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ABSTRACT  

 

Introduction: Pulmonary arterial hypertension (PAH) is characterized by loss of microvessels. The Wnt 

pathways control pulmonary angiogenesis, but their role in PAH is incompletely understood.   We 

hypothesized that Wnt activation in pulmonary microvascular endothelial cells (PMVECs) is required for 

pulmonary angiogenesis, and its loss contributes to PAH.  

Methods: Lung tissue and PMVECs from healthy and PAH patients were screened for Wnt production.  Global 

and endothelial-specific Wnt7a-/- mice were generated and exposed to chronic hypoxia and Sugen-hypoxia 

(SuHx).   

Results: Healthy PMVECs demonstrated >6-fold Wnt7a expression during angiogenesis that was absent in 

PAH PMVECs and lungs.  Wnt7a expression correlated with formation of tip cells, a migratory endothelial 

phenotype critical for angiogenesis.    PAH PMVECs demonstrated reduced VEGF-induced tip cell formation 

as evidenced by reduced filopodia formation and motility, which was partially rescued by recombinant Wnt7a.  

We discovered that Wnt7a promotes VEGF signaling by facilitating Y1175 tyrosine phosphorylation in 

VEGFR2 through ROR2, a Wnt-specific receptor.  We found that ROR2 knockdown mimics Wnt7a 

insufficiency and prevents recovery of tip cell formation with Wnt7a stimulation.    While there was no 

difference between wild-type and endothelial-specific Wnt7a-/- mice under either chronic hypoxia and SuHx, 

global Wnt7a+/- mice in hypoxia demonstrated higher pulmonary pressures and severe right ventricular and 

lung vascular remodeling.  Similar to PAH, Wnt7a+/- PMVECs exhibited insufficient angiogenic response to 

VEGF-A that improved with Wnt7a. 

Conclusions: Wnt7a promotes VEGF signaling in lung PMVECs and its loss is associated with insufficient 

VEGF-A angiogenic response.  We propose that Wnt7a deficiency contributes to progressive small vessel 

loss in PAH.  
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ABBREVIATIONS 

PAH=Pulmonary arterial hypertension  

ECs=Endothelial cells 

VEGF=Vascular endothelial growth factor  

PMVECs=Pulmonary microvascular ECs  

PCP=Planar cell polarity  

VEGFR2= Vascular endothelial growth factor receptor 2 

RVSP=Right ventricular systolic pressure  

ECM=Extracellular matrix 

WB=Western immunoblot 

qPCR=Quantitative PCR 

MCT=Monocrotaline 

SuHx=Sugen Hypoxia 

RV=Right ventricle 

ECKO=Endothelial cell-specific knockout 

AT1=Alveolar type 1 epithelial cells 

scRNA-seq=single cell RNA sequencing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION  

Pulmonary arterial hypertension (PAH) is a rare disorder associated with endothelial dysfunction, progressive 

loss, and remodeling of pulmonary microvessels[1, 2].  Endothelial cells (ECs) regenerate lost or damaged 

vessels by activating a repair program known as angiogenesis, a process predominantly driven by the 

vascular endothelial growth factor (VEGF) signaling pathway[3]. Following injury, VEGF-A accumulates and 

instructs ECs in local vessels to initiate angiogenic sprouting via the VEGF Receptor (R) 2, a tyrosine kinase 

receptor that activates angiogenic pathways. Despite increased VEGF-A and VEGFR2 expression in PAH 

vascular lesions, pulmonary microvascular ECs (PMVECs) from PAH patients demonstrate reduced 

angiogenic responses to VEGF-A[4]. While mutations in VEGFR2 have recently been associated with 

hereditary PAH[5], the low penetrance suggests that additional genetic modifiers are involved in the 

development of PAH.   

 

We previously reported that endothelial secretion of Wnt5a, a ligand of the Wnt signaling pathways, promotes 

lung vessel maturation through pericyte recruitment by activating the planar cell polarity (PCP) pathway, which 

requires that Wnts interact with a surface receptor complex featuring ROR2, a tyrosine kinase membrane 

receptor [6].  Our group has shown that Wnt signaling can drive expression of VEGF-A in endothelial cells 

from large PA and that crosstalk with the bone morphogenetic protein pathway promotes angiogenesis in 

response to injury[7].  Given that Wnt pathways crosstalk with VEGF during embryonic development and in 

various tissues[8, 9], we hypothesized that crosstalk between Wnt and VEGF signaling is required for 

appropriate pulmonary angiogenesis (Fig. 1A).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



MATERIALS AND METHODS  

Detailed methods can be found in the online-only Data Supplement.  

 

Animals 

Global Wnt7a+/- and Wnt7a-/- were obtained by crossing C57BL/6J Wnt7aflox/flox mice and Wnt7a+/flox with 

Rosa26 Cre-ERT2 mice.   Mice were treated with 75 mg/kg of tamoxifen (20 mg/mL dissolved in corn oil) for 

5 consecutive days to induce the Wnt7a knockout in all transgenic strains. After tamoxifen treatments, mice 

were allowed to rest for 7-10 days before experimentation.   

 

Cell Culture 

Healthy control and PAH PMVECs were obtained from the Pulmonary Hypertension Breakthrough Initiative 

(PHBI), with additional healthy donor cells obtained from PromoCell (PromoCell GmbH, Heidelberg, 

Germany).  All PMVECs were cultured in 5% FBS Endothelial Cell Media with 1X endothelial cell growth 

supplement.   Donor clinical information can be found in Supplementary Table 1. 

