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Abstract

Background: Activin receptor-like kinase 1 (ALK1) is an endothelial transmembrane serine 

threonine kinase receptor for BMP family ligands that plays a critical role in cardiovascular 

development and pathology. Loss-of-function mutations in the ALK1 gene cause type 2 

hereditary hemorrhagic telangiectasia (HHT), a devastating disorder that leads to arteriovenous 

malformations (AVMs). Here we show that ALK1 controls endothelial cell polarization against the 

direction of blood flow and flow-induced endothelial migration from veins through capillaries into 

arterioles.

Methods: Using Cre lines that recombine in different subsets of arterial, capillary-venous or 

endothelial tip cells, we showed that capillary-venous Alk1 deletion was sufficient to induce AVM 

formation in the postnatal retina.

Results: ALK1 deletion impaired capillary-venous endothelial cell polarization against the 

direction of blood flow in vivo and in vitro. Mechanistically, ALK1 deficient cells exhibited 

increased integrin signaling interaction with VEGFR2, which enhanced downstream YAP/TAZ 
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nuclear translocation. Pharmacological inhibition of integrin or YAP/TAZ signaling rescued flow 

migration coupling and prevented vascular malformations in Alk1 deficient mice.

Conclusions: Our study reveals ALK1 as an essential driver of flow-induced endothelial 

cell migration and identifies loss of flow-migration coupling as a driver of AVM formation in 

HHT disease. Integrin-YAP/TAZ signaling blockers are new potential targets to prevent vascular 

malformations in HHT patients.
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Introduction

Hereditary hemorrhagic telangiectasia (HHT) is an inherited autosomal dominant vascular 

disorder that causes arteriovenous malformations (AVMs) in more than 1.4 million people 

worldwide1. More than 90% of HHT cases are caused by heterozygous mutations in the 

endothelial surface receptors ENG (endoglin, mutated in HHT1) and ALK1 (ACVRL1, 

mutated in HHT2), and mutations in SMAD4 cause a combined juvenile polyposis-HHT 

syndrome that accounts for <5% of HHT cases2–5. ALK1 and ENG are receptors for TGF-β 
superfamily members BMP9 and BMP106, 7. Ligand binding activates ALK1/ENG receptor 

signaling to cytoplasmic SMAD1/5/8, which subsequently complex with SMAD4 and 

translocate into the nucleus to regulate gene expression8. Thus, known HHT mutations affect 

different components of an endothelial signaling pathway that prevents vessels from forming 

AVMs. A recent study has shown that somatic second-hits inactivating the remaining intact 

ALK1 or ENG allele occurred in the lesions, supporting that vascular malformations in HHT 

are caused by a two-hit mechanism9.

Whereas the genetics of AVM have been well studied, the underlying cellular and molecular 

principles are not fully understood, thus limiting the development of new treatment options. 

AVMs are direct connections between arteries and veins that lack an intermediate capillary 

bed2. AVMs in HHT patients appear most often in the skin, oral cavity, nasal, and 

gastrointestinal (GI) tract mucosa, lung, liver, and brain. Small AVMs in the skin and 

mucus membranes are called telangiectasias; rupture of these lesions leads to frequent 

epistaxis, GI bleeding, and anemia, all of which are major quality of life issues for HHT 

patients10. Larger AVMs in liver, lung, or brain may additionally cause life-threatening 

conditions such as high output heart failure and stroke11. We and others previously showed 

that pan-endothelial knockout of Alk1 using Alk1f/f Cdh5 CreERT2 in neonates led to AVMs 

in retina, brain and internal organs, indicating that endothelial ALK1 is necessary for proper 

vascular development12, 13. However, what types of ECs are responsible and how AVMs 

develop remain largely unknown.

Previous data from us and others have shown that BMP9/10-ALK1-ENG-SMAD4 

signaling is enhanced by flow, and initiates a negative feedback signal that 

dampens flow-induced activation of AKT, thereby coordinating proper vascular 

remodeling12, 14–17. Mechanistically, blocking BMP9-ALK1-ENG signaling promotes 

endothelial phosphoinositide 3-kinase (PI3K)/AKT activation. ALK1 deficient ECs showed 
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enhanced phosphorylation of the PI3K target AKT and vascular endothelial growth factor 

receptor 2 (VEGFR2)13, 18. Pharmacological VEGFR2 or PI3K inhibition prevented AVM 

formation in Alk1 deficient mice and decreased diameter of AVMs in Eng mutants19. 

