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ORIGINAL RESEARCH ARTICLE

Modulation of Endothelial Bone Morphogenetic
Protein Receptor Type 2 Activity by Vascular
Endothelial Growth Factor Receptor 3 in Pulmonary

Arterial Hypertension

BACKGROUND: Bone morphogenetic protein (BMP) signaling has multiple
roles in the development and function of the blood vessels. In humans,
mutations in BMP receptor type 2 (BMPR2), a key component of BMP
signaling, have been identified in the majority of patients with familial
pulmonary arterial hypertension (PAH). However, only a small subset of
individuals with BMPR2 mutation develops PAH, suggesting that additional
modifiers of BMPR2 function play an important role in the onset and
progression of PAH.

METHODS: We used a combination of studies in zebrafish embryos
and genetically engineered mice lacking endothelial expression of
Vegfr3 to determine the interaction between vascular endothelial growth
factor receptor 3 (VEGFR3) and BMPR2. Additional in vitro studies were
performed by using human endothelial cells, including primary lung
endothelial cells from subjects with PAH.

RESULTS: Attenuation of Vegfr3 in zebrafish embryos abrogated
Bmp2b-induced ectopic angiogenesis. Endothelial cells with disrupted
VEGFR3 expression failed to respond to exogenous BMP stimulation.
Mechanistically, VEGFR3 is physically associated with BMIPR2 and facilitates
ligand-induced endocytosis of BMPR2 to promote phosphorylation of
SMADs and transcription of ID genes. Conditional, endothelial-specific
deletion of Vegfr3 in mice resulted in impaired BMP signaling responses,
and significantly worsened hypoxia-induced pulmonary hypertension.
Consistent with these data, we found significant decrease in VEGFR3
expression in pulmonary arterial endothelial cells from human PAH subjects,
and reconstitution of VEGFR3 expression in PAH pulmonary arterial
endothelial cells restored BMP signaling responses.

CONCLUSIONS: Our findings identify VEGFR3 as a key regulator of
endothelial BMPR2 signaling and a potential determinant of PAH penetrance
in humans.
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Clinical Perspective

What Is New?

¢ We provide evidence, using a combination of experi-
mental animal models, human patient cells, and
detailed signaling studies, that demonstrates the
importance of a novel interaction between bone
morphogenetic protein receptor type 2 and vascu-
lar endothelial growth factor receptor 3 in regulating
the robustness of the endothelial bone morphoge-
netic protein signaling response.

e We demonstrate that this interaction is critical for
promoting bone morphogenetic protein receptor
type 2 internalization in response to bone morpho-
genetic protein stimulation.

e We show that genetic deletion of endothelial Vegfr3
in mice results in exacerbation of chronic hypoxia-
induced pulmonary hypertension and impaired bone
morphogenetic protein signaling.

What Are the Clinical Implications?

e Qur findings are the first to demonstrate that vas-
cular endothelial growth factor receptor 3 is a key
modifier of bone morphogenetic protein receptor
type 2 function.

¢ Given the heterogeneous nature of pulmonary arte-
rial hypertension, and the complexity surrounding
the incomplete penetrance of pulmonary arterial
hypertension even in human subjects with bone mor-
phogenetic protein receptor type 2 mutations, these
findings shed important insights into a potential dis-
ease modifier that warrants further investigation in
larger human cohorts.

disease with the hallmark of vascular remodel-

ing of the pulmonary arterioles, associated with
formation of plexiform and concentric vascular lesions
comprising hyperproliferating endothelial and vascular
smooth muscle cells.! A key signaling paradigm that
has been extensively demonstrated to underlie both the
clinical context and experimental models is that me-
diated by bone morphogenetic protein receptor type
2 (BMPR2). The majority of patients with familial PAH,
and many with idiopathic PAH, have BMPR2 mutations.?
Familial PAH is considered to be a disease transmit-
ted in an autosomal dominant fashion, and although
heterozygous BMPR2 mutations can cause disease,
their incomplete penetrance is highlighted by the fact
that the majority of individuals with BMPR2 mutations
(=80%) do not progress to develop PAH.%¢ These find-
ings suggest the presence of genetic or environmen-
tal modifiers that are critical determinants of disease
pathogenesis. Unfortunately, these potential modifiers
of BMPR2-mediated signaling remain incompletely de-

Pulmonary arterial hypertension (PAH) is a rare
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fined in the context of the pulmonary vasculature. In ad-
dition, the regulators of BMPR2 signaling in specific cell
types involved in PAH, including endothelial cells (ECs),
vascular smooth muscle cells, and others, remain to be
fully investigated.

Vascular endothelial growth factor receptors (VEGFRs)
are receptor tyrosine kinases that bind to and transduce
signaling from the VEGF ligand family. To date, 3 VEGFRs
have been identified; VEGFR1 (FLT1), VEGFR2 (KDR), and
VEGFR3 (FLT4).” During developmental and pathological
angiogenesis, VEGFR2, which binds to VEGF-A, appears
to function as the primary receptor for VEGF signaling.®
VEGFR3, which shares structural similarity to VEGFR2,
preferentially binds to other members of VEGF ligands
(VEGF-C and VEGF-D) and promotes angiogenesis and
lymphangiogenesis.®!! In the context of PAH, compo-
nents of VEGF signaling have been implicated as poten-
tial biomarkers in human disease,!? and, in experimental
models, a VEGFR2 antagonist (SU-5416) in conjunction
with chronic hypoxia is used routinely to induce pulmo-
nary hypertension (PH) in rodents.!® Although VEGR3 is
known to be highly expressed in the lungs,'#-1¢ its spe-
cific role in the pulmonary arterial bed has not been fully
defined.