 

Statistical Analysis 

All statistical analyses were performed using Prism 9 software (GraphPad). A p < 0.05 was considered 

significant and reported in the graphs.  Statistical comparisons between 2 groups for in vitro studies were 

performed using the unpaired Student t-test or Mann-Whitney for non-parametric data. Comparison among 

≥3 groups was performed using 1-way ANOVA followed by Dunnet or Bonferroni post hoc test if the data 

followed a normal distribution. Otherwise, a non-parametric Kruskal-Wallis test with Dunn post hoc analysis 

was used.    

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS  

Wnt7a expression is reduced in PAH Endothelium.    First, we compared the Wnt ligand gene expression 

profile of healthy and PAH PMVECs cultured in semi-confluent vs. confluent conditions[10].    Despite a ~2-

fold increase in several Wnt ligands (Wnt3a, 4, 5a, 7b, 11), Wnt7a mRNA was >6-fold greater in semi-

confluent vs. confluent healthy PMVECs; in contrast, only a ~2-fold Wnt7a increase was seen in PAH 

PMVECs (Fig. 1B).    Wnt7a is a master regulator of central nervous system angiogenesis, and lung branching 

morphogenesis[11, 12].  A study by Liu et al. showed that excess Wnt7a expression can lead to pulmonary 

smooth muscle cell hyperplasia[13]; however, the effect of Wnt7a in lung endothelial cells remains unknown.  

Compared to donors, PAH PMVECs demonstrated significantly lower Wnt7a protein expression (Fig. 1C).  

Confocal imaging demonstrated higher Wnt7a expression in endothelium vs. other vascular layers (Fig. 1D, 

upper panels); however, PAH lesions demonstrated reduced Wnt7a expression (Fig. 1D, lower panels).   In 

two independent scRNA-seq databases of healthy and PAH lungs (14, 15), Wnt7a expression was very low 

across endothelial cell subtypes, with higher abundance in Aerocytes (Supplement Fig. IA).   Interestingly, 

we found that alveolar type 1 cells (AT1) displayed the highest level of Wnt7a expression among all lung cell 

populations (Supplement Fig. IB).  Similar findings were documented in scRNA-seq analysis of PAH 

lungs[14] (Supplement Fig. IIA).  Interestingly, confocal imaging of AT1 cells demonstrated that Wnt7a was 

almost absent in PAH vs. donors (Supplement Fig. IIB).   Finally, we assessed Wnt7a expression in lungs of 

monocrotaline (MCT) and Sugen/Hypoxia (SuHx) rats[15].   As with PAH samples, we found that Wnt7a 

expression was significantly lower in MCT and SuHx rats vs. controls (Supplement Fig. III).     

 

Wnt7a insufficiency is associated with impaired PMVEC response to VEGF-A.   To determine the impact 

of Wnt7a insufficiency on angiogenesis, we transfected healthy PMVECs with Wnt7a-specific siRNA 

(siWnt7a) (Supplement Fig. IV) and measured proliferation, motility, and tube formation in response to 

VEGF-A (10ng/ml).  Compared to controls, siWnt7a PMVECs demonstrated significantly reduced proliferation 

(Fig. 2A) and migration (Fig. 2B) in response to VEGF-A.  Live imaging cell tracking demonstrated that VEGF-

A-stimulated siWnt7a cells remain near their point of origin (Fig. 2C) and move shorter distances (Fig. 2D) 

than controls.  In Matrigel, siWnt7a PMVEC formed smaller networks (Fig. 2E) and shorter tubes than controls 

(Fig. 2F).   While recombinant Wnt7a (100ng/ml) alone did not influence proliferation or motility (Fig. 2A-B), 

it increased tube length of VEGF-A-stimulated siWnt7a PMVECs (Fig. 2F).   Importantly, co-stimulation with 

VEGF-A and Wnt7a increased proliferation, motility, translocation, and tube formation responses in siWnt7a 

PMVECs comparable to controls (Fig. 2A-F).    Similar to siWnt7a cells, PAH PMVECs demonstrated 

significantly lower proliferation (Fig. 2G) and motility (Fig. 2H) responses to VEGF-A or Wnt7a alone, which 

improved when both proteins were added to the media.   Cell tracking also showed that co-stimulation with 

Wnt7a+VEGF-A increased PAH PMVEC translocation can significantly improve PAH (Fig. 2I) and cover more 



distance (Fig. 2J).  Finally, Wnt7a+VEGF-A improved the network size (Fig. 2K) and tube length (Fig. 2L) of 

PAH PMVEC in Matrigel.   

 

Wnt7a Facilitates Tip Cell Formation.  Tip cells are specialized filopodia-rich ECs induced by VEGF receptor 

2 (VEGFR2) activation[3, 16] that steer vascular sprouting in response to VEGF-A (Fig. 1A).   To determine 

whether Wnt7a insufficiency prevents tip cell formation, we looked at filopodia formation in control and 

siWnt7a PMVECs by actin staining.   Compared to control (Fig. 3A, right upper panel), siWnt7a PMVECs 

demonstrate minimal filopodia formation in response to VEGF-A (Fig. 3A, right lower panel). In Matrigel, 

filopodia-rich control PMVECs could be seen during early tube formation (Fig. 3B, left upper panel); in 

contrast, fewer filopodia-enriched siWnt7a PMVECs were found within cell clusters (Fig. 3B, left lower 

panel), a finding that was confirmed by scanning electron microscopy (Fig. 3B, right panels). 

 

To overcome the limitations of 2-D angiogenesis assays, we developed two complementary 3-D models of 

sprouting angiogenesis that capture tip cell behavior during sprouting angiogenesis.  Control PMVECs seeded 

on collagen-suspended cytodex beads (Supplement Fig. VA) differentiated into tip cells (Fig. 3C, upper 

panel), whereas siWnt7a PMVECs exhibited a triangular (“tipi-like”) shape with fewer and shorter filopodia 

(Fig. 3C, middle panel), which improved with VEGF-A+Wnt7a co-stimulation (Fig. 3C, lower panel).  

