H: Negative staining with rabbit IgG
control. I-T: Immunofluorescence staining for Id2 (red) and a-SMA (green) in small (20-50 um)
muscularized peripheral pulmonary vessels from normoxic and 1 week hypoxic wild type mice
and Id1 null mice. Nuclear staining with DAPI is shown in blue. U: Negative staining with rabbit
IgG control. V, W: Quantification of cell-specific 1d2 indices in EC (V) and VSMC (W)
compartments in peripheral vessels from normoxic and 1 week hypoxic wild type and Id1 null
lungs (n=4 each group). Bar is 100 pm. * indicate vessels, thin arrows indicate nuclear staining in
VSMCs; arrowheads indicate nuclear staining of ECs. Thick yellow arrows indicate smooth muscle
cell staining in muscularized airways. Data are expressed as mean +/- SEM. b: p<0.05 versus
corresponding genotype normoxic control by One-Way ANOVA with Bonferroni correction.
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To evaluate the cellular expression domains of Id2 in small (20-50 um diameter)
muscularized peripheral vessels, we employed double immunofluorescence analysis using
o-SMA staining to identify vascular compartments (Figure 21I-T). While Id2-positive
staining of ECs tends to increase in wild type mice exposed to hypoxia, this finding was not
statistically significant (p=0.42, ANOVA after Bonferroni correction; Figure 21V). Id1 null
mice tend to have fewer Id2-positive ECs in hypoxia than wild type mice; however, this was
not statistically significant (p=0.066, ANOVA after Bonferroni correction; Figure 21V). In
contrast, the proportion of Id2-positive VSMCs increases with exposure to hypoxia in both
wild type and Id1 null mice (Figure 21W). Importantly, there is no compensatory increase
in Id2-expressing cells in either the endothelial or smooth muscle cell compartments of
these small intrapulmonary vessels in Id1 null mice under normoxic or hypoxic conditions
(Figure 21V, W). This indicates that increased expression of Id2 in Id1 null mice results from

increased Id2 expression in epithelial and not vascular compartments of the lung.

1d3 expression pattern in peripheral pulmonary vessels

Immunoperoxidase staining shows that Id3 is detectable in bronchial smooth
muscle, alveolar epithelium, and vascular cells under normoxic and hypoxic conditions
(Figure 22A-G). As with the Id2 antibodies, since we do not have Id3 null mice in our
facility, antibody specificity was evaluated by negative staining using rabbit IgG control for
these studies (Figure 22H). Like Id1, 1d3 is dominantly expressed in ECs but also in
occasional VSMCs in both large and small diameter airway-associated vessels.
Immunofluorescence analysis for Id3 in small muscularized peripheral vessels shows that
Id3 is dominantly found in ECs (Figure 221-T). However, the proportion of Id3-positive ECs

does not increase in wild type or Id1 null mice exposed to hypoxia (Figure 22V). On the
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Figure 22. Localization of Id3 expression in wild type and Id1 null mouse lungs. A-G:
Immunoperoxidase staining for Id3 in lung sections of normoxic and 1 week hypoxic wild type
and Id1 null mice. C, G: inset from B and F, respectively. H: Negative staining with rabbit IgG
control. I-T: Immunofluorescence for Id3 (red) and a-SMA (green) in small (20-50 mm)
muscularized peripheral pulmonary vessels from normoxic and 1 week hypoxic wild type mice
and Id1 null mice. Nuclear staining with DAPI is shown in blue. U: Negative staining with rabbit
IgG control. V, W: Quantification of cell-specific 1d3 indices in ECs (V) and VSMCs (W) in
peripheral vessels from normoxic and 1 week hypoxic wild type and Id1 null lungs (n=4 each
group). Bar is 100 pm. * indicate vessels, thin arrows indicate nuclear staining in VSMCs;
arrowheads denote nuclear staining of ECs. Thick yellow arrows indicate smooth muscle cell
staining in muscularized airways. Data are expressed as mean +/- SEM. a: p<0.05 versus wild type
normoxic control by One-Way ANOVA with Bonferroni correction.
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other hand, like Id1 there is an increase in the proportion of Id3-positive VSMCs in wild type
mice under hypoxic versus normoxic conditions (Figure 22W). Importantly, the proportion
of 1d3-positive VSMCs is significantly increased under normoxic conditions in Id1 null
mutant mice when compared to their wild type littermates (Figure 22W). There is no
further increase in the proportion of Id3-positive VSMCs with hypoxia in Id1 null mouse
lungs. These data indicate that Id3 is selectively up-regulated in peripheral vessel smooth
muscle cells in Id1 null mice and suggest that Id3 may compensate for loss of Id1 expression

in pulmonary VSMCs from Id1 null mice.

Discussion

This study provides the first complete characterization of Id1 expression and
localization in the adult mouse lung and describes distinct hypoxic regulation of Id1 in small
intrapulmonary resistance vessels. We show that Id1 is up-regulated in the pulmonary
vasculature following prolonged exposure to hypoxia and that this is associated with an
increased proportion of Id1-expressing VSMCs. Based on the previously attributed role of
Id1 in promoting proliferation of various cell types (171, 186, 220), we predicted that loss
of Id1 expression in Id1 null mice would reduce hypoxic pulmonary VSMC proliferation and
remodeling. However, our genetic studies using Id1 null mice show that Id1 is dispensable
for the development of hypoxic PH and that Id1 null mice show the same pulmonary
vascular remodeling and smooth muscle cell proliferation responses to chronic hypoxic as
their wild type littermates. We, therefore, evaluated compensatory expression of other,
closely related Id family members. 1d3 expression recapitulates that of Id1 in the hypoxic

pulmonary vasculature, and loss of Id1 expression in Id1 null mice led to a selective up-
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regulation of Id3 in pulmonary VSMCs. Taken together, these studies suggest that Id3 might
compensate for loss of Id1 expression in Id1 null mice and indicate that Id1 and 1d3 could

play a cooperative role in regulating hypoxic PH and pulmonary vascular remodeling.