Our current studies describe convergence between
the BMP and VEGF signaling pathways through a novel
interaction between VEGFR3 and BMPR2. We found
VEGFR3 to be highly expressed in the pulmonary arte-
rial endothelial cells (PAECs). Moreover, the VEGFR3-
BMPR2 interaction was found to regulate multiple
aspects of BMP signaling, including ligand-induced
internalization of BMPR2 and phosphorylation of BMP
target proteins. Genetic deletion of Vegfr3 in ECs led
to impaired BMP signaling in the lungs, associated with
exacerbation of hypoxia-induced PH in mice. Lastly,
VEGFR3 expression was found to be significantly re-
duced in human PAH PAECs, and restoring its expres-
sion resulted in the rescue of impaired BMP signaling in
these patient cells. Overall, these findings demonstrate
a key role for VEGFR3 as a molecule that can potentiate
BMP signaling in the pulmonary arterial endothelium,
and define its role as a potential disease modifier in the
multiple-hit model of PAH.

METHODS

Additional detailed methods are included in the online-only Data
Supplement.

Human Samples

The study was approved by the Cleveland Clinic and the Yale
University School of Medicine institutional review boards, and
written informed consent was obtained from all participating
individuals. Human lung tissues were obtained from either
unused, explanted normal donor lungs, or explanted lungs from
confirmed subjects with PAH undergoing lung transplantation
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at the Cleveland Clinic. Additional PAH and normal donor lung
samples were obtained from the National Disease Research
Interchange.

Mice

The protocols were approved by the Institutional Animal Care
and Use Committee of Yale University. C57/BI6 mice (Jackson
Laboratories) were maintained in the Animal Research
Center at Yale University. The Vegfr3:YFP, Vegfr3" and
Cdh5(Pac):Cret®™ mice have been previously described.!7-1?
For Cdh5(Pac):Cret®™ mice, 6-week-old mice were injected
with 2 mg of tamoxifen (Sigma, T5648; 10mg/mL dissolved
in 10% ethanol with corn oil) intraperitoneally daily for 5 days
to induce Cre activity. Vegfr3"" mice lacking the Cre driver
injected with the same tamoxifen regimen were used as con-
trols. The mice were used 5 weeks after the completion of
tamoxifen injection for the indicated experiments. For estab-
lishing PH, mice were exposed to continuous hypoxia (10%
Fio,) for 3 weeks.

Hemodynamic and Morphometric Analysis

All procedures were performed under anesthesia with inhaled
isoflurane. For evaluation of PH severity, 6 to 8 mice were
used per group. Pressure catheter (Millar Instruments) was
inserted in the right jugular vein to measure right ventricular
systolic pressure as described previously.? The right ventricle
was perfused with normal saline and the right lung was ligated,
isolated, and snap-frozen in liquid nitrogen for protein and RNA
analysis. The left lung was perfused and fixed with 4% para-
formaldehyde overnight for immunohistochemistry. To assess
right ventricular hypertrophy, hearts were dissected and the
Fulton index was calculated as the weight ratio of the right
ventricle and the left ventricle + septum.

To assess pulmonary artery muscularization, lung tissues
were fixed in 4% paraformaldehyde, washed in 1x phosphate-
buffered saline and embedded in optimum cutting temperature
compound (Sakura Tissue-Tek) and frozen, then tissues were
sectioned on a Leica CM1950 cryotome at 10 um and incu-
bated with anti-von Willebrand Factor antibody (AO082, Dako),
anti-smooth muscle actin antibody conjugated to Cy3 (C6198,
Sigma) overnight at 4°C. The sections were then incubated
with Alexa Fluor 488 goat anti-rabbit IgG antibody (A11008,
Life Technologies). 4’,6-Diamidino-2-phenylindole (Thermo
Scientific) was used to stain the nuclei. Sections were imaged
using Nikon eclipse Ti confocal microscope.

Pulmonary artery muscularization was quantified by calcu-
lating the ratio of the number of muscularized peripheral pul-
monary arteries to the number of total peripheral pulmonary
vessels (with diameters <75 um) in 10 random fields per lung
(with each field at x200 magnification). To assess the thick-
ness of the medial smooth muscle cell layer of the pulmonary
arterioles, lung tissue sections were immunostained for von
Willebrand Factor, smooth muscle actin, and 4/,6-diamidino-
2-phenylindole, then immunofluorescence images were
obtained on a Nikon eclipse Ti confocal microscope. The
thickness of the smooth muscle layer in the pulmonary arte-
rioles was measured using ImageJ software in 45 to 50 ran-
dom fields per lung (with each field at x600 magnification).
Quantifications were performed by investigators blinded to
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the experimental condition. Hematoxylin and eosin staining
was performed using standard methods and visualized with a
light microscope (Nikon 80i). The number of obliterated ves-
sels was counted in 10 random fields per lung per mouse
using hematoxylin and eosin-stained sections, and each dot
in the figure represents the average value per high power
field per mouse.