Collagen invasion assays in gels containing VEGF-A alone or combined with Wnt7a (Supplement Fig. VB) 

showed angiogenic sprout formation by control PMVECs, featuring distinct tip cells (Fig. 3D, left upper 

panel).  Interestingly, the number and invasion distance of angiogenic sprouts arising from VEGF-stimulated 

siWnt7a PMVECs were significantly lower (Fig. 3D, left lower panel).  We also found that VEGF-A+Wnt7a 

increased filopodia formation, number, and invasion distance by siWnt7a PMVECs (Fig. 3D, right lower 

panel) that was comparable to those seen in control cells (Fig. 3D, right upper panel).      We used the same 

assays to assess tip cell formation and sprouting angiogenesis by donor and PAH PMVECs.  In Matrigel, 

healthy PMVECs formed multiple tip-like cells within clusters, which gave rise to tube-like structures (Fig. 3E, 

left panel).  In contrast, PAH PMVEC formed fewer tip-like cells with fewer filopodia (Fig. 3E, right panel).  

In collagen invasion studies, VEGF-A-stimulated PAH PMVECs formed fewer angiogenic sprouts (Fig. 3F, 

left lower panel), although invasion distance was comparable to healthy donors (Fig. 3F, left upper panel).  

With VEGF-A+Wnt7a, the number of PAH angiogenic sprouts and filopodia increased without change in the 

invasion distance (Fig. 3F, right lower panels).  Interestingly, VEGF-A+Wnt7a also induced healthy donor 

sprouts to bifurcate and grow thicker in diameter (Fig. 3F, right upper panel).   

 

Sprouting Angiogenesis by PAH and siWnt7a Organoids is Significantly Reduced.  To assess sprouting 

angiogenesis in real-time, we imaged endothelial organoids in collagen I gel droplets containing VEGF-A 



alone or with Wnt7a over 10 hours (Fig. 4A).  In the presence of VEGF-A, control organoids started growing 

sprouts at 3 hours which then increased in number and length (Fig. 4B and Supplemental Video 1).  In 

contrast, siWnt7a organoids grew significantly fewer sprouts that receded and remained stagnant over the 10 

hours (Fig. 4B and Supplemental Video 2).  With VEGF-A+Wnt7a, the sprout number and stability in both 

control (Fig. 4B and Supplemental Video 3) and siWnt7a organoids increased (Fig. 4B and 4D, see 

Supplemental Video 4).    Similarly, compared to donor organoids (Fig. 4C, Supplemental Video 5), VEGF-

stimulated PAH organoids demonstrated short sprouts confined to discrete areas (Fig. 4C, Supplemental 

Video 6).  Similar to siRNA-treated cells, both donor (Fig. 4C, Supplemental Video 7) and PAH (Fig. 4C, 

Supplemental Video 8) PMVECs exhibited a significant increase in the number and length of sprouts with 

VEGF-A+Wnt7a (Figure 4E).  

 

Wnt7a regulates VEGFR2 Activity through the ROR2 Receptor.  VEGF binding to VEGFR2 results in the 

phosphorylation of several intracellular tyrosine residues such as Y1175, which activate multiple downstream 

MAP kinases, including p38, involved in proliferation, survival, and angiogenesis[17, 18].   Western 

Immunoblotting demonstrated no differences in pY117 VEGFR2 in control vs. siWnt7a PMVECs at baseline; 

however, after 5 minutes of VEGF-A, there was a significant increase in pY1175 VEGFR2 in both control (Fig. 

5A, left panels) and siWnt7a (Fig. 5A, right panels) PMVECs that gradually decreased over 1 hour.  

Interestingly, pY1175 VEGFR2 was significantly greater in siWnt7a at 5 minutes of VEGF-A stimulation.  To 

assess whether downstream signaling activity changed in response to pY1175 VEGFR2, we measured 

phospho-p38, a MAP kinase required for VEGF-induced tip cell induction[18].  In alignment with pY1175 

VEGFR2 status, phospho-p38 increased in control PMVECs, with the highest levels seen after 15 minutes of 

VEGF-A stimulation (Fig. 5A, left panel).   In contrast, phospho-p38 was significantly greater in siWnt7a cells 

after 5 minutes of VEGF-A stimulation, followed by reduction at 15 minutes (Fig. 5A, right panel).  We also 

probed donor and PAH PMVEC lysates for pY1175 VEGFR2 and phospho-p38 at baseline and after 5 minutes 

of VEGF-A.   While there were no differences between donor and PAH, there was a trend towards higher 

pY1175 VEGFR2 in PAH at 5 minutes (Fig. 5B, left panel), while phospho-p38 levels showed a higher trend 

at baseline (Fig. 5B, right panel).  We speculate that the discrepancies in pY1175 VEGFR2 between siWnt7a 

and PAH could indicate differences in VEGFR2 dynamics between the cells, such as variable internalization 

and recycling which are known to regulate VEGFR2 signaling activity and duration [20].   We also analyzed 

VEGF-A-induced changes in the expression of established tip cell markers (DLL4, EphB2, Sox17) [19, 20]. 