Prolonged exposure to hypoxia increases the proportion of Id1-positive VSMCs in
the pulmonary vasculature. This change occurs throughout the pulmonary arterial tree, but
is most pronounced in small muscularized vessels that are distal to terminal bronchioles.
This is of significance since these peripheral vessels represent the dominant vessels that
undergo pulmonary vascular remodeling in the hypoxic lung (130). However, these
findings contrast with the observation that Bmp-dependent induction of Id1 expression is
suppressed in cultured human pulmonary artery smooth muscle cells following exposure to
hypoxia (222). Furthermore, our studies show that the proportion of Id1-positive ECs,
unlike VSMCs, in the peripheral pulmonary vasculature is unchanged in response to
hypoxia. These observations in ECs also differ from in vitro studies showing that Id1
expression is decreased in rat (200) and human lung ECs exposed to hypoxia (data not
shown), but increased in a Bmp-dependent fashion in hypoxic mouse pulmonary
microvascular ECs (54). These cell culture studies indicate that the in vitro hypoxic 1d1
response is both context and cell type-dependent and supports our approach to evaluate

the regulation of this hypoxic response in the intact pulmonary vasculature.

The mechanism by which chronic hypoxia selectively up-regulates Id1 expression in
VSMCs in vivo is unknown. Id1 is a transcriptional target of Bmp-activated Smads in a
variety of cells types (135). In addition, our earlier studies in Bmp4 deficient mice show
that loss of hypoxic induction of Bmp4 in the lung is associated with reduced Id1 expression
in VSMCs in vivo (54), suggesting that Id1 may be a target of Bmp4 in the intact hypoxic

pulmonary vasculature. However, Id1 can also be up-regulated by hypoxia in a HIFla-
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dependent fashion (143). Furthermore, a variety of signaling pathways implicated in the
development of vascular remodeling, including VEGF, IGF1, and TGF-f3, can up-regulate 1d1
expression in different cell types (161). This suggests that a number of Bmp-independent
signaling pathways may regulate Id1 expression in the hypoxic pulmonary vasculature.
These in vitro observations are complicated by the fact that cell-specific Id1 responses are
themselves regulated by cell type and context-dependent transcriptional co-factors. For
example, Bmp-dependent up-regulation of Id1 in pulmonary artery smooth muscle cells is
inhibited by hypoxic-induction of the transcriptional co-repressor CtBP1 (222), while HIF-
la-dependent up-regulation of Id1 is repressed by hypoxic-induction of the transcriptional
repressor ATF3 in cultured neuroblastoma cells (143). On this basis, differential hypoxic
regulation of Id1 in endothelial and smooth muscle cell compartments of the pulmonary
vasculature could be dependent not only on the localized expression of Bmp ligands and
receptors in the hypoxic lung, but also on hypoxic induction of Bmp-independent signaling

pathways and cell-specific expression of transcriptional repressors of these responses.

An earlier study from our lab has shown that reduced Id1 expression is associated
with impaired hypoxia-induced pulmonary VSMC proliferation in vivo (54). Furthermore,
previous in vitro studies indicate that Id1 exerts pro-proliferative effects in vascular cells
(148, 172). These findings support the hypothesis that hypoxic induction of Id1 expression
in VSMCs could play a role in promoting hypoxic pulmonary VSMC proliferation and
remodeling. However, Yang et al. have shown that ID1 has anti-proliferative effects in
cultured human pulmonary artery smooth muscle cells (233), indicating that the functional
role of Id1 in regulating cell proliferation is also cell type and context dependent. Since
these in vitro studies have failed to identify a definitive role for Id1 in regulating pulmonary
VSMC function, we therefore used an in vivo genetic approach to evaluate smooth muscle

cell responses in the intact pulmonary vasculature. For these studies, we evaluated
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pulmonary vascular responses in a mouse model of hypoxic PH in which there are well-
characterized changes in peripheral vessel remodeling and VSMC proliferation. However,
our studies failed to detect any difference in hypoxic PH responses, VSMC proliferation, or
remodeling between wild type and Id1 null mice. These findings indicate that expression of
Id1 is dispensable in the pulmonary vascular response to chronic hypoxia. One explanation
for these findings is that there is compensation for the loss of pulmonary Id1 by over-
expression of other, closely related Id family members in the pulmonary vasculature.
Supporting this idea, both Id2 and Id3 expression are elevated in the lungs of Id1 null mice.
Detailed immunohistochemical analysis reveals that hypoxic regulation of 1d2 is largely
extra-vascular, and that Id1 null mice tend to have reduced hypoxic induction of Id2 in
peripheral vessel ECs. These findings suggest that Id2 is unlikely to compensate for the loss
of Id1 in the pulmonary vasculature. On the other hand, the expression pattern of Id3 is
strikingly similar to that of Id1 in the hypoxic pulmonary vasculature. Moreover, loss of 1d1
leads to a selective increase in the proportion of peripheral vessel smooth muscle cells that
express 1d3, suggesting that compensation for the loss of Id1 in the pulmonary vasculature
occurs through increased 1d3 expression. This hypothesis is consistent with the fact that Id1
and Id3 share many of the same molecular targets (161). Furthermore, Id1/Id3 double
mutant mice die with defects in angiogenesis and blood vessel stability (119), while mice
with single homozygous deletion of Id1 or Id3 are viable (156, 230). This indicates that Id1
and 1d3 play a combinatorial role in regulating vascular development and suggests that Id1
and Id3 are likely to have overlapping functions in regulating pulmonary vascular responses
in the adult. However, loss of either Id1 or Id3 expression is sufficient to impair vascular cell
function in vitro (30, 172, 215, 233, 237). Therefore, the combinatorial role of Id1 and Id3 in