Moreover, an increase in PI3K signaling has been recently confirmed in cutaneous 

telangiectasia biopsies of patients with HHT220, 21.

Here we investigated the origin of AVM-causing cells using novel Cre lines that delete Alk1 
in subsets of ECs. In doing so, we observed that ECs in remodeling vessels move against 

the direction of blood flow, while maintaining vascular integrity. In response to the physical 

forces such as wall shear stress exerted by blood, ECs polarize their Golgi apparatus in 

front of the nucleus (front-rear polarity) and migrate against the blood flow from veins 

towards arteries. We further provide evidence that ALK1 contributes to flow-migration 

coupling via VEGFR2-integrin signaling and downstream YAP/TAZ nuclear translocation. 

Collectively, the data show that ALK1 controls flow-induced cell migration to prevent AVM 

formation and identify new targets with the potential to prevent vascular malformations in 

HHT patients.

Methods

The data and methods supporting this study’s findings are available from the corresponding 

author on request. Detailed methods are available in the Supplemental materials.

Mice

All animal experiments were performed under a protocol approved by Institutional Animal 

Care Use Committee of Yale University. The supplemental material contains a list of all 

mouse strains and protocols.

Statistical Analysis

All data are shown as mean ± standard error of the mean (SEM) and were analyzed using 

Student’s t-test, one-way ANOVA with Sidak’s multiple comparison test, and two-way 

ANOVA with Tukey’s multiple comparison test or Sidak’s multiple comparison test. All 

the statistical analyses were done using Prism 6 (GraphPad Software Inc., USA). ns: 

nonsignificant, p>0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.

Results

Endothelial lineage tracing reveals flow-migration coupling in retinal vessels

To track the dynamics of endothelial flow-migration coupling in the mouse retina, we used 

three CreERT2 lines that recombine in subsets of ECs. These include Major Facilitator 

Superfamily Domain Containing 2a (MFSD2A), which recombines venous and capillary 

ECs but not arteries or tip cells in the brain vasculature22–24; Endothelial Cell-Specific 

Molecule 1 (ESM1), which recombines tip cells and their progeny25, 26; and the artery­

specific BMX non-receptor tyrosine kinase (BMX)27 lines. We intercrossed these lines with 

mTmG reporter mice28 to lineage-trace GFP positive Mfsd2a, Esm1 and Bmx expressing 

ECs. Tamoxifen (Tx) was injected 12 h, 24 h and 48 h prior to sacrifice at P6 (Figure 
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1A–1I). At 12 h post injection, Mfsd2a-positive cells were absent from the tip cell position, 

but labeled veins and capillaries in the vascular plexus, as well as the distal pole of arterioles 

(Figure 1A). Esm1-positive cells were restricted to the tip position, while Bmx CreERT2 

positive cells were located in the proximal part of retinal arterioles close to the optic nerve 

(Figure 1B and 1C and Figure IA in the Data Supplement). Hence the three CreERT2 lines 

labeled distinct and non-overlapping endothelial cell populations at this time point.

24 h and 48 h after injection, Mfsd2a-positive cells were progressively colonized the arteries 

from the distal to the proximal part (Figure 1D and 1G). Esm1-positive cells were seen 

at the tip position and moving towards the distal parts of the arterioles at 24 h and 48 

h after injection (Figure 1E and 1H), while Bmx-positive cells remained confined to the 

proximal arterioles (Figure 1F and 1I and Figure IA in the Data Supplement). Very few 

Mfsd2a-GFP positive cells were detected in arteries 4 h and 6 h post Tx injection (Figure 

IB in the Data Supplement and Figure 1J), while 400 h after P4 Tx injection, ie at P21, 

most of the retinal endothelium was GFP-positive (Figure 1K). By contrast, a single Tx 

injection at P20 labeled venous and capillary endothelium, but not arteries at P21 (Figure 

1L), demonstrating that ECs of venous and capillary origin migrate against the direction 

of flow into neighboring arteries during vascular remodeling. To test the requirement of 

blood flow as a driver for the migration of the Mfsd2a-GFP positive cells, we injected 