We found lower EphB2 and Sox17 in siWnt7a, which supports a requirement for Wnt7a in VEGF-mediated 

tip cell formation (Supplement Fig. VI).    To elucidate how Wnt7a regulates VEGFR2 phosphorylation, we 

studied the signaling mechanism by which Wnt7a triggers filopodia formation in PMVECs.  Filopodia formation 

depends on localized formation and extension of actin microfilaments, a process dependent on coordinated 



activation of Rac1 and cdc42[21, 22].   As these GTPases are downstream targets of Wnt/PCP[7, 23] (Fig. 

5C), we tested whether Wnt7a activates Rac1 and cdc42 in healthy PMVECs; after 1 hour of Wnt7a, donor 

PMVECs demonstrated a significant increase in both Rac1 and cdc42 (Fig. 5D).   

 

Since Wnt/PCP activation requires Wnt interaction with the tyrosine kinase receptor ROR2 (Fig. 5C), we 

decided to measure ROR2 expression in PAH PMVECs. Quantitative PCR demonstrated a ~6-fold increase 

in ROR2 in semi- vs. confluent healthy PMVECs, which was significantly lower in PAH PMVECs (Fig. 5E).   

Furthermore, protein levels of ROR2 were reduced in PAH PMVECs and correlated with the lower levels of 

Wnt7a expression (Fig. 5F).  Finally, confocal analysis of PAH lesions demonstrated a significant reduction 

in ROR2 signal within the endothelium (Supplement Figure VII).    As previous studies have shown that 

ROR2 can regulate neighboring receptors through physical association[24, 25], we sought to determine 

whether ROR2 is capable of interacting with VEGFR2 by using co-immunoprecipitation and a proximity 

ligation assay (PLA)[26].  With PLA, we found a significant increase in ROR2-VEGFR2 complex formation 

with VEGF-A+Wnt7a compared to either agent alone (Fig. 5G).   

 

We assessed whether ROR2 knockdown would mimic the effects of siWnt7a on PMVECs.  Cell tracking 

demonstrated significant siROR2 PMVEC translocation and distance covered that did not improve with Wnt7a 

(Supplement Figure VIII).  Furthermore, siROR2 PMVECs in Matrigel formed significantly shorter tube-like 

structures and smaller networks (Fig. 5H), while tip cell formation was also negatively affected (Fig. 5I).   

 

Wild Type (WT) and Endothelial Wnt7a Knockout Mice Develop Similar Pulmonary Hypertension and 

Vascular Remodeling with Hypoxia and SuHx.  WT mice in hypoxia demonstrate an increase in Wnt7a 

lung protein expression that peaks between days 1 and 7 and returns to baseline by day 14 (Supplement 

Fig. IX).  To test the effect of endothelial-specific Wnt7a deletion in mice, we generated tamoxifen-inducible 

VE-Cadherin (PAC)-CreERT2/Wnt7aflox/flox mice (Wnt7a ECKO) and exposed them to chronic hypoxia and 

SuHx (Fig. 6A).  We found no significant differences in hemodynamics (Fig. 6B), RV remodeling (Fig. 6C), 

vessel number (Fig. 6D), or muscularization (Fig. 6E) between WT and Wnt7a ECKO mice under either 

condition.  We did not identify major differences in ROR2 and VEGFR2 expression in Wnt7a ECKO vs. WT 

lungs (Supp. Fig. X).      

 

One possible explanation for the lack of a distinct Wnt7a ECKO phenotype is compensatory Wnt7a production 

by other pulmonary cells.   Similar to human lungs (see Supp. Fig. I), Wnt7a expression is low across all EC 

subtypes but highest in AT1 cells (Supplementary Fig. XI).  Confocal analysis of Wnt7a ECKO lungs 



confirmed that Wnt7a expression is preserved in AT1 cells under normoxia (Fig. 6F) and hypoxia (Fig. 6G).  

As our next step, we decided to repeat our studies in mice with global Wnt7a KO. 

 

Wnt7a+/- Mice in Chronic Hypoxia Develop Severe Pulmonary Hypertension and Vascular Remodeling.    

We generated conditional homozygous and heterozygous Wnt7a global KO mice by crossing Wnt7aflox/flox mice 

with ROSA26-CreERT2 mice and exposed them to chronic hypoxia (Fig. 7A).   Wnt7a+/- exhibited >50% 

reduction in Wnt7a protein levels following tamoxifen induction (Fig. 7B).  Compared to normoxia, Wnt7a+/- 

mice demonstrated significantly greater RVSP (Fig. 7C), RV remodeling (Fig. 7D), reduction in vessel number 

(Fig. 7E), and increased muscularization (Fig. 7F) vs. WT.  Wnt7a+/- mice had more muscularized 

microvessels (Fig. 7G, upper panels) and exhibited greater medial thickening vs. WT (Fig. 7G, lower 

panels).  To perform Matrigel studies, we isolated murine PMVECs from the lungs of WT and Wnt7a+/- mice 

and found that, similar to PAH, Wnt7a+/- PMVECs formed shorter tubes and smaller networks, which improved 

with Wnt7a (Fig. 7H).      Of note, Wnt7a-/- mice demonstrated failure to thrive five days after tamoxifen (Supp. 

Fig. XIIA).     Necropsy revealed cardiomegaly, lung nodules, and interstitial thickening from the expansion of 

endothelial and alveolar epithelial cells (AECs) (Supp. Fix XII B-F).  

 

Angiogenesis is a key driver of alveolarization postnatally starting at birth[27], and exposure to hyperoxia is 

associated with reduced alveolarization and impaired angiogenesis[28] [29].  In this context, we hypothesized 

that endothelial cells from postnatal lungs of WT and hyperoxia-exposed mice would display increased 

expression of Wnt7a and other tip cell genes.   Two independent neonatal mouse lung scRNA-seq 

datasets[30, 31] also identify alveolar type I cells as the main lung cell type expressing Wnt7a mRNA.  Notably, 

confocal analysis of hyperoxia lungs demonstrated immunoreactivity for Wnt7a throughout the distal lung 

(Supplement Fig. XIII) [32]. 