Cell Culture and Reagents

Human PAECs were isolated from normal and PAH explanted
donor lungs, as described previously.? In brief, human pul-
monary arteries were dissected from the distal small arteri-
oles in lungs, and PAECs were harvested from the isolated
pulmonary arterial tree and were grown in EBM-2 containing
EGM-2 supplement (Lonza). Human umbilical vein endothelial
cells (HUVECs) were purchased from Yale Vascular Biology
and Therapeutics core and cultured in EBM-2 containing
EGM-2 supplement. All the cells were passaged at 80% to
90% confluence, and were used between passages 3 and
8. BMP6 (R&D Systems) or VEGF-C (R&D Systems) were
used for stimulation with the use of indicated doses and time
points. For phosphorylation studies, HUVECs or PAECs were
serum starved before stimulation. For blocking dynamin-
mediated endocytosis, cells were treated with 80 mmol/L
Dynasore (Sigma) for 30 minutes before the lysis as previ-
ously described.?

Zebrafish Embryos

The research protocols were approved by the Institutional
Animal Care and Use Committee of Yale University. Morpholinos
(MOs) were injected at single cell stage embryos. Injected
embryos were incubated at 42°C for 30 minutes to induce the
expression of hsp:bmp2b transgene. The degree of ectopic
angiogenesis was assessed by confocal analyses as previ-
ously described.?*

Statistics

All experiments were performed in triplicates (unless otherwise
specified) in at least 3 independent experiments, and data
shown are means=standard error of the mean. When only 2
groups were compared, statistical differences were assessed
with unpaired 2-tailed Student t test. To examine the statistical
differences in the expression level of VEGFR3 between control
and PAH patient samples which contain a number of outliers,
the Wilcoxon rank sum test was used to calculate the sig-
nificance. Otherwise, statistical significance was determined
using 1- or 2-way analysis of variance followed by Bonferroni
multiple comparison test. A P value of <0.05 was considered
statistically significant.

RESULTS

VEGFR3 Is Required for Endothelial BMP
Response

We have previously reported that ectopic activation of
Bmp2b (zebrafish ortholog of mammalian BMP2) during
zebrafish vascular development induced excessive
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angiogenic sprouts from the caudal vein plexus.?* We
postulated that additional modulators may potentiate
angiogenic responses in ECs on BMP activation. To iden-
tify such factors, we performed a multimodal screen us-
ing in situ hybridization, bioinformatics, and MO-based
knockdown analyses in zebrafish. Among the candidates
tested (online-only Data Supplement Table 1), we found
that knockdown of vegfr3 by MO injection substantially
reduced the number of ectopic venous sprouts emanat-
ing from the caudal vein in response to Bmp2b induc-
tion (Figure 1A through 1D). It is interesting to note that
inhibition of its cognate ligand vegfc, while being sta-
tistically significant, only had minor effects on Bmp2b-
induced angiogenesis in comparison with inhibition of
vegfr3 (Figure 1A through 1D), suggesting that Vegfr3,
in a ligand-independent manner, is essential for Bmp sig-
naling response. Consistent with this idea, knockdown
of VEGFR3 in HUVECs significantly reduced phosphory-
lation of SMADs and induction of ID genes on BMP Ii-
gand stimulation (Figure 1E and 1F, and online-only Data
Supplement Figure ).

VEGFR3 Is Physically Associated With
BMPR2 and Regulates Its Intracellular
Trafficking

We next examined whether BMPR2 may be directly
associated with VEGFR3. Immunoprecipitation ex-
periments using antibodies against either BMPR2
or VEGFR3 were able to robustly pull down VEGFR3
or BMPR2, respectively, in both HUVECs and PAECs
(Figure 1G and 1H). We found in HUVECs that BMP6
stimulation led to robust internalization of BMPR2
(Figure 2A). Pretreatment of the cells with Dynasore,
which inhibits endocytosis, led to marked inhibition of
BMP6-induced BMPR2 internalization (Figure 2A) and
SMAD1/5 phosphorylation (Figure 2B), further sup-
porting the importance of BMPR2 internalization in
downstream signaling. We found that BMP6 stimula-
tion led to robust internalization of VEGFR3 in both
HUVECs and PAECs, in addition to BMPR2 (Figure 2C
and online-only Data Supplement Figure ll), suggest-
ing that VEGFR3 is not only closely associated with
BMPR2, but also internalizes together with BMPR2
on ligand activation and may act as a coreceptor. To
further elucidate the functional relevance of VEGFR3
in impacting BMPR?2 internalization, we examined the
internalization of BMPR2 on BMP6 treatment in the ab-
sence of VEGFR3. The amount of internalized BMPR2
was significantly reduced in VEGFR3 siRNA-treated
HUVECs (Figure 2D). Collectively, our data suggest
that VEGFR3 is likely to function as a coreceptor for
BMPR2 and is essential for BMP-induced BMPR2 en-
docytosis.
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Deletion of Endothelial Vegfr3 Results in
Exacerbation of Hypoxia-Induced PH and Impairs
BMP Signaling

Given that mutations in BMPRZ2 in humans predispose
to development of PAH, we sought to investigate the
functional relevance of VEGFR3 in the pulmonary vas-
culature. Using the recently described Vegfr3:YFP
reporter mouse,!” which expresses the yellow fluo-
rescent protein (YFP) in cells that express Vegfr3, we
injected a bismuth contrast agent into the right ven-
tricle to identify the pulmonary arterial blood vessels.
We found robust YFP expression in the ECs surrounding
the bismuth contrast—filled vascular lumen (Figure 3A),
confirming expression of Vegfr3 in the pulmonary arte-
rial endothelial cells.