vivo cannot be addressed using isolated vascular cell culture systems. Future studies will
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therefore utilize Id1/Id3 double mutant mice to address their role in regulating hypoxia-

induced PH and pulmonary vascular remodeling.

In summary, we have shown that Id1 is not required for vascular remodeling or
hypoxic PH, but that Id3 exhibits striking compensatory expression in Id1 null pulmonary
VSMCs in vivo. Since Id1 and Id3 have overlapping roles in regulating cellular proliferation
and differentiation responses in a variety of cell types, we propose that the coordinated
regulation of these factors in the pulmonary vasculature plays a cooperative role in
regulating hypoxic pulmonary vascular remodeling. Given that /d1 and Id3 are established
Bmp target genes, further evaluation of their combinatorial role in pulmonary vascular
remodeling using compound Id1 and Id3 mutant mice will advance our understanding of

Bmp signaling in the development of human HPAH (123).
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CHAPTERV

DISCUSSION AND FUTURE DIRECTIONS

The studies described in this dissertation were designed to elucidate the functional
role of Bmp signaling in normal pulmonary vascular homeostasis and disease. They
describe convergence of signaling pathways previously unknown to be linked, define a role
for compartmentalization of signaling, and suggest functional redundancy of downstream
effectors. Above all, they illustrate the intricate complexity of Bmp signaling in vivo and
suggest that similar complexities are likely to underlie the effects of aberrant Bmp signaling
in human pulmonary vascular disease. This chapter will focus on some of the major
discoveries in this dissertation and align them into a cohesive model of Bmp signaling in the

pulmonary vasculature.

Model of Bmp signaling in pulmonary vascular homeostasis

The studies in Chapters 2 and 3 describe a major role for Bmp2 and Bmpr2 in
pulmonary vascular homeostasis through the regulation of vascular tone. According to the
model in Figure 23, hypoxia-induced Bmp2 is dominantly secreted into the pulmonary
circulation from the endothelium, where it then causes autocrine activation of EC-expressed
Bmpr2. This signaling increases eNOS expression and, thereby, balances hypoxic
vasoconstriction by increased NO production. This idea is supported by several lines of
evidence: Bmpr2 hypomorph and BmpZ2 deficient mice display attenuated hypoxic induction

of eNOS expression and activity; Bmp2 regulates eNOS expression in IPAs and PECs; Bmp2
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Figure 23. Model of Bmp signaling in a peripheral pulmonary vessel.

1) Extra-vascular Bmp4 dominantly promotes compensatory remodeling
through Alk3 in VSMCs

2) Endothdial Bmp2 and drculating Bmp4 dominantly promote
compensatory vasodilation through Bmpr2 in ECs

3) Circulating Bmp6 and Bmp9 exert unknown effects on ECs in vivo
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increases NOS activity in wild type PECs but not in Bmpr2 hypomorph PECs; and BmpZ2

deficient mice develop increased hypoxia-induced vascular remodeling.

Collectively, these studies indicate that Bmp2 and Bmpr2 exert protective effects in
the pulmonary vasculature and that a major consequence of mutation in Bmp2 or Bmpr2
mutation is dysregulation of pulmonary eNOS expression and activity. It is conceivable,
therefore, that overexpression of eNOS could protect against the development of hypoxic PH
even in the context of impaired Bmp signaling. Proof of principle for this concept is
provided in an earlier study that found mice overexpressing eNOS in ECs from the Pre-
proendothelin promoter do not develop hypoxic PH (155). Future studies will involve
crossing this eNOS transgene into the BmpZ2*/- and Bmpr22Ex/+ backgrounds. If these mice
are protected from hypoxic PH, these data would argue that the major effect of reduced
Bmp2- and Bmpr2-dependent signaling is impaired NO-dependent vasodilation. Another
approach is to examine the functional defects associated with impaired Bmp signaling by
performing arteriography upon wild type and Bmp2+/-IPAs. We predict that Bmp2+/- IPAs,
similar to Bmpr22Ex2/+ [PAs, will display impaired NO-dependent vasodilation and
exogenous administration of Bmp2 will reverse this defect. Future studies will also
determine the precise downstream signaling responsible for regulation of eNOS in PECs.
This will be accomplished by step-wise inhibition of protein synthesis (actinomycin D and
cycloheximide), evalution of protein stability (pulse-chase), and determination of effector
dependency (MAPK inhibitors, dorsomorphin Smad inhibitor, and siRNA). Preliminary
evidence suggests this regulation occurs Bmp2 post-transcriptionally, which is a common

mechanism for regulating eNOS expression (179).