Tx to P5 Mfsd2a CreERT2 mice for 12 h, then isolated the retinas and cultured them for 

another 12 h, which reduced arterial colonization by GFP-positive cells (Figure IC in the 

Data Supplement). To quantify displacement of Msfd2a-GFP positive cells, we measured 

the relative length of GFP-positive area in retinal arteries, veins and capillaries at different 

time points (Figure 1M). After 12 h, about 90% of venous and capillary vessel area was 

occupied by GFP-positive cells, while only 50% of the distal arterial vessel area was 

occupied by GFP-positive cells and this gradually increased over time until 48 h (Figure 

1M), demonstrating quantifiable displacement of capillary and venous ECs towards arteries 

over time.

Alk1 deletion in capillary and venous ECs causes AVMs

To determine the origin of AVM forming cells in Alk1 mutants, we next intercrossed 

Mfsd2a, Esm1 and Bmx CreERT2 mice with Alk1f/f mTmG reporter mice. Tx was injected 

at P4 and mice were analyzed at P6 (Figure 2A). Efficient Alk1 deletion was verified in 

all three lines using immunostaining (Figure IIA–P in the Data Supplement). Interestingly, 

venous and capillary endothelial Alk1 deletion using the Mfsd2a CreERT2 driver line led 

to numerous AVMs in the retina (Figure 2B and 2E). By contrast, neither Alk1f/f Esm1 
CreERT2 nor Alk1f/f Bmx CreERT2 mutants displayed any retinal AVMs (Figure 2C–2E). 

We analyzed the presence of retinal and brain AVMs by injection of latex dye into the 

left ventricle of P6 Alk1f/f Mfsd2a CreERT2 and control littermates (Figure 2F–2I). The 

latex dye does not cross the capillary beds and was retained within the arterial branches in 

Alk1f/f brain and retina (Figure 2F and 2G). In the Alk1f/f Mfsd2a CreERT2 mutants, the 

latex penetrated both the venous as well as the arterial branches via AVMs in the retina and 

brain (Figure 2H and 2I). To see whether Alk1f/f Esm1 CreERT2 and Alk1f/f Bmx CreERT2 

could develop AVMs by longer-term exposure of Tx, Tx was injected at P1 and mice 

were analyzed at P6 (Figure IIQ in the Data Supplement). Neither Alk1f/f Esm1 CreERT2 
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nor Alk1f/f Bmx CreERT2 mutants exhibited any AVMs (Figure IIR and IIS in the Data 

Supplement).

Next, we examined the survival rate of these three mouse lines. Alk1f/f Mfsd2a CreERT2 

mice died 5–6 days after gene deletion, most likely from ruptured brain AVMs, while 

Alk1f/f Bmx CreERT2 mice lived at least 50 days after gene deletion (Figure IIT in the Data 

Supplement). Interestingly, the Alk1f/f Esm1 CreERT2 mutants died 10–11 days after Tx 

injection (Figure IIT in the Data Supplement), suggesting they might develop AVMs in other 

tissues. Autopsy revealed massive intestinal hemorrhages in Alk1f/f Esm1 CreERT2 mice as 

a likely cause of death (Figure IIU in the Data Supplement). To define the Esm1 expression 

in intestines, Tx was injected at P4 and Esm1 CreERT2 mTmG mice were analyzed at P14. 

GFP-positive cells were found in scattered capillaries of the mesenteries, the intestinal wall 

and the intestinal villi (Figure 2J and 2K). We performed immunostaining of VE-Cadherin 

(VE-Cad) and GFP in P14 Alk1f/f and Alk1f/f Esm1 CreERT2 mTmG mice (Figure 2L 

and 2M). Alk1f/f Esm1 CreERT2 mTmG developed GFP-positive vascular malformations in 

capillaries of the intestinal villi (Figure 2M). Injection of latex dye confirmed the presence 

of AVMs in the intestinal villi and in the mesenteries (Figure 2N–2Q). To identify the 

presence of AVMs in other vascular beds, immunostaining and latex red dye injections 

were performed in P12 and P14 Esm1 CreERT2 mTmG, Alk1f/f and Alk1f/f Esm1 CreERT2 