To further elucidate the role of VEGFR3 in the regu-
lation of BMPR2 signaling in pulmonary vasculature,
we next investigated the phenotype of mice with induc-
ible, conditional deletion of Vegfr3 in the endothelium
using the Cdh5(Pac):Cret®2 mice (henceforth Vegfr3
ECKO) (online-only Data Supplement Figure Ill).18 Cre
recombinase was induced with tamoxifen in adulthood
to avoid any potential deleterious effects of endothelial
Vegfr3 deletion in development. Consistent with our
data obtained from the cell culture studies, we found
a significant reduction in SMAD1/5 phosphorylation in
the lung homogenates of Vegfr3 ECKO mice in com-
parison with controls (Figure 3B and 3C). In addition,
expression of Id2, a known downstream target of pS-
MAD, was markedly decreased in Vegfr3 ECKO lungs
(Figure 3B and 3D).

To determine whether lack of endothelial VEGFR3, at
least in part via impaired BMP signaling, may contrib-
ute to the pathogenesis of PH, we evaluated the Vegfr3
ECKO mice either at baseline or after 3 weeks of chronic
hypoxia to promote the development of PH.? Although
there was no significant difference in the right ventricu-
lar systolic pressure in the Vegfr3 ECKO mice in com-
parison with control littermates at the baseline (28.4
mmHg + 3.15 for control versus 28.7 mmHg + 4.1 for
Vegfr3 ECKO, P=not significant), there was a significant
increase in right ventricular systolic pressure and right
ventricular hypertrophy in the Vegfr3 ECKO mice after
chronic hypoxia exposure (Figure 4A and 4B), indicating
that Vegfr3 ECKO mice are more susceptible to develop-
ing PH in response to chronic hypoxia. Moreover, mor-
phometric analyses of Vegfr3 ECKO mice after chronic
hypoxia demonstrated a significantly increased number
of muscularized pulmonary arterioles and increased me-
dial layer thickness in comparison with control mice (Fig-
ure 4C through 4E). Last, we found that Vegfr3 ECKO
mice had a significantly increased number of obliterated
pulmonary arterioles, which is rarely, if ever, seen in
mice subjected to chronic hypoxia (Figure 4F and 4G).
Taken together, the exacerbated PH phenotype in Veg-
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Figure 1. VEGFR3 is essential for BMP signaling and closely associated with BMPR2.

A through C, Depth-encoded confocal images taken from the trunk region of 32 hours postfertilization (hpf) control (A), vegfc
(B), or vegfr3 (C) morpholino (MO)injected Tg(hsp70:bmp2b)*3, Tg(kdrl:eGFP)34 embryos on heat shock. Overexpression of
Bmp2b led to ectopic angiogenesis which was abrogated by inactivation of vegfr3. D, Quantification on the number of somites
containing ectopic angiogenic sprouts in control, vegfc, or vegfr3 MO-injected Tg(hsp70:bmp2b)3,Tg(kdrl:eGFP)*%*3 embryos
on heat shock. E, BMP6-induced phosphorylation of SMADs is abrogated in VEGFR3 siRNAtreated HUVECs. F, ID1 and ID2

are decreased in VEGFR3 siRNAtreated HUVECs. G, Coimmunoprecipitation using BMPR2 antibody can pull down VEGFR3 in
HUVECs and PAECs. H, Coimmunoprecipitation using VEGFR3 antibody can pull down BMPR2 in HUVECs and PAECs. *P<0.05.
**P<0.01. ***P<0.001. BMP indicates bone morphogenetic protein; BMPR2, BMP receptor type 2; HUVEC, human umbilical
vein endothelial cell; IP, immunoprecipitant; PAEC, pulmonary arterial endothelial cell; VEGFR3, vascular endothelial growth factor

receptor 3; and WCL, whole cell lysate.

fr3 ECKO mice, in conjunction with impaired BMP signal-
ing in these mice, supports our hypothesis that VEGFR3
may be a key mediator of endothelial BMPR2-mediated
signaling.

Decreased VEGFR3 Expression in Human
PAH PAECs

We next sought to further elucidate the role of VEGFR3 in
the human PAH context. Similar to murine lung, VEGFR3
is highly expressed in pulmonary arterioles in human
lung tissue (Figure 5A). To further investigate the role
of VEGFR3 in pathogenesis of PAH, we examined the
VEGFR3 expression in PAH and control PAECs. Expres-
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sion of VEGFR3 in the lung sections from a PAH subject
was significantly decreased in comparison with control
(Figure 5A). Moreover, both VEGFR3 mRNA and protein
levels were substantially reduced in PAECs isolated from
PAH subjects (Figure 5B and 5C), despite the expected
heterogeneity among the different patient samples. For
instance, PAECs isolated from a PAH subject, CCO11,
displayed a comparable level of VEGFR3 expression to
control samples, whereas a number of PAECs derived
from other PAH subjects demonstrated markedly re-
duced VEGFR3 expression (Figure 5C). The presence
or absence of BMPR2 mutations in PAECs did not ap-
pear to be a determining factor for VEGFR3 expression,
because we found reduced VEGFR3 expression in both
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Figure 2. VEGFR3 and BMPR2 cointernalize on ligand stimulation.