The findings in Chapters 2 and 3 have implications for the understanding of Bmp

signaling in the context of human disease. For instance, proper eNOS expression level and
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activity plays a critical role in maintaining low pulmonary vascular resistance (51, 197-
198). Given the role of vasoconstriction in promoting vascular remodeling (138), impaired
Bmp-dependent regulation of eNOS may be an early event in PAH pathogenesis. Supporting
this idea, there is evidence of reduced eNOS expression in the lungs of some patients with
PAH (63, 126). In regard to therapy, many of the current treatments for PAH involve
vasodilator administration; however, these approaches are complex and are not always
well-tolerated by the patient (158). Additionally, their long-term effectiveness is uncertain
(120). By understanding the direct relationship between Bmp signaling and pulmonary

vascular reactivity, it may be possible to design more targeted strategies to treat PAH.

Genetic studies performed in our lab have revealed opposing roles for Bmp2 and
Bmp4 in the development of PH in vivo. While BmpZ-deficient mice display increased
susceptibility to hypoxic PH and dysregulated eNOS expression and activity (3), Bmp4
deficient mice are partially protected from hypoxic PH and show no dysregulation of eNOS
(54). Thus, it was unexpected to find that Bmp2 and Bmp4 are equally capable of inducing
expression of eNOS in the pulmonary vasculature ex vivo. One explanation for these
findings is that, while Bmp2 and Bmp4 do not inherently differ in their signaling abilities,
their differential effects on eNOS expression in vivo result from their distinct expression
domains in and around the pulmonary vasculature. To test this hypothesis, future studies
will generate mice in which Bmp4 is knocked into the BmpZ2 locus (BmpZ2Bmp4/Bmp4 mutant
mice). In this way, Bmp4 is expressed under the regulatory control of the BmpZ2 locus.
While it is possible that Bmp2Bmp4/Bmpt mutant mice might have developmental
abnormalities, we do not expect this to be the case since previous studies using Bmp4
knock-in to the Bmp7 locus indicate that there is complete functional redundancy between
different Bmp ligands in embryonic development (154). Therefore, if our hypothesis is

correct, we would expect wild type and viable BmpZ2Bmp4/Bmp4 mice to show the same
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pulmonary vascular response to chronic hypoxia. If, on the other hand, our hypothesis is
incorrect, and the differential effects of Bmp2 and Bmp4 on the pulmonary vasculature
result from their distinct signaling activity in vascular effector cells in vivo, then we would
expect BmpZ2Bmp4/Bmp4 mice to develop more severe hypoxic PH than their wild type

littermates.

Restricted patterns of Bmp2 and Bmp4 expression allow for unique separation of
signaling effects by cell-type specific genetic ablation. Mice carrying alleles of Bmp2 (Bmp2
floxed) and Bmp4 (Bmp4 floxed) that can be conditionally deleted have been generated (88,
221) and are currently breeding in our facility. By crossing floxed mice with mice
expressing Cre recombinase in certain cell types (e.g., endothelial Scl-Cre (65); smooth
muscle aSMA-Cre (223)), the specific cell type contributing the protective expression of
BmpZ2 and exacerbating expression of Bmp4 in hypoxia can be dissected. For those cell
types where no specific Cre transgene has been reported, such as type I pneumocytes,
intrapulmonary adenoviral delivery of Cre serves as an alternative approach. Given the
limited resolution ability of the reporter mice used in our studies, we are unable to rule out
combinatorial expression of BmpZ2 or Bmp4 by multiple cell types. Thus, a detailed study
utilizing several Cre transgenic mice provides the resolution necessary. Our results argue
that deletion of Bmp2 in the endothelial compartment would result in dysregulation of
eNOS and exacerbated hypoxic PH, while deletion of Bmp4 in lung epithelia would protect

from hypoxic PH by reducing VSMC proliferation and remodeling.

Additionally, once the cell-type specific expression patterns of Bmp2/4 are
determined, overexpression of each ligand in specific compartments could provide
functional evidence of their role in the development of hypoxic PH. Presently, mice

overexpressing BmpZ2 in smooth muscle cells are in progress (142), but other vascular-
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expressed transgenic lines have not been reported. Validation of Bmp4 transgenic mice are
in progress in our lab. Our results suggest that overexpression of Bmp2 or Bmp4 in the
endothelium would protect against hypoxic PH, while overexpression in VSMCs or epithelia
would exacerbate hypoxic PH. Additionally, these mice will provide a means to perform
future epistasis experiments to evaluate the relationship between ligands and downstream

targets (described below).

In addition to local tissue production of BMP2 and BMP4 in the lung, BMP4, BMP6,
and BMP9 have been found to circulate at biologically active concentrations in human
serum (38, 77). These ligands would have direct access to pulmonary vascular beds,
suggesting that they could play a role in vascular homeostasis. Unlike Bmp4 and Bmp6,
which are pro-angiogenic in vitro (75, 167), Bmp9 signals through Alk1l to inhibit Vegf-
induced angiogenesis (177). Of note, Bmp9 is not inhibited by Noggin (180), suggesting
that selective antagonism by Noggin could determine the net pro- vs. anti-angiogenic effects
of Bmp ligands in vivo. However, the functional role of Bmp6 and Bmp9 in vivo is unknown.
Future studies will generate Bmp9 deficient mice and utilize available Bmp6 deficient mice

(190) to answer these questions.