(mTmG) mice (Figure 2R–2W). Alk1f/f Esm1 CreERT2 mTmG developed GFP-positive 

vascular malformations in retinal capillaries, and migration of Alk1 mutant tip cell progeny 

into the arteries was perturbed (Figure 2R and 2S). Latex injection confirmed abnormal 

patterning of distal retinal arteries derived from the Esm1-positive tip cells (Figure 2T and 

2U). The latex also revealed vascular malformations in the pial arteries of the brain in 

Alk1f/f Esm1 CreERT2 mice (Figure 2V and 2W), but full-blown AVMs were not observed 

in retina or brain. These data indicate that loss of ALK1 signaling in ESM1 expressing 

capillaries leads to intestinal vascular malformations.

Loss of ALK1 affects cell polarity and flow-migration coupling.

To test if flow-mediated EC polarization was altered in the absence of ALK1, we dissected 

retinas at P6 −48 h after Tx injection- and immunolabeled with IB4 to detect ECs, DAPI 

to label nuclei, the Golgi marker GOLPH4 and ALK1 (Figure 3A–3F). To analyze the 

orientation of the Golgi toward the flow direction in the retinal vessels, we measured the 

angles between the EC nuclei and the Golgi as well as the predicted blood flow vectors 

(Figure 3C’–3F’ and Figure 3G). In Alk1f/f retinas, ALK1 expressing arterial, venous and 

capillary ECs polarized against the direction of blood flow (Figure 3A, 3C, 3C’ and 3H). 

In contrast, ECs from Alk1f/f Mfsd2a CreERT2 retinas showed random Golgi distribution in 

veins, capillaries and AVMs (Figure 3B, 3E, 3E’, 3F, 3F’ and 3H). ECs in proximal arteries 

of Alk1f/f Mfsd2a CreERT2 retinas where Cre was not active maintained ALK1 expression 

and were polarized normally against the flow (Figure 3B, 3D, 3D’ and 3H). Quantification 

of polarization using a polarity index (PI), which ranges from 1 (strongly polarized) to 0 

(random distribution) confirmed that Alk1f/f retinal ECs were strongly polarized against 

the direction of blood flow, while Alk1f/f Mfsd2a CreERT2 mutant ECs in capillaries, veins 

and AVMs displayed poor polarization against the direction of blood flow (Figure 3I). 

To determine whether the polarity defects preceded AVM development, Tx was injected 
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at P4 and Alk1f/f Mfsd2a CreERT2 mice were analyzed after 24 h (P5) or 36 h (P5.5). 

Interestingly, AVMs started to appear at 24 h and were more pronounced at 36 h (Figure 

3J and 3K). Analysis of cell polarity in P5 Alk1f/f Mfsd2a CreERT2 mutants and controls 

showed that venous and capillary ECs from Alk1f/f Mfsd2a CreERT2 retinas displayed 

poorly polarized Golgi distribution (Figure 3L and 3M), indicating that lack of flow-induced 

polarity preceded AVM formation and could be causally related to AVM development.

To explore whether laminar flow affected the polarization of ALK1 mutant cells in vitro, 

we performed scratch wound assays with human umbilical vein endothelial cells (HUVECs) 

that were cultured in static conditions or subjected to laminar shear stress (15 dynes/cm2) 

and stained with a Golgi marker to determine cell polarity angles29. In static conditions, 

control siRNA transfected HUVECs were polarized towards the scratch areas in both the left 

and the right side of the wound (Figure 4A and 4C). Under laminar shear, the cells on the 

left side upstream of the scratch repolarize in the opposite direction to align against the flow 

(Figure 4E and 4G). By contrast, ALK1 deficient HUVECs showed random polarization in 

static conditions (Figure 4B and 4D). Most strikingly, they were unable to polarize against 

the direction of flow in the upstream scratch areas, and even the downstream polarization 

against the flow was impaired (Figure 4F and 4H). Polarity index calculation showed that 

flow significantly enhanced polarization of control siRNA transfected cells, and that ALK1 
deletion prevented flow induced polarization (Figure 4I).