A, Biotinylation assay showing internalization of surface BMPR2 in response to BMP6 stimulation in a time-dependent manner.
B, Inhibition of Dynamin-dependent endocytosis decreases phosphorylation of SMAD 1/5. C, Stimulation with BMP6 induces
internalization of VEGFR3 and BMPR?2 in both HUVECs and PAECs in a time-dependent manner. D, Lack of VEGFR3 in HUVECs
abrogated ligand-dependent internalization of BMPR2 in HUVECs. BMP indicates bone morphogenetic protein; BMPR2, BMP
receptors type 2; HUVEC, human umbilical vein endothelial cell; PAEC, pulmonary arterial endothelial cell; and VEGFR3, vascular

endothelial growth factor receptor 3.

those PAECs with and without BMPR2 mutant alleles (Fig-
ure 5C). It is interesting to note that we found that PAH
PAECs with high VEGFR3 expression (CCO11) respond-
ed robustly to BMP6 stimulation (Figure 5D), whereas
PAECs from a PAH subject without BMPR2 mutation, but
with low VEGFR3 (CC016), demonstrated minimal BMP
response (Figure 5E), indicating that VEGFR3 may be an
important mediator that may contribute to the BMP re-
sponsiveness in PAECs.

In light of these findings, we set forth to further inves-
tigate the relationship between VEGFR3 and BMPR2 in
PAH context by determining the effects of VEGFR3 over-
expression in PAH PAECs. Using PAECs from 5 subjects
with PAH, 3 of whom were heterozygotes for BMPR2
mutations (Figure 5F), we tested the efficacy of lentivi-
rakinduced VEGFR3 overexpression on BMP signaling
(online-only Data Supplement Figure IV). First, we tested
2 PAEC lines derived from PAH subjects without BMPR2
mutations. Although VEGFR3 overexpression did not en-
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hance the response to BMP stimulation in PAECs with
normal basal level of VEGFR3 expression (Figure 5G), in
PAH PAECs with low baseline VEGFR3 expression, lenti-
virus-mediated VEGFR3 overexpression restored robust
induction of SMAD phosphorylation on BMP stimulation
(Figure 5H). We next tested the effects of VEGFR3 over-
expression on 3 PAEC lines derived from subjects carry-
ing distinct BMPR2 mutations. VEGFR3 overexpression
in cell line CCO15, which carries a nonsense mutation in
the kinase domain of BMPR2, induced robust increase in
SMAD1/5 phosphorylation in response to BMP6 stimula-
tion (Figure 5l). We also tested 2 additional PAEC lines
from BMPR2 mutation carriers. Line 909 had relatively
higher expression of VEGFR3 at baseline, and despite
having a BMPR2 allele with deletion of exons 1 through
8, responded robustly to BMP6, which was not augment-
ed further with VEGFR3 overexpression. PAEC line B377
was derived from a BMPR2 mutant carrier with deletion
of the transmembrane domain. This cell line failed to
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A, Localization of YFP expression driven by the Vegfr3 promoter to the endothelial layer of bismuth contrast-filled pulmonary
arteriole. Scale bar=50 um. B, Reduced pSMAD 1/5 levels in lung homogenates from Vegfr3 ECKO mice compared with lung
homogenates from control littermates. C, pSMAD 1/5 to total SMAD 5 ratio in control littermates and Vegfr3 ECKO mice. D,
Quantification of Id2 expression to GAPDH ratio in control and Vegf3 ECKO mice. *P<0.05. **P<0.01. BMP indicates bone mor-
phogenetic protein; DAPI, 4’,6-diamidino-2-phenylindole; VEGFR3, vascular endothelial growth factor receptor 3; and YFP, yellow

fluorescent protein.

respond to BMP6 stimulation both at baseline and with
VEGFR3 overexpression (Figure 5l).

DISCUSSION

Our data collectively present compelling evidence in-
dicating that VEGFR3 functions within BMP signaling
pathway to modulate internalization of BMPR2 on ligand
stimulation, which in turn influences the response to
BMP signaling in ECs. We found that VEGFR3 is physi-
cally associated with BMPR2, and internalizes together
on BMP stimulation. The function of VEGFR3 in mediat-
ing BMP signaling appears to be independent of its own
ligands, substantiating previous finding that VEGFR3
may play an important role outside the context of VEGF-
C/D signaling.?

A number of membrane receptors can influence the
signaling properties of the receptor tyrosine kinases by
facilitating ligand-mediated endocytosis. For instance,
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Neuropilins, which are well characterized receptors for
Semaphorins, can function as a coreceptor for VEGFR2
and VEGFR3 in ECs by providing an additional scaffold-
ing,%”?8 and EphrinB2 can facilitate the internalization
of VEGFR3 and VLDLR/ApoER2 by recruiting clathrin
adaptors.!®?? |t has been speculated that these unusual
facultative receptor-receptor interactions provide an
additional regulatory step for the specific signaling cas-
cade.3? In almost all cases, receptor tyrosine kinases
are the subjects of these unusual receptor-receptor
interactions. It is interesting to note that such interac-
tions have not been documented for the receptor ser-
ine/threonine kinases, which share similar biochemical
properties with the receptor tyrosine kinases. Our study
provides strong evidence that the activity of BMPR2 is
regulated by its interaction with VEGFR3, demonstrat-
ing that receptor serine/threonine kinases might be
similarly regulated by the facultative receptor-receptor
interactions.