Earlier findings from our lab suggest that Bmp4 promotes hypoxic vascular
remodeling through VSMC proliferation (54). This likely occurs through Alk3 since another
group has shown that, like Bmp4 deficiency (54), patchy deletion of Alk3 in VSMCs impairs
hypoxia-induced pulmonary vascular remodeling (49). However, the effectors that lie
downstream of these signaling events are unknown. One possibility is the well-
characterized Bmp target gene Id1, whose expression is reduced in pulmonary VSMCs of
Bmp4 deficient mice (54). In Chapter 4, we show that hypoxia selectively up-regulates Id1

expression in peripheral pulmonary VSMCs. Surprisingly, though, 1d1 expression is not
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necessary for the development of hypoxic vascular remodeling or PH in vivo. One
explanation for this result is that a closely related protein functionally compensates for the
loss of Id1 expression. Supporting this idea, expression of both 1d2 and Id3 is elevated in
the lungs of Id1 null mice. While the hypoxic regulation of 1d2 is largely extra-vascular, the
expression pattern of 1d3 is strikingly similar to that of Id1 in the pulmonary vasculature.
Moreover, loss of Id1 leads to a selective increase in the proportion of peripheral vessel
smooth muscle cells that express Id3, suggesting that compensation for the loss of Id1 in the
pulmonary vasculature occurs through increased Id3 expression. This hypothesis is
consistent with the fact that Id1 and Id3 share many of the same molecular targets (161).
Furthermore, Id1/Id3 double mutant mice die with defects in angiogenesis and blood vessel
stability (119), while mice with single homozygous deletion of Id1 or Id3 are viable (156,
230). This indicates that Id1 and Id3 play a combinatorial role in regulating vascular
development and suggests that Id1 and Id3 are likely to have overlapping functions in
regulating pulmonary vascular responses in the adult. One method to test this possibility is
through combinatorial knockdown of Id1 and 1d3 expression in vitro by siRNA. Earlier
studies have shown that loss of either Id1 or Id3 expression is sufficient to impair vascular
cell function in vitro (30, 172, 215, 233, 237). Therefore, double knockdown of Id1/Id3
would be predicted to exacerbate these defects. An obvious limitation of this approach is
the artificial context in which functionality is assessed. Therefore, we are currently
generating /d1/1d3 double mutant mice to address their role in regulating hypoxia-induced

PH and pulmonary vascular remodeling in vivo.

Our studies were unable to conclusively show that Id1 mediates the effects of Bmp4
upon hypoxic vascular remodeling. Future studies will utilize Bmp4 transgenic mice
(described above) to evaluate this possibility. Provided that, as predicted, Bmp4

overexpression in alveolar epithelium leads to increased pulmonary vascular remodeling,
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these mice would be crossed to Id1/Id3 double mutants. If deficiency of Id1/Id3 abrogates
vascular remodeling in Bmp4 transgenic mice, this would provide the necessary epistatic

data to establish these effectors as being downstream of Bmp4 in vivo.

Chronic hypoxia as a model of PAH

For our functional evaluation of Bmp signaling the development of PH, we chose to
utilize the well-established mouse model of chronic hypoxia. In response to hypoxia, mice
develop many of the signs of human PAH, but rarely develop the severe obliterative lesions
seen in humans (reviewed in (196)). Therefore, chronic hypoxia in mice has been criticized
as a poor model for this human disease (218). While we agree this is an obvious limitation,
findings using the chronic hypoxia model provide insight into how the Bmp signaling
pathway can modify pulmonary vascular function. Therefore, even though these mice do
not develop severe vascular remodeling, they show defects in pulmonary vascular function
that might also occur in the early course of human disease. In addition to modeling early
pulmonary vascular disease in PAH, studies using the chronic hypoxia model are also
relevant to the analysis of alveolar hypoxia, which plays a critical role in promoting PH
associated with chronic lung disease (reviewed in (163)). Since chronic lung disease is the
most common cause of PH worldwide, findings using the chronic hypoxia model have

clinical implications for our understanding of an important human disease.

The true strength of the chronic hypoxia model comes when combined with genetic
manipulation in mice (as we have done), thus allowing for evaluation of specific gene
function in vivo. However, future studies will attempt to establish better models of human
PAH in the mouse, thereby more closely mimicking human disease while retaining the

ability to perform genetic manipulation in the intact animal. Potential models include

115



enhancing vascular contractility by chronic infusion of serotonin and inducing
inflammatory stress by intrapulmonary adenovirus delivery of 5-lipoxygenase. Both of
these models have been used in the field previously (116, 192) and, when crossed into

susceptible genetic backgrounds, might lead to new insights into the development of PAH.

NMD-positive versus NMD-negative BUPR2 mutations in the pathogenesis of HPAH

The Bmpr2 hypomorph (Bmpr22Ex2/+) mice used in our study (Chapter 2) differ from
the Bmpr2+/- mutant mouse used in earlier studies. Unlike the null allele of Bmpr2+/-
mutants, Bmpr2 hypomorphs express a truncated isoform of Bmpr2 (Bmpr2-AEx2) that is
readily detectable by western blot. This mutant protein, which exactly replicates an
inherited mutation in one HPAH family, is retained intracellularly due to defective
trafficking. Interestingly, Bmpr22Ex2/+ mutant mice are susceptible to hypoxic PH (55), while
Bmpr2+/- mutant mice are not (17, 116). This raises the possibility that the phenotype of
Bmpr22Ex2/+ mutant mice might be attributable to effects caused by the expression and/or
retention of Bmpr2-AEx2 instead of haploinsufficiency as in Bmpr2+/- mutant mice. Support
for this idea comes from the finding that patients who are predicted to express partially-
inactivated BMPR2 isoforms have earlier onset and more severe disease than patients

carrying mutations that are predicted to be unexpressed (9).