 

To complement the murine studies, we used a lamb model of congenital heart disease and compensatory 

lung angiogenesis[33].     Despite a mild increase in Wnt7a mRNA (Supp. Fig XIV), we found Wnt7a protein 

reduction in shunt lung lysates (Supp. Fig XIVB) and PAECs (Supp. Fig XIV), reminiscent of PAH PMVECs 

(see Fig. 1D).    

 

 

 

 

 

 



DISCUSSION  

For many years, there has been an active debate regarding the role of VEGF signaling in the pathogenesis 

of PAH[34].  We show for the first time that Wnt7a is a critical modifier of VEGF signaling required for tip cell 

formation and sprouting angiogenesis (See model, Figure 8).    As a master regulator of angiogenesis, 

VEGFR2 controls a comprehensive portfolio of downstream signaling pathways responsible for many aspects 

of endothelial cell behavior in angiogenesis[17].   Besides confirming that Wnt7a is required for pulmonary 

vascular homeostasis, our murine studies paint a complex picture that opens exciting opportunities to 

delineate further how Wnt7a acts in the lung.  The lack of a phenotype in Wnt7a ECKO may result from AT1 

cells and other intraparenchymal cells serving as sources of Wnt7a in the lung [35], thereby compensating for 

the lack of Wnt7a production by endothelial cells.  These results differ from our prior study, where we 

generated Wnt5a ECKO mice and demonstrated a pulmonary vascular phenotype associated with chronic 

hypoxia[6].     Our studies also demonstrate a gene dosage effect with Wnt7a that could play a role in the 

extent of endothelial dysfunction seen in PAH.  The fulminant course seen in Wnt7a-/- mice is difficult to 

reconcile with the relatively circumscribed lesions, and greater insight into the pathophysiology will require a 

more detailed assessment of the mice over time.  As discussed, Wnt7a is a tumor-suppressive agent 

associated with lung carcinogenesis and displays a high level of expression in alveolar type 1 and 2 

pneumocytes[36].  We are presently conducting AT1-selective Wnt7a KO studies combined with fate mapping 

to delineate further the role of the alveolar epithelium in the vascular phenotype seen in these animals.    

  

In conclusion, our study is the first to uncover the role of Wnt7a in angiogenesis in pulmonary endothelial cells 

and how its loss can influence the angiogenic potential of the endothelial cells. Understanding how Wnt7a 

and its receptors crosstalk and participate in forming new vessels will provide a more in-depth understanding 

of vascular remodeling in PAH. 
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FIGURES AND TABLES 

 

Figure 1. Wnt7a expression is reduced in PMVECs and vascular lesions of PAH patients.  A) Diagram 

summarizing sprouting angiogenesis and hypothetical role for Wnts.  B) SYBR Green quantitative polymerase 

chain reaction analysis for Wnt ligands in the healthy donor (HD, N=6) and PAH (N=6) PMVECs cultured in 

semi-confluent vs. confluent conditions. The expression of each gene is shown relative to that of confluent 

cells. **P<0.005, Mann-Whitney test.  C) WB of Wnt7a in HD (N=3) and PAH PMVECs (N=5) lysates.  

Densitometry analysis shows the relative expression of Wnt7a vs. tubulin. *P<0.05, Mann-Whitney test.  D) 

Confocal images of HD (N=3, top) and PAH (N=3, bottom) lung sections stained for endothelial cells (lectin, 

green) and Wnt7a (red).  Arrows point to Wnt7a in the endothelium.  Scale bar=50um.     

 

Figure 2. Loss of Wnt7a is associated with impaired endothelial response to VEGF-A.   A) Cell count 

proliferation assay of control (N=5) and siWnt7a (N=5) PMVECs stimulated with VEGF-A (10ng/ml), Wnt7a 

(100ng/ml), or both for 24 hours.  **P=0.008, Multiple Mann-Whitney test.   ###=0.0005, control baseline vs. 

control VEGF-A; ##=0.01, control baseline vs. cells stimulated with VEGF-A+Wnt7a, Kruskal-Wallis test with 

Dunn’s comparison.  B) Boyden chamber motility assay of control (N=5) vs. siWnt7a (N=5) PMVECs 

stimulated with VEGF-A (10ng/ml) or VEGF-A + Wnt7a (100ng/ml) for 6 hours.  The migration index is 

calculated as the ratio of migrated cells relative to the baseline.  *P=0.008, Mann-Whitney test.  #=0.0148, 

control baseline vs. control VEGF-A; ##0.009 control baseline vs. cells stimulated with VEGF-A+Wnt7a, 

Kruskal-Wallis test with Dunn’s comparison.  C-D) Live imaging cell migration assay of control (N=6) and 

siWnt7a (N=4) PMVECs stimulated with VEGF-A (10ng/ml), or VEGF-A+Wnt7a (100ng/ml) for 24 hours.  The 

total distance was calculated using the Image J plugin (NIH).  **P=0.009, Kruskal-Wallis test with Dunn’s 

comparison.    E-F) Representative images of Matrigel assay for control and siWnt7a PMVECs stimulated 

with VEGF-A (10ng/ml) or VEGF-A+Wnt7a (100ng/ml) for 6 hours (N=5/condition).  Tube length was 

measured using Image J.  Scale bar=200um.  ***P<0.001, Kruskal-Wallis test with Dunn’s comparison.   G) 