Flow induces localization of phosphorylated AKT to the upstream edge of ECs30. Pleckstrin 

homology domain of AKT fused to GFP (PH-AKT-GFP) is a well-established biosensor 

of PI3K local activity which shows plasma membrane localized PH-AKT-GFP upon 

shear stress31. To examine whether ALK1 affected flow-induced PI3K localization, we 

performed live cell imaging. PH-AKT-mClover3 together with plasma membrane marker 

(LCK-mRuby3) were co-expressed as a biosensor and an internal control respectively. 

Control siRNA transfected HUVECs showed polarized activation of PI3K on their upstream 

edge within 5 minutes after flow, consistent with upstream Golgi polarization. By contrast, 

ALK1 knockdown significantly diminished this effect (Figure 4J, 4K and Movie I in the 

Data Supplement). This result indicated that ALK1 is required for flow-induced PI3K-AKT 

polarization.

Blockade of integrin prevents AVM formation.

Golgi orientation into scratch wounds and under flow is driven by integrin binding 

to ECM proteins and signaling to CDC4232, 33. Additionally, integrin activation 

and signaling is modulated by VEGFR2-PI3K signaling, which is altered following 

ALK1 deletion12, 13, 1834. VEGFR2 interacts with integrins αvβ3 and α5β1 during 

vascularization35–37, prompting us to test if VEGFR2-integrin signaling was enhanced in 

ALK1 deficient ECs. Interestingly, immunolabeling with antibodies recognizing integrin 

β1 (ITGB1), α5 (ITGA5) and αv (ITGAV) showed increased ITGB1, ITGA5 and ITGAV 

expression in the AVM areas of P8 Alk1f/f Mfsd2a CreERT2 retinas when compared to 

wildtype controls (Figure 5A–5D and Figure IIIA–IIIC in the Data Supplement). We 

next tested if ALK1 knockdown affected VEGFR2 complex formation with integrins. 

VEGFR2 immunoprecipitation and immunoblotting for integrins showed that ALK1 
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deletion significantly enhanced VEGFR2 pulldown of ITGB1, ITGA5 and ITGAV, and 

that VEGFR2 knockdown abolished co-immunoprecipitation, without affecting total levels 

of ITGB1, ITGA5 and ITGAV in cell lysates (Figure 5E, 5F and Figure IIID in the Data 

Supplement). These results suggested that targeting integrin signaling with inhibitors could 

rescue AVM formation. To test this idea, we administered cilengitide, a small molecule 

inhibitor for integrin αvβ3 and αvβ5, or ATN161, a peptide inhibitor for integrin α5β1. Alk1 
deletion was induced by Tx injection at P4, inhibitors were given intraperitoneally (i.p.) at 

5 mg/kg at P4 and P5, and mice were analyzed at P6 (Figure 5G). Both cilengitide and 

ATN161 decreased AVM formation in Alk1f/f Mfsd2a CreERT2 or Alk1f/f Cdh5 CreERT2 

mice (Figure 5H–5O). Immunostaining of Golgi markers showed that integrin inhibitors 

rescued polarization of Alk1 mutant cells against the direction of blood flow (Figure 5P–

5T).

ALK1 controls Hippo pathway signaling.

Previous data reported an interaction between BMP9/ALK1 signaling and the YAP/TAZ 

pathway, and both of these pathways are regulated by blood flow in vivo38, 39. Moreover, 

integrins are potent regulators of YAP/TAZ activation in many systems including ECs40–42. 

To test whether laminar shear and ALK1 affected integrin and YAP/TAZ protein expression, 

HUVECs were transfected with control or ALK1 siRNA and cultured in static conditions 

or under laminar shear stress (15 dynes/cm2) for 18 h. Protein extracts from these cells 

were analyzed by western blot with antibodies against integrins, YAP or TAZ and expression 

levels were compared to β-ACTIN. Interestingly, ITGB1, ITGA5 and ITGAV as well as 

YAP and TAZ were all significantly increased in ALK1 deleted ECs when compared to 

control siRNA transfected cells, and their expression was further increased by laminar 

shear stress (Figure 6A and 6B). YAP and TAZ protein expression were also increased and 

appeared more nuclear in Alk1f/f Mfsd2a CreERT2 retina AVMs when compared to Alk1f/f 

control ECs (Figure 6C–6F). Immunostaining of HUVECs with YAP and TAZ antibodies 

revealed enhanced YAP and TAZ nuclear localization in ALK1 deficient cells, while YAP 

and TAZ were mainly located in the cytosol of control siRNA treated ECs (Figure 6G 

and 6H). To test whether other HHT pathway components ENG and SMAD4 also affected 