To explore this possibility further, future studies will compare the consequences of
Bmpr2+/- and Bmpr22Ex2/+ mutations. Since previous studies were performed on Bmpr2+/-
and Bmpr22Ex2/+ mutant mice under different experimental conditions and genetic
backgrounds, future studies will address this question by direct comparison of the hypoxic
PH phenotype in wild type, Bmpr2+/-, and Bmpr22Ex2/+ mutant mice that we have now
backcrossed onto a pure C57Bl/6 background for 9 generations. We expect these studies to
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show that Bmpr24Ex2/+ mutant mice do indeed develop more severe hypoxic PH in vivo. Once
this finding is established, the regulation of eNOS in Bmpr2+/- mutant mice will be evaluated.
If our finding of impaired Bmp-mediated regulation of eNOS is due to Bmpr2
haploinsufficiency, we predict that, like Bmpr22Ex2/+ mutant mice, Bmpr2+/- mutant mice will
display eNOS dysregulation. However, if dominant negative interference by Bmpr2-AEx2 is

to blame, Bmpr2+/- mutant mice would not be expected to share this phenotype.

Besides dominant negative effects, ER stress is another possible mechanism by
which retention of Bmpr2-AEx2 might lead to hypoxic PH. Activation of ER stress can
induce the unfolded protein response, which causes a variety of cellular effects and when
uncorrected leads to apoptosis (reviewed in (81, 91)). Therefore, future studies will
evaluate activation of these pathways in Bmpr2Z4Ex2/+ mutant mice and isolated PECs.
Because Bmpr2 is principally expressed in ECs, we predict that VSMCs, in which Bmpr2 is
less strongly expressed, are less affected by Bmpr2-AEx2 retention. In order to test this
possibility, these studies will be repeated in pulmonary VSMCs isolated from wild type and

Bmpr22Exz/+ mutant mice.

It is of great interest to evaluate if forced shuttling of Bmpr2-AEx2 to the cell surface
partially restores signaling and whether this is sufficient to abrogate the hypoxic PH seen in
Bmpr22Ex2/+ mutant mice. To answer this question, chemical chaperones (such as glycerol,
4-PBA, and thapsigargin) will be used in vitro and the trafficking of Bmpr2-AEx2 evaluated
in Bmpr22Ex2/+ PECs by biotinylation and immunofluorescent localization. If cell surface
localization is achieved, the rescue of downstream signaling, and ultimately the hypoxic PH
phenotype, in this scenario will be determined. In vitro proof of principle has been provided

by rescue of an artificially overexpressed Bmpr2 isoform that is retained in the ER (189).

117



However, our studies have the distinct advantage of mutant expression from the

endogenous locus in vivo.

Induced pluripotent stem cells in the study of HPAH

The findings described in this dissertation provide insight into the role of Bmp
signaling in pulmonary vascular homeostasis and could be of significant clinical relevance to
human HPAH. However, definitive evidence from functional studies in human tissue is
lacking. It is quite likely that the effects of Bmp pathway mutations are cell-type specific,
but access to appropriate human tissue is limited and typically end-stage disease. One
approach to circumvent this limitation comes from recent advances in the ability to
generate induced pluripotent stem (iPS) cells from human skin fibroblasts, which can then
be differentiated into a variety of cell types (201, 228). New studies are defining protocols
to derive vascular cells, including ECs and VSMCs, from human iPS cells (191, 204). Future
efforts will utilize this technology to generate vascular cells from a library of normal and
HPAH patient skin fibroblasts that exists at Vanderbilt University. These will provide the
first means to study functional defects that lead to the development of HPAH in the
appropriate human cell types. Of particular clinical interest will be the evaluation of NMD+
and NMD- BMPRZ2 mutations, and whether agents that promote translational read-through

(reviewed in (112)) can partially restore signaling of NMD+ BMPR2 mutations.

Concluding remarks

Genetic studies in mice have firmly established that Bmp signaling is essential for

vascular development and homeostasis. The studies in this dissertation add to this

118



foundation by demonstrating that the Bmp pathway directly regulates pulmonary vascular
tone, by defining a role for compartmentalization of Bmp signaling in the lung, and by
suggesting compensation among closely-related downstream effectors. Our findings have
implications for understanding the molecular pathogenesis of HPAH and other, more
common forms of PH not associated with BMPR2 mutations. Additionally, we have
identified potential interventions, such as protein refolding agents and cell-specific
modulation of Bmp signaling components in the pulmonary vasculature, which may assist in