Cell count proliferation assay of HD and PAH PMVECs stimulated with VEGF-A (10ng/ml), Wnt7a (100ng/ml), 

or both for 24 hours (N=5/condition).  **P=0.008, Mann-Whitney test.   #=0.0243, HD baseline vs. control 

VEGF-A; ##=0.0053, HD baseline vs. cells stimulated with VEGF-A+Wnt7a, Kruskal-Wallis test with Dunn’s 

comparison.   H) Boyden chamber motility assay of HD and PAH PMVECs stimulated with VEGF-A (10ng/ml), 

Wnt7a (100ng/ml), or both for 6 hours (N=5/condition).  The migration index is calculated as the ratio of 

migrated cells relative to unstimulated.   **P=0.007, *P=0.039, Mann-Whitney test.  #=0.0127, HD baseline 

vs. control VEGF-A; ###0.0001, HD baseline vs. cells stimulated with VEGF-A+Wnt7a Kruskal-Wallis test 

with Dunn’s comparison.   I-J) Live imaging cell migration assay of HD and PAH PMVECs stimulated with 

VEGF-A (10ng/ml) or VEGF-A+Wnt7a (100ng/ml) for 24 hours (N=5/condition).  The total distance was 



calculated using the Image J plugin (NIH).   **P<0.01, multiple Mann-Whitney tests.   K-L) Representative 

images of Matrigel assay for HD and PAH PMVECs stimulated with VEGF-A (10ng/ml) or VEGF-A+Wnt7a 

(100ng/ml) for 6 hours (N=5/condition). Tube length was measured using Image J.  ***P<0.001, Kruskal-Wallis 

test with Dunn’s comparison. Scale bar=200um.   

 

Figure 3. Reduced Wnt7a expression is associated with reduced filopodia formation in response to 

VEGF-A.  A) Filopodia formation in control (N=20) and siWnt7a (N=20) PMVECs at baseline and after 1 hour 

of VEGF-A (10ng/ml) stimulation. Arrows point at the filopodia.  Actin filaments were visualized using a 

phalloidin stain (green). Average filopodia length and numbers per cell were measured using Image J.  

***P<0.001, Mann-Whitney test.  Scale batr=10um.  B) Matrigel filopodia formation assay by control (N=5) 

and siWnt7a (N=5) PMVECs after 1 hour of VEGF-A (10ng/ml) stimulation.   Representative scanning electron 

microscope images of tip cells in Matrigel (right panels) showing densely clustered filopodia in control vs. 

siWnt7a PMVECs.  Scale bar=500um.  ***P<0.001, Mann-Whitney test.    C) 3-D Cytodex bead assay showing 

control and siWnt7a PMVECs stimulated with VEGF-A alone or in combination with Wnt7a (N=15-

20/condition).  Scale bar=10um.  D) 3-D collagen invasion assay of control vs. siWnt7a on gels enriched with 

VEGF-A or VEGF-A+Wnt7a (N=5/condition).  Broad arrows point at filopodia in tip cells, and thin arrows point 

at the lumen.  **P=0.0082, ***P<0.0001, Kruskal-Wallis with Dunn’s comparison.  Scale bar=20um E) Matrigel 

filopodia formation assay by HD and PAH PMVECs after 1 hour of VEGF-A (10ng/ml) stimulation 

(N=5/condition). Scale bar=50um. *P<0.05 **P<0.01, Mann Whitney test. F) 3-D collagen invasion assay of 

HD and PAH PMVECs on gels enriched with VEGF-A or VEGF-A+Wnt7a (N=5/condition).   Filopodia length 

and number were measured using Image J.   *P=0.269, **P=0.0078, ***P<0.0001, Kruskal-Wallis with Dunn’s 

comparison.   Scale bar=40um.    

 

Figure 4.  Organoid assay of PMVECs reveals differences in sprouting angiogenesis in siWnt7a and 

PAH PMVECs.   A) Schematic figure of the 3-D organoid platform.  B-C) Still images of control and siWnt7a 

(B), and HD and PAH PMVECs (C) organoids filmed over 10 hours.  Gels were enriched with VEGF-A and 

VEGF+Wnt7a.  Scale bar=1000um.  D-E) Maximum sprout numbers for control and siWnt7a (D), and HD and 

PAH PMVECs (E) organoids.  Measurements were carried out using Image J.  Shown are mean ± SEM. 

***P<0.001, ****P<0.0001, One-way ANOVA with Dunnett post-test.   Experiments were repeated 3 times per 

condition. 

 

Figure 5. VEGFR2 phosphorylation is altered in Wnt7a deficient and PAH PMVECs and correlates with 

reduced ROR2 expression. A) WB showing expression of total VEGFR2, pY1175-VEGFR2, phospho-, and 

total p38 in siControl (N=3) vs. siWnt7a (N=3) stimulated with VEGF-A (10ng/ml) over 1 hour.  Densitometry 



analysis was carried for phospho- vs. total VEGFR2 and phospho- vs. total p38. **P<0.01, Multiple Mann-

Whitney test.  B) WB showing expression of total and pY1175 VEGFR2 and total and P-p38 in HD (N=3) and 

PAH (N=3) PMVECs stimulated with VEGF-A (10ng/ml) over 5 minutes.  **P<0.01, Multiple Mann-Whitney 

test.  C) Diagram of Wnt/PCP pathway.  D) WB of active Rac1 and cdc42 in HD PMVECs (N=3) stimulated 

with Wnt7a (100ng/ml).   Densitometry analysis was done against tubulin. E) SYBR Green quantitative 

polymerase chain reaction analysis for Wnt receptors in the healthy donor (HD, N=5) and PAH (N=5) PMVECs 

cultured in semi- vs. confluent conditions. The expression of each gene is shown relative to that of confluent 

cells. The data presented are the result of 3 independent studies.  P=0.002, Mann-Whitney test.    F) WB of 