Circulation. 2017;135:2288-2298. DOI: 10.1161/CIRCULATIONAHA.116.025390
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Figure 4. Deletion of Vegfr3in endothelial cells exacerbates pulmonary hypertension.

A, Right ventricle systolic pressure (RVSP) measured in control and Vegfr3 ECKO mice. B, Weight ratio of right ventricle to left
ventricle plus septum calculated in control and Vegfr3 ECKO mice. C, Immunofluorescent staining of lung sections from control
and Vegfr3 ECKO mice for endothelial cells (CD31; green), vascular smooth muscle cells (SMA; red), and nuclei (DAP!I; blue).
Scale bar=50 um. D, Percentage of muscularized arterioles within the lung tissue obtained from control and Vegfr3 ECKO mice.
E, Thickness of SMA-positive medial layer in the muscularized arteries in control and Vegfr3 ECKO mice. F, H&E-stained lung
section taken from control (Top) and Vegfr3 ECKO mice (Bottom). Arrows point to representative images of intact (control) and
obliterated (Vegfr3 ECKO) lumens of the pulmonary arterioles. Scale bar=50 pm. G, Percentage of pulmonary arterioles with
obliterated lumen in control and Vegfr3 ECKO mice. *P<0.05. **P<0.01. DAPI indicates 4/,6-diamidino-2-phenylindole; H&E,
hematoxylin and eosin; HPF1, high power field; LV, left ventricle; and RV, right ventricle.

On ligand stimulation, BMPR2 undergoes endocy-
tosis, facilitated by clathrin adaptors such as Dab?2
and FCHO.33 The endocytosis of BMPR2 appears to
be critical for the downstream activation, because its
main effectors SMAD1/5 are associated with endo-
somes.33-35 Consistent with this idea, certain BMPR2
mutant isoforms isolated from human PAH patients
fail to localize to the cell membrane and are therefore
unable to undergo endocytosis in response to BMP
stimulation.3® Because VEGFR3 facilitates endocytosis
of BMPR2, we speculate that the interface of BMPR2
and VEGFR3 can be therapeutically targeted to aug-
ment BMP signaling activity in pathological conditions
such as PAH. In support of this notion, we demonstrate
rescue of BMP signaling in cultured PAECs by restoring
VEGFR3 expression in a subset of PAH patient-derived
PAECs. In addition to restoring BMP response in PAH

Circulation. 2017;135:2288-2298. DOI: 10.1161/CIRCULATIONAHA.116.025390

PAECs without BMPR2 mutation, VEGFR3 overexpres-
sion was also able to augment BMP response in a PAH
PAEC line with a nonsense mutation in the BMPR2 cy-
toplasmic kinase domain (Figure 5l), but not in 2 addi-
tional PAH PAEC lines with multiexon deletions spanning
the BMPR2 transmembrane domain. These variable
responses in PAH PAECs to our cellular manipulations
highlight the heterogeneous nature of the disease, while
providing potentially important insights into the interac-
tion between these receptors, and variability in PAEC
response to BMP in the context of heterozygous BMPR2
mutations, as we pursue further studies to evaluate the
multitude of factors that may contribute to PAH devel-
opment in BMPR2 heterozygosity. Aspects of these
studies would be best performed in manners that apply
precision medicine approaches, which is beginning to
emerge in the PAH context.37:38
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Figure 5. Attenuation of VEGFR3 contributes to the pathogenesis of pulmonary arterial hypertension

in humans.

A, Immunofluorescence staining of a normal lung section (Left) and a PAH lung section (Right) for endothelial cells (CD31;
green), VEGFR3 (red), and nuclei (DAPI; blue) showing decreased VEGFR3 expression in PAH endothelium. Scale bar=50 um. B,
Relative expression level of VEGFR3 mRNA in normal and PAH PAECs. The significance was calculated using the Wilcoxon rank-
sum test. **P<0.01. C, Overall decreased but heterogeneous VEGFR3 protein expression among PAH patient—derived PAECs is
not dependent on mutations in BMPR2. The mean of all the expression values in the control group was used for normalization.