YAP/TAZ activity, we deleted ALK1, SMAD4, and ENG in HUVECs and immune-labeled 

for YAP and TAZ (Figure 7A). YAP and TAZ nuclear localization increased in ALK1, 

SMAD4, and ENG deleted ECs when compared to control siRNA transfected cells (Figure 

7A and 7B). Treatment with the YAP/TAZ inhibitor Verteporfin (VP) blocked YAP/TAZ 

nuclear translocation in ALK1, SMAD4, and ENG depleted HUVECs (Figure 7A and 7B). 

ALK1 deletion also increased expression of the YAP/TAZ target cMYC43, 44 and enhanced 

cMYC nuclear localization. Nuclear cMYC expression was significantly reduced by VP 

treatment of ALK1 knockdown cells (Figure IVA–IVD in the Data Supplement). To examine 

VP activity in vivo, we administered VP (50 mg/kg, i.p.) into P4 and P5 Alk1f/f control 

mice (Figure 7C). VP injected control retinas developed blunted endothelial tip cells at 

the angiogenic front (Figure 7D), as reported in genetically Yap/Taz deficient endothelial 

mouse retinas38, 45, 46 indicating that the pharmacological inhibition was effective. Next, we 

injected VP into Alk1f/f Cdh5 CreERT2 or Alk1f/f Mfsd2a CreERT2 retinas, which led to a 

significant reduction of AVM formation and hemorrhage when compared to DMSO vehicle 

treated mutant retinas (Figure 7D–7F). VP treatment also rescued the polarization against 

Park et al. Page 7

Circulation. Author manuscript; available in PMC 2022 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the direction of blood flow (Figure 7G and 7H). These results demonstrated that ALK1 

regulates Hippo pathway activation, and that VP-mediated inhibition of YAP/TAZ activity 

improved flow migration coupling and prevented AVMs in Alk1 mutant ECs.

VEGFR2, integrin and PI3K function upstream of YAP/TAZ in Alk1 mutants

To elucidate whether ALK1 modulation of the Hippo pathway was dependent on VEGFR2, 

integrins, and PI3K, we examined YAP/TAZ nuclear translocation by immunostaining. 

YAP/TAZ nuclear translocation was abolished by combined deletion of ALK1 and 

VEGFR2 (Figure 8A and 8B), by treating ALK1 deleted HUVECs with integrin inhibitors 

cilengitide or ATN161, and by treatment with the PI3K inhibitor wortmannin (Figure 

8A, 8B and Figure VA–VC in the Data Supplement). Western blot analysis showed that 

combined deletion of ALK1 and VEGFR2 and/or ITGB1 reduced YAP/TAZ expression and 

phosphorylation of PI3K and AKT (Figure 8C and 8D), supporting that VEGFR2-integrin 

signaling through PI3K/AKT acts upstream of YAP/TAZ in ALK1 deficient HUVECs. Alk1 
deletion in mouse brain ECs likewise revealed enhanced YAP/TAZ expression and enhanced 

PI3K/AKT phosphorylation, and this could be rescued by over-expression of ALK1 (Figure 

VIA and VIB in the Data Supplement). In vivo, cilengitide and ATN161 treatment of Alk1f/f 

Mfsd2a CreERT2 mice reduced YAP/TAZ expression when compared to Alk1f/f control 

retinas (Figure 8E), supporting that integrin signaling acted upstream of YAP/TAZ.

Discussion

This study shows that AVMs in Alk1 mutants originate from capillaries and veins 

and implicates integrin and Hippo pathway signaling in HHT. The data are consistent 

with a model whereby the presence of ALK1 suppresses integrin signaling interactions 

with VEGFR2, which limits PI3K activation and YAP/TAZ nuclear translocation. In the 

absence of ALK1, enhanced VEGFR2-integrin-PI3K signaling promotes YAP/TAZ nuclear 

translocation, and pharmacological inhibition of integrin or YAP/TAZ signaling prevents 

vascular malformations in Alk1 deficient mice (Figure VII in the Data Supplement), as does 

VEGFR2 or PI3K inhibition13, 20, 47, 48.