Wnt7a and ROR2 in HD (N=3) and PAH PMVECs (N=5) lysates.  Densitometry analysis shows the relative 

expression of Wnt7a and ROR2 vs. tubulin.  **P=0.004, unpaired t-test.  G) PLA of HD PMVECs 

(N=5/condition) stimulated with VEGF-A, Wnt7a, or both for 1 hour.   Dots per cell were quantified using Image 

J. ***P<0.001 vs. VEGF, ###P<0.001 Wnt7a vs. VEGF+Wnt7a, Kruskal-Wallis with Dunn’s post-test.   H) 

Representative images of Matrigel assay for control (N=5) and siROR2 (N=5) PMVECs stimulated with VEGF-

A (10ng/ml) or VEGF-A+Wnt7a (100ng/ml) for 4 hours.  Tube length was measured using Image J.  **P<0.01, 

multiple Mann-Whitney tests, Scale bar=200um.  I) Filopodia formation assay in Matrigel by siControl (N=5) 

and siROR2 (N=5) PMVECs after 1 hour of VEGF-A (10ng/ml) stimulation.  Filopodia length and number were 

measured using Image J.  ***P<0.001, Mann-Whitney test.  Scale bar=100um.     

 

Figure 6.  Endothelial-specific loss of Wnt7a is not associated with pulmonary hypertension in mice.  

A) Wnt7a ECKO model generation and experimental design for hypoxia and SuHx studies.  B-E) RVSP, Fulton 

index, Vessel number/100 alveoli, and percent muscularization of microvessels in WT vs. Wnt7a ECKO mice 

under normoxia, hypoxia, and SuHx (N=5-8/condition).  **P<0.01, ***P<0.001, One-way ANOVA with Dunnett 

post-test.   F-G) Confocal images of WT and Wnt7a ECKO mice in normoxia and hypoxia.  Endothelium 

(lectin, green), Wnt7a (red), RAGE (AT1 marker, white), and DAPI (blue).  Scale bar=30um.  

 

Figure 7.  Wnt7a+/- mice develop more severe pulmonary hypertension and vascular remodeling in 

chronic hypoxia.   A) Wnt7a+/- model generation and experimental design for hypoxia studies.  B)  WB of 

Wnt7a in WT (N=3) and Wnt7a+/- (N=3) lung lysates.  Densitometry analysis shows the relative expression of 

Wnt7a vs. total p38.  **P<0.001, unpaired t-test.  C-F) RVSP, Fulton index, Vessel number/100 alveoli, and 

percent muscularization of microvessels in WT vs. Wnt7a ECKO mice under normoxia and hypoxia (N=5-

7/condition). *P<0.05, **P<0.01, ***P<0.001, One way ANOVA with Bonferroni’s post-test.  G) Representative 

low (upper panels) and high (lower panels) magnification confocal images of lungs of hypoxic WT and Wnt7a+/- 

mice.  Endothelium was labeled for VE-cadherin (green), and smooth muscle actin was labeled red.  Blue is 

a DAPI stain.  Scale bar=50um.  H)  Representative images of Matrigel assay for WT (N=3) and Wnt7a+/- 



(N=3) PMVECs stimulated with VEGF-A (10ng/ml) or VEGF-A+Wnt7a (100ng/ml) for 4 hours.  Tube length 

was measured using Image J. Scale bar=100um.  *P<0.05, ***P<0.001, One-way ANOVA with Bonferroni’s 

post-test.    

 

Figure 8. Proposed model.  In healthy conditions, Wnt7a primes VEGFR2 phosphorylation via ROR2 and 

activates Rac1/cdc42 to trigger cytoskeletal changes and actin filament formation.  Sprouting angiogenesis 

occurs after tip cell formation, and vascular repair are completed.   Reduced expression of Wnt7a lowers 

VEGFR2 activity, resulting in reduced tip cell formation and inability to initiate sprouting angiogenesis.    

 

SUPPLEMENT FIGURE LEGENDS 

 

Supp. Fig. I.  Single cell-RNA-seq data of healthy human lungs detects Wnt7a expression in lung endothelial 

subpopulations (A) and across all lung cell populations (B).   

 

Supp. Fig. II. Single cell-RNA-seq data of Wnt7a expression in healthy and PAH lung cell populations (A).  

Confocal images of HD and PAH lungs are shown in (B).  Endothelial cells are stained with lectin (green), 

AT1 is stained for RAGE (white), and Wnt7a is stained red.  DAPI was used to label nuclei (blue).  Scale bar: 

50um.     

 

Supp. Fig. III. Wnt7a in lungs of monocrotaline (MCT) and Sugen-Hypoxia (SuHx) rats.  A) Confocal images 

of control, MCT, and SuHx rat lungs stained for Wnt7a (red) and CD31 (green).  Scale bar=50um. 

 

Supp. Fig. IV.  WB of Wnt7a expression in lysates from control (N=3) or siWnt7a (N=3) transfected PMVECs.  

Densitometry against tubulin; **P<0.01, unpaired t-test. 

 

Supp. Fig. V.  Diagram illustrating the Cytodex bead assay (A), and the 3-D collagen invasion assay (B).  The 

right panels are representative images of control PMVECs captured in the assays.   

 

Supp. Fig. VI. Quantitative PCR of control and siWnt7a PMVECs for DDL4, EphB4, and Sox17.  ***P<0.001, 

**P<0.01, One-way ANOVA with Dunnet’s post-test. 

 

Supp. Fig. VII.  Confocal images of HD and PAH lung sections stained for endothelial cells (lectin in green), 

and ROR2 (red).  Scale bar=50um.   