D through E, Expression level of VEGFR3 influences the response of PAH PAECs to BMP6 (50 ng/mL) stimulation. D, On BMP6
treatment, phosphorylation of SMAD1/5 was only increased in PAH PAECs with a relatively high level of VEGFR3. E, Phosphoryla-
tion of SMAD 1/5 did not change in PAH PAECs with low VEGFR3 expression. F, Schematic of BMPR2 genomic loci depicting the
specific gene mutation/deletion in human PAECs tested. The up-arrow depicts location of the missense mutation, and the red
lines depict the locations of gene deletion. G through I, Effect of lentiviral-mediated overexpression of VEGFR3 on BMP-ligand-
mediated phosphorylation of SMAD 1/5. In PAH PAEC without BMPR2 mutations with a high level of VEGFR3 expression, overex-
pression of VEGFR3 did not increased the phosphorylation of SMAD 1/5 on BMP6 stimulation (G), whereas in PAH PAECs with
low VEGFR3 expression, overexpression of VEGFR3 restored the phosphorylation of SMAD 1/5 on BMP6 stimulation (H). I, In
PAH PAECs from subjects with BMPR2 mutations, efficacy of rescue with VEGFR3 overexpression in enhancing BMP6 response
was variable depending on the underlying BMPR2 mutation. BMP indicates bone morphogenetic protein; BMPR2, BMP receptors
type 2; DAPI, 4’,6-diamidino-2-phenylindole; PAEC, pulmonary arterial endothelial cell; PAH, pulmonary arterial hypertension; and
VEGFR3, vascular endothelial growth factor receptor 3.

Collectively, our current findings provide a more  incomplete penetrance of disease in those with BMPR2

comprehensive understanding of how inputs of diverse
signaling pathways can be integrated and coordinated.
The demonstrated relevance of this interaction to the
disease context of PAH provides a novel signaling para-
digm that may, at least in part, explain the presence of

2296 June 6,2017

mutations, and also identify strategies to modulate VEG-
FR3 activity, or its interaction with BMPR2, as a potential
target for PAH therapy. Considering the importance of
BMP signaling in diverse organs and tissues, it is diffi-
cult to selectively modulate BMPR2 activity without side

Circulation. 2017;135:2288-2298. DOI: 10.1161/CIRCULATIONAHA.116.025390
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effects.3%*3 Therefore, our results demonstrating the
interaction between BMPR2 and VEGFR3 provide a theo-
retical background for a novel way to manipulate BMPR2
activity in pathological conditions.
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Supplemental Methods

siRNA and transfection. Human siRNA against VEGFR3 and non-targeting control
(Invitrogen) were transfected with Lipofectamine RNAIMAX (13778-150, Life Technologies)
according to the manufacturer’s instructions. The cells were harvested 72 hours after

transfection.

RNA extraction and RT-PCR. The cells or homogenized lung tissues were resuspended in
Qiazol (79306, Qiagen) and total RNA was then extracted with the miRNeasy RNA isolation kit
(Qiagen). Purified total RNA was reverse transcribed with the iScript cDNA Synthesis Kit (Bio-
Rad). The mRNA expression levels of human and mouse transcripts were determined by
quantitative real-time PCR with TagMan probes (Applied Biosystems) or SYBR green assays

(Bio-Rad) on a CFX-96 (Bio-Rad) according to the manufacturer’s instructions.

Western blot and immunoprecipitation. Western blotting and immunoprecipitation were
described previously." Briefly, cells were washed with PBS in 3 times and lysed in RIPA buffer
(89901, Thermo Scientific) containing Halt protease and phosphatase inhibitor cocktails (78442,
Thermo Scientific). Lung tissues were homogenized in RIPA buffer with Halt protease and
phosphatase inhibitor cocktails, and centrifuged at 15,000 rpm for 30 min at 4°C. The protein
concentrations were measured with the micro BCA protein assay kit (23235, Thermo Scientific)
and samples were boiled in a 95 °C heat block for 10 min and separated by SDS-PAGE. For
immunoprecipitation, equivalent protein concentrations of cell lysates were incubated with
indicated antibodies for overnight at 4 °C, followed by incubation with protein A/G agarose plus
beads (sc-2003, Santa Cruz) for 2 h at 4 °C. Immunoprecipitates were extensively washed, and
the eluted precipitates were run on SDS-PAGE gels and the separated proteins were
transferred to Immun-Blot PVDF membrane (162-0177, Bio-Rad). The membranes were
blocked with 5 % BSA in PBS-T (0.1 % Tween-20 in PBS) for 1 h at room temperature and
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incubated overnight at 4°C with the indicated antibodies. The membranes were washed with
PBS-T and incubated with HRP tagged secondary antibodies. The signal was detected using
the ECL System (34096, Thermo Scientific). Each western blot is representative of three
independent experiments of triplicate samples. The antibodies used were: phospho-Smad 1/5
(Serd463/465) (Cell Signaling), Smad 1 (Santa Cruz), Smad 5 (Cell Signaling), GAPDH (Cell
Signaling), Tubulin (Santa Cruz), BMPR2 (BD science), VEGFR3 (Millipore), and 1d2 (Santa

Cruz).

Immunohistochemistry and immunofluorescence. For human tissues, lung sections were
deparaffinized with Histoclear (National Diagnostics) twice for 10 min and rehydrated through a
degraded series of ethanol concentrations (100 % to 30 %). Antigen retrieval was carried out
with Retrieval solution (DAKO) for 30 min at 94 ~ 96 °C, followed by cooling on the bench for 20
min at room temperature. The lung tissue sections were blocked with 5 % BSA in PBS for 1 h at
room temperature and incubated with anti-CD31 antibody (M0823, Dako) and anti-VEGFR3
antibody (sc-321, Santa Cruz) overnight at 4 °C, and then incubated with Alexa Fluor 568 goat
anti-rabbit IgG (A11011, Invitrogen) and Alexa Fluor 488 goat anti-mouse 1gG antibodies
(A11001, Invitrogen) and counter stained with DAPI and imaged using Nikon eclipse Ti confocal

microscope.