future therapies for this important group of human diseases.
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	Statistical analyses were performed using GraphPad Prism 5 with two-tailed t-test for pair-wise comparisons and one-way ANOVA for multiple, between group comparisons using Bonferroni correction for post-hoc, pair-wise comparisons. The minimal level of...
	Results
	Bmp signaling regulates eNOS expression and activity via Bmpr2
	To explore the regulation of eNOS by Bmp signaling in the pulmonary vasculature, we developed a novel assay in which isolated intrapulmonary artery (IPA) trees were treated ex vivo with recombinant Bmp2.  IPA preparations were carefully isolated from ...
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	Abnormal pulmonary arterial tone in Bmpr2ΔEx2/+ mutant mice
	Having established that Bmpr2-dependent signaling regulates eNOS expression and activity, we sought to directly determine whether impaired Bmpr2-dependent signaling leads to functional changes in the pulmonary vasculature.  To do so, we established a ...
	Vessel reactivity in IPAs from wild type and Bmpr2ΔEx2/+ mutant mice was evaluated in a variety of ways: vasoconstriction in response to membrane depolarization (KCl) and adrenergic stimulation (norepinephrine; NE); endothelial-dependent vasodilation ...
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	Genetic analysis of the Bmpr2ΔEx2 mutation in the context of eNOS deficiency
	We hypothesized that, if the primary downstream defect in Bmpr2ΔEx2/+ mice is diminished eNOS expression, then adding the Bmpr2ΔEx2 mutation to an eNOS null background would not cause hypoxic PH that is exacerbated over that seen in eNOS null mutants ...