We found that Mfsd2a-positive capillary-venous cells migrated against the blood flow 

direction towards retinal arteries, highlighting endothelial flow-migration coupling as a 

critical process driving vascular remodeling29, 49, 50. The current concept suggests that 

blood flow attracts EC migration from low flow segments (veins and capillaries) towards 

high flow segments (arteries)49. Hence, disruption of flow-migration coupling and resulting 

accumulation of ECs in capillaries could cause capillary enlargement and thereby precipitate 

AVM formation. Consistent with this model, deletion of Alk1 in capillaries and veins 

using Mfsd2a CreERT2 led to disruption of Golgi polarization against the flow direction 

and caused retinal and cerebral AVMs. Mfsd2a is a brain-specific endothelial gene24, 51, 

hence our analysis of these mice was restricted to the brain and retina. In addition, a 

recent study showed that capillary/venous-specific deletion of the ALK1 co-receptor ENG 

using Engfl/fl Apj-CreERT2 mice induced retinal AVMs52, indicating that the ALK1-ENG 

complex is required in capillaries and veins to prevent AVM formation, and that defective 

flow-migration coupling is a hallmark of HHT. Whether venous or capillary ECs, or both, 
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are involved in the vascular malformations, needs to be further investigated and will require 

generation of capillary or vein-specific Cre driver lines.

Interestingly, deletion of Alk1 in Esm1-positive tip cells also led to defective flow-migration 

coupling and accumulation of the mutant cells in the vascular plexus ahead of the arteries, 

while control cells colonized the arterial tree. This underscores an important role of Alk1 
in flow-migration coupling of retinal tip cells, but produced only mild retinal and brain 

vascular malformations when compared to pan-endothelial Alk1f/f Cdh5 CreERT2 and Alk1f/f 

Mfsd2a CreERT2 mice. One possible reason for the discrepant phenotypes is that disruption 

of cell polarity per se is not sufficient to induce AVMs. Another possibility is the differing 

flow environment: Esm1-positive tip cells migrate in a low-flow environment, whereas 

AVMs develop in high-flow regions of the retina, close to the optic nerve, and we and 

others have previously reported that blood flow potentiates ALK1-ENG-mediated shear 

stress sensing15, 26.

Quite strikingly, despite the lack of AVMs in retina and brain, the Alk1f/f Esm1 CreERT2 

mice developed intestinal AVMs and succumbed to intestinal hemorrhage. Analysis of 

Esm1-driven GFP labeling revealed expression in capillary endothelium of the mesenteries, 

the gut wall and the intestinal villi, and GFP positive cells formed AVMs in those regions 

in Alk1f/f Esm1 CreERT2 mutant mice. Hence, capillary function of Alk1 was required 

to prevent intestinal AVM formation. Further analysis is required to assess whether flow­

migration coupling also underlies intestinal vascular remodeling, but such studies will 

require endothelial specific fluorescent Golgi reporter mice to determine endothelial cell 

polarity.

Our in vitro data revealed that loss of ALK1 displayed disrupted endothelial Golgi 

orientation and polarization against the blood flow direction. Blocking blood flow in 

zebrafish alk1 mutants prevented AVM formation, directly demonstrating that blood flow 

induces AVM formation in the absence of ALK153. We and others have previously reported 

that BMP9/10-ALK1 signaling mechanistically links flow sensing and VEGFR2-PI3K/AKT 

pathway activation 12–15, 17, 20, 54. ALK1 signaling counteracted both flow and growth 

factor-induced AKT activation, and the absence of ALK1 overactivated PI3K/AKT signaling 

in AVMs 48, 55, 56. We extend these findings here by demonstrating that ALK1 is required 

for flow-induced PI3K-AKT polarization against the direction of blood flow. Besides 

enhanced VEGFR2/PI3K signaling, another study showed that loss of SMAD4 increased 

Angiopoietin2 and decreased TIE2 receptor expression57. Blocking Angiopoietin2 prevented 

AVM formation and normalized vessel diameters in endothelial Smad4 deficient mice, 

while TIE2 accumulated within the AVMs57, suggesting that increased TIE2 signaling could 

contribute to enhanced PI3K signaling in AVMs.