For assessing YFP expression in theVegfr3:YFP mice, these mice were perfused with saline
through the RV and vented through the aorta. Liquid bismuth contrast agent was perfused
through the RV and the mice were immediately placed on ice to solidify the contrast agent. The
lungs were removed and fixed in 4% paraformaldehyde overnight at 4 °C. The lungs were then

washed in PBS and equilibrated in 30% sucrose overnight at 4 °C. The lungs were embedded

in OCT and sectioned at 15 um. Sections were counterstained with DAPI and fluorescence and

DIC signals were detected using Nikon Eclipse Ti confocal microscope.
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Lentivirus. For VEGFR3 expression lentivirus, VEGFR3 construct was purchased from
Origene Technologies and cloned into pCDH-EF1-MCS lentivirus backbone vector (System
Biosciences) to generate pCDH-EF1-hVEGFR3 vector. 293T cells were cotransfected with
pCDH-EF1-hVEGFR3, pVsvg and pGag-pol vectors using Lipofectamnine LTX reagent
(Invitrogen). Media was replaced at 12 h after transfection. Medium with infectious lentiviruses
was harvested at 72 h after transfection. HUVECs or PAECs were infected with recombinant

lentivirus transducing units with 8 ug/mL Polybrene (Sigma).

Cell surface biotinylation and Internalization assay. Biotinylation assay was performed as
previously described.? Briefly, ECs were grown to confluence and washed twice with ice cold
PBS. 5ml/10cm dish 0.25mg/ml Biotin in ice cold PBS was added to the culture dish. After ECs
were incubated with Biotin for 60 min at 4 °C on orbital shaker, the remaining Biotin was
quenched by washing with ice cold 50 mM glycine in PBS. Cells were washed three times with
ice cold PBS. Subsequently, cells were harvested and lysed with NP-40 lysis buffer.
Immunoprecipitation with NeutrAvidin beads was performed at 4 °C to pull down biotinylated
proteins. Beads were subsequently rinsed four times with 500 uL of lysis buffer. Beads were
resuspended in 60 uL of 2X sample buffer, and used to detect BMPR2 or VEGFR3 by western

blot.
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Supplemental Table

Supplemental Table 1. Genes targeted by morpholino injection in zebrafish.

Gene Full Name Function BMP
Signaling
Related
Phenotype
aplnra apelin receptor a G protein-coupled N
receptor
ap2m1ia | adaptor-related protein complex | endocytosis, N
2, mu 1 subunit, a internalization and
trafficking
arrb2b arrestin, beta 2b endocytosis, N
internalization and
trafficking
arrdc2 arrestin domain containing 2 N/A N
bmpr2a | bone morphogenetic protein signaling receptor Y
receptor, type Il a
bmpr2b | bone morphogenetic protein signaling receptor Y
receptor, type Il b
cltca clathrin, heavy polypeptide a endocytosis, Y
(He) internalization and
trafficking
dab2 disabled homolog 2 (Drosophila) | endocytosis, Y
internalization and
trafficking
erg v-ets erythroblastosis virus E26 transcription factor N
oncogene like (avian)
fr coagulation factor Il (thrombin) G protein-coupled N
receptor receptor
fit4 fms-related tyrosine kinase 4 signaling receptor Y
(vegfr3)
gpr182 | G protein-coupled receptor 182 G protein-coupled N
receptor
krit1 KRIT1, ankyrin repeat containing | cytoskeleton-related | N
lamp?2 lysosomal membrane lysosome-related N
glycoprotein 2
lyvet lymphatic vessel endothelial endocytosis, N
hyaluronic acid receptor 1 internalization and
trafficking
mrcia mannose receptor, C type 1a scavenger receptor | N
npl RAB14, member RAS oncogene | endocytosis, N
family internalization and
trafficking
slc17ad | sorting nexin 1 endocytosis, N
internalization and
trafficking
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slc4a2b | sorting nexin 5 endocytosis, N
internalization and
trafficking

snx1 sorting nexin 8 endocytosis, N
internalization and
trafficking

snx5 stabilin 2 scavenger receptor | N

snx8 transcription factor binding to transcription factor N

IGHM enhancer 3a

stab2 vessel-specific 1 endocytosis, N
internalization and
trafficking
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Supplemental Figures

VEGFR3

Tubulin | s

Supplemental Figure 1. Knockdown efficacy of VEGFR3
Efficacy of VEGFR3 overexpression via lentiviral construct infection in PAECs shown by

western blot. Treatment of siVEGFR3 drastically reduced the amount of VEGFR3 protein.
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Supplemental Figure 2. Quantification of BMPR2 and VEGFR3 internalization
Quantification of BMPR2 and VEGFRS internalization by BMP6 stimulation of HUVECs (from
Figure 2C). * P < 0.05 Both BMPR2 and VEGFR3 appear to undergo endocytosis upon BMP6

treatment.
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Supplemental Figure 3. Deletion efficiency of Vegfr3. The lungs from the different mouse
strains were used to perform RT-PCR to determine the expression levels of VEGFR3. ** P <

0.01.
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Supplemental Figure 4. Efficacy of VEGFR3 overexpression in PAECs

Efficacy of VEGFR3 overexpression via lentiviral construct infection in PAECs shown by

western blot.
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