	52-53
	Slide Number 6
	Slide Number 7

	54
	To determine whether Bmpr2ΔEx2/+eNOS null double mutation is associated with alterations in hypoxia-induced pulmonary vascular remodeling, we evaluated the degree of hypoxia-induced peripheral vessel muscularization in wild type, Bmpr2ΔEx2/+, eNOS nul...
	One explanation for our findings is that genetic strain background may be complicating direct analysis of mutation-specific effects.  To address this possibility, we evaluated the distribution of RVSP within each genotype.  This revealed subpopulation...
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	BMP2 EXERTS PROTECTIVE EFFECTS IN HYPOXIC PULMONARY HYPERTENSION
	Introduction
	The observation that most patients with the rare disease HPAH inherit heterozygous mutations in BMPR2 (123) suggests that dysregulated BMPR2-dependent signaling contributes to the pathogenesis of this disease.  All forms of PH display structural remod...
	To explore the role of Bmps in regulating pulmonary vascular function in the absence of Bmpr2 mutations, we evaluated pulmonary expression of Bmpr2 ligands in a mouse model of hypoxic PH.  Pulmonary Bmp2 and Bmp4 expression (but not Bmp5, Bmp6, or Bmp...
	To test this hypothesis, we investigated the role of Bmp2 in hypoxic PH using mice deficient for Bmp2 (Bmp2+/- mutant mice).  We show that these mice develop more severe hypoxic PH than their wild type littermates.  Unlike Bmp4LacZ/+ mutant mice, Bmp2...
	Methods
	Bmp2+/- mice bred on a C57Bl/6 background were a gift from Stephen Harris (236).  Bmp4LacZ/+ mice bred on an ICR background were a gift from Brigid Hogan (103).  5’ and 3’ Bmp2 BAC transgenic reporter mice have been described (27).  Wild type ICR mice...
	Quantitative RT-PCR
	Total RNA from snap frozen left lung was extracted in Trizol reagent (Invitrogen) and quantified by UV spectrophotemetry (NanoDrop, Thermo Scientific).  Reverse transcription of 1 µg RNA by Superscript III (Invitrogen) was used to generate cDNA for an...
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	Western blot analyses were performed as described in Chapter 2 using antibodies detailed in Table 7.
	Experimental PH
	Evaluation of pulmonary vascular remodeling was performed as described in Chapter 2.  With the observer blinded to genotype and treatment condition, VSMC proliferation was determined as described using two-color immunofluorescence staining for α-SMA a...
	Analysis of β-galactosidase expression in Bmp2 BAC LacZ transgenic mice
	Lungs were inflated and fixed in 0.2% glutaraldehyde in PBS with 2 mM MgCl2 and 5 mM EGTA overnight.  Tissue processing and β-galactosidase staining were performed as described (22).  Results were quantified by counting the number of blue cells per al...
	Isolation of IPA trees
	The isolation of IPA trees was performed as described in Chapter 2.  For Bmp-response studies, freshly isolated IPA s were cultured in DMEM with 10% FBS and treated ± 50 ng/ml recombinant Bmp2 or Bmp4 (R&D systems) for 18 hours prior to lysis.
	Statistical analyses were performed as described in Chapter 2.
	Results
	Bmp2-dependent signaling is impaired in Bmp2+/- mutant mice
	To determine the functional role of Bmp2 in hypoxic PH, we obtained mice in which the Bmp2 genomic locus has been disrupted.  While homozygous deficiency of Bmp2 results in embryonic lethality, Bmp2+/- mutant mice are phenotypically normal (236).  Sim...
	Bmp2+/- mutant mice develop exacerbated hypoxic pulmonary hypertension
	The role of Bmp2 in hypoxia was investigated by exposing wild type and Bmp2+/- mutant mice to 10% normobaric oxygen for up to 3 weeks.  Compared to wild type littermates, Bmp2+/- mutant mice develop higher RVSP after 3 weeks hypoxia (Figure 9A, B; Tab...
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	In addition to increased RVSP, Bmp2+/- mutant mice, when compared to wild type littermates, show a marked increase in peripheral vessel muscularization after exposure to hypoxia for 3 weeks (Table 11).  Increased vessel remodeling is not associate...
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	Bmp2 expression in the lung is closely associated with the vasculature
	To determine the mechanism by which Bmp2 regulates pulmonary vascular responses to chronic hypoxia, we first evaluated its cellular localization in hypoxic lungs.  We were unsuccessful in detecting Bmp2 protein expression by immunohistochemical analys...
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	Statistical analyses were performed as described in Chapter 2.
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	In summary, we have shown that Id1 is not required for vascular remodeling or hypoxic PH, but that Id3 exhibits striking compensatory expression in Id1 null pulmonary VSMCs in vivo.  Since Id1 and Id3 have overlapping roles in regulating cellular prol...
	DISCUSSION AND FUTURE DIRECTIONS
	The studies described in this dissertation were designed to elucidate the functional role of Bmp signaling in normal pulmonary vascular homeostasis and disease.  They describe convergence of signaling pathways previously unknown to be linked, define a...
	Model of Bmp signaling in pulmonary vascular homeostasis
	The studies in Chapters 2 and 3 describe a major role for Bmp2 and Bmpr2 in pulmonary vascular homeostasis through the regulation of vascular tone.  According to the model in Figure 23, hypoxia-induced Bmp2 is dominantly secreted into the pulmonary ci...
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	Collectively, these studies indicate that Bmp2 and Bmpr2 exert protective effects in the pulmonary vasculature and that a major consequence of mutation in Bmp2 or Bmpr2 mutation is dysregulation of pulmonary eNOS expression and activity.  It is concei...
	The findings in Chapters 2 and 3 have implications for the understanding of Bmp signaling in the context of human disease.  For instance, proper eNOS expression level and activity plays a critical role in maintaining low pulmonary vascular resistance ...
	Genetic studies performed in our lab have revealed opposing roles for Bmp2 and Bmp4 in the development of PH in vivo.  While Bmp2-deficient mice display increased susceptibility to hypoxic PH and dysregulated eNOS expression and activity (3), Bmp4 def...
	Restricted patterns of Bmp2 and Bmp4 expression allow for unique separation of signaling effects by cell-type specific genetic ablation.  Mice carrying alleles of Bmp2 (Bmp2 floxed) and Bmp4 (Bmp4 floxed) that can be conditionally deleted have been ge...
	Additionally, once the cell-type specific expression patterns of Bmp2/4 are determined, overexpression of each ligand in specific compartments could provide functional evidence of their role in the development of hypoxic PH.  Presently, mice overexpre...
	In addition to local tissue production of BMP2 and BMP4 in the lung, BMP4, BMP6, and BMP9 have been found to circulate at biologically active concentrations in human serum (38, 77).  These ligands would have direct access to pulmonary vascular beds, s...
	Earlier findings from our lab suggest that Bmp4 promotes hypoxic vascular remodeling through VSMC proliferation (54).  This likely occurs through Alk3 since another group has shown that, like Bmp4 deficiency (54), patchy deletion of Alk3 in VSMCs impa...
	Our studies were unable to conclusively show that Id1 mediates the effects of Bmp4 upon hypoxic vascular remodeling.  Future studies will utilize Bmp4 transgenic mice (described above) to evaluate this possibility.  Provided that, as predicted, Bmp4 o...
	Chronic hypoxia as a model of PAH
	For our functional evaluation of Bmp signaling the development of PH, we chose to utilize the well-established mouse model of chronic hypoxia.  In response to hypoxia, mice develop many of the signs of human PAH, but rarely develop the severe oblitera...
	The true strength of the chronic hypoxia model comes when combined with genetic manipulation in mice (as we have done), thus allowing for evaluation of specific gene function in vivo.  However, future studies will attempt to establish better models of...
	NMD-positive versus NMD–negative BMPR2 mutations in the pathogenesis of HPAH
	The Bmpr2 hypomorph (Bmpr2ΔEx2/+) mice used in our study (Chapter 2) differ from the Bmpr2+/- mutant mouse used in earlier studies.  Unlike the null allele of Bmpr2+/- mutants, Bmpr2 hypomorphs express a truncated isoform of Bmpr2 (Bmpr2-ΔEx2) that is...
	To explore this possibility further, future studies will compare the consequences of Bmpr2+/- and Bmpr2ΔEx2/+ mutations.  Since previous studies were performed on Bmpr2+/- and Bmpr2ΔEx2/+ mutant mice under different experimental conditions and genetic...
	Besides dominant negative effects, ER stress is another possible mechanism by which retention of Bmpr2-ΔEx2 might lead to hypoxic PH.  Activation of ER stress can induce the unfolded protein response, which causes a variety of cellular effects and whe...
	It is of great interest to evaluate if forced shuttling of Bmpr2-ΔEx2 to the cell surface partially restores signaling and whether this is sufficient to abrogate the hypoxic PH seen in Bmpr2ΔEx2/+ mutant mice.  To answer this question, chemical chaper...
	Induced pluripotent stem cells in the study of HPAH
	The findings described in this dissertation provide insight into the role of Bmp signaling in pulmonary vascular homeostasis and could be of significant clinical relevance to human HPAH.  However, definitive evidence from functional studies in human t...
	Concluding remarks
	Genetic studies in mice have firmly established that Bmp signaling is essential for vascular development and homeostasis.  The studies in this dissertation add to this foundation by demonstrating that the Bmp pathway directly regulates pulmonary vascu...
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