As new mechanistic findings, we report that integrins and YAP/TAZ signaling are involved 

in ALK1 signaling and AVM formation. Integrins are heterodimeric transmembrane 

receptors that are activated by flow and then bind to specific ECM proteins. RGD peptides 

or neutralizing antibodies against integrin α5β1 prevented laminar shear stress-induced 

increase in EC adhesion58–60. This correlates with our data that Alk1 mutant showed 

increased integrins in AVM regions and cilengitide and ATN161 improved AVMs in Alk1 
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mutant mice. Cilengitide is a selective αvβ3 and αvβ5 integrin inhibitor. Phase 3 trials using 

cilengitide for glioblastoma patients have failed to improve patient survival, however they 

were well tolerated61 and could be viable candidates for therapy in HHT patients.

Hippo-YAP/TAZ signaling regulates organ size, tissue regeneration and self-renewal as 

well as vascular development38, 39, 62–65. The core components of this pathway comprise 

a kinase cascade containing MST1/2 and LATS1/2. MST1/2 phosphorylates and activates 

LATS1/2, which then phosphorylate YAP/TAZ, causing their cytoplasmic sequestration, 

degradation and inactivation66, 67. When activated, YAP/TAZ shuffle from the cytosol to the 

nucleus where they interact with different transcription factors, of which TEAD transcription 

factors are the best characterized, to regulate expression of target genes involved in 

cell growth, survival, and migration68. Endothelial YAP/TAZ are important regulators of 

vascular development and function, and their activity is regulated by mechanical, metabolic 

and growth factor signals39, 45, 46, 62, 69–71. We found that ALK1 deletion in mice or 

in human ECs induced nuclear YAP/TAZ accumulation in a VEGFR2, PI3K and integrin­

dependent manner, thereby linking YAP/TAZ signaling to HHT. The mechanistic details of 

Hippo pathway regulation by ALK1 remain to be determined. VEGFR2 signaling triggers 

integrin activation through PI3K72–74, alternatively PI3K can be activated downstream 

of VEGFR2 and integrins through outside-in signaling74–77. Because ITGB1 knockdown 

decreased PI3K activation in ALK1 knockdown cells, our data favor the latter model. 

Integrins are well known to activate YAP/TAZ through both mechanical and biochemical 

signaling pathways78, 79. Together, these results define a pathway in which loss of ALK1 

activates VEGFR2-integrin and PI3K, which, in turn, activates YAP/TAZ. However, as 

nuclear YAP/TAZ accumulation alone is not reported to induce AVMs65, 80, we suggest 

that YAP/TAZ are necessary but not sufficient for AVM formation, and that VEGFR2, 

PI3K and integrins very likely contribute to lesion formation through additional effects 

on cell polarity and migration. Finally, YAP/TAZ overactivation suppressed BMP9-ALK1 

signaling38, suggesting that negative feedback loops between these pathways occur during 

normal vascular development. We show that the YAP/TAZ inhibitor VP, which inhibits 

YAP/TAZ translocation to the nucleus81, 82 and blocks YAP-TEAD association by binding 

to YAP and changing its conformation83, rescued AVM formation in Alk1 mutant mice. 

VP photodynamic therapy is approved for the treatment of choroidal neovascularization due 

to age-related macular degeneration84 and both integrin inhibitors and verteporfin might be 

novel therapeutic options for HHT patients.
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Non-standard Abbreviations and Acronyms

AVMs arteriovenous malformations

GI Gastrointestinal

HHT Hereditary hemorrhagic telangiectasia

HUVECs human umbilical vein endothelial cells

i.p. intraperitoneally

LSS laminar shear stress

PI Polarity index

SEM Standard error of the mean

Tx Tamoxifen
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Clinical Perspective

1. What is New?

• Using Cre lines that delete the HHT causing Alk1 gene in 

different subsets of endothelial cells, we showed that Alk1 
deletion in capillary and venous endothelium led to arteriovenous 

malformations (AVMs).

• Alk1 mutants displayed defective polarization against the direction 

of blood flow in capillary and venous endothelium, as well as 

increased integrin-VEGFR2 mediated PI3K activation of YAP/TAZ 

signaling.

2. What are the clinical implications?

• Pharmacological integrin inhibition using cilengitide or ATN161, or 

YAP/