 



Supp. Fig. VIII.  Live imaging cell migration assay of control and siROR2 PMVECs stimulated with VEGF-A 

(10ng/ml), or VEGF-A+Wnt7a (100ng/ml) for 24 hours.  The total distance was calculated using the Image J 

plugin (NIH). *P<0.05 (Mann-Whitney test). 

 

Supp. Fig. IX.  Confocal images of lung sections from WT mice exposed to 14 days of hypoxia.  Wnt7a (red), 

endothelium (lectin in green), and alveolar epithelium (RAGE, white).  Scale bar=200 (low magnification) and 

100um (higher magnification).   

 

Supp. Fig. X.  Confocal images of lung sections from WT and Wnt7a ECKO mice stained for VEGFR2 (green, 

top panels) and ROR2 (green, bottom panels).  IB4 (red) labels endothelium, and DAPI (blue) labels nuclei.  

Scale bar=36.8 um.   

 

Supp. Fig. XI.  Single cell-RNA-seq data of WT murine lungs detects Wnt7a expression in lung endothelial 

subpopulations (A) and across all lung cell populations (B).   

 

Supp. Fig. XII.  Imaging of Wnt7a-/- mice lungs.    A) H+E and IHC for CD31 (endothelial marker).  Scale 

bar=200um.  B) Trichrome and IHC for cytokeratin, AEC marker).  C) Confocal images of AQP5 in WT and 

Wnt7a-/- lungs.  Scale bar=100um.   

 

Supp Fig. XIII.  Confocal images of lung sections from neonatal mice exposed to 7 days of normoxia or 

hyperoxia.  Wnt7a (red), endothelium (lectin in green), and alveolar epithelium (RAGE, white).  Scale 

bars=230 um (low magnification) and 35 um (high magnification panels).   

 

Supp. Fig. XV.  Wnt7a expression in WT and fetal shunt lamb lungs and ECs.  A) Bulk RNA-seq of WT and 

shunt lamb PAECs.  B-C) WB for Wnt7a of lysates from whole lung (B) and PAECs (C) of WT and shunt lamb.   

Densitometry is relative to tubulin.  **P<0.01, ***P<0.001, unpaired t-test.   

 

Supp. Table 1.  The clinical characteristics of the patients that acted as the source of tissue and cells used 

in the study.   

 

Supp. Table 2.  Primers used in the study. 

 
Supp. Table 3.   Antibodies used in the study. 
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Supplement Table 1.
Patient 
#

Age, yr Sex Etiology/ Cause of Death (Donor) 6MWD (m) Therapies Hemodynamic
s
mPAP,
mmHg

PVR,
WU

PAH 1 49 F IPAH 326.1
ambrisentan, sildenafil, epoprostenol

75 16.76

2 54 F IPAH 296.3

sildenafil, epoprostenol, ambrisentan, bosentan

60 N/A

3 40 M IPAH 420
sildenafil, ambrisentan, treprostinil

64 73

4 54 F PAH-Scleroderma 419 sildenafil, ambrisentan, epoprostenol n/a 8.23

5 14 F IPAH 440 tadalafil, ambrisentan, treprostinil 86 n/a

6 42 F PAH-Drugs and Toxins n/a tadalfil, ambrisentan, treprostinil 52 n/a

7 7 F IPAH 422.5 sildenafil, ambrisentan, bosentan iloprost, 
treprostinil

88 17.62

8 28 M IPAH 166.1 n/a 77 n/a
Failed 
Donor

1 33 F Head trauma. Blunt injury. N/A N/A N/A N/A
2 54 M Cerebrovascular/Stroke ICH N/A N/A N/A N/A
3 34 F

Cerebrovascular/Stroke ICH
N/A N/A N/A N/A

4 26 M Drug intoxication/anoxia N/A N/A N/A N/A
5 60 F Intracranial hemorrhage N/A N/A N/A N/A
6 30 M Head Trauma due to MVC N/A N/A N/A N/A
7 34 F n/a N/A N/A N/A N/A
8 49 F Intracranial Hemorrhage N/A N/A N/A N/A
9 57 F Anoxia N/A N/A N/A N/A



Gene Name Forward 5’ to 3’ Reverse 3’ to 5’ Size of product (bp)
Wnt3a TGTTGGGCCACAGTA

TTCT
ATGAGCGTGTCACTG
CAAAG

302

Wnt4 ACCTGGAAGTCATGG
ACTCG

TCAGAGCATCCTGAC
CACTG

292

Wnt5a GGACCACATGCAGTA
CATCG

CCTGCCAAAAACAGA
GGTGT

118

Wnt7a CCCACCTTCCTGAAG
ATCAA

ACAGCACATGAGGTC
ACAGC

183

Wnt7b GCAACAAGATTCCTG
GCCTA

GCTCCCTACTCGGAG
CTCTT

191

Wnt1 TGACCTCAAGACCCG
ATACC

TGAGGGTCCTTGAGC
AGAGT

413

ROR2 CGTACGCATGGAACT
GTGTGA

CAAGCGATGACCAGT
GGAATT

Supplement Table 2.



Target antigen Vendor  Catalog # Working 
concentration

CD31 BD-Pharmigen 553370 1:50

ROR2 Invitrogen PA5-102946 1:100
Wnt7a Abcam ab100792 1:100
PDPN DSHB 8.1.1 1:300
pSPC Millipore AB3786 1:250
aSMA Sigma C6198-.2ML 1:300
vWF DAKO A0082 1:1000

Supplement Table 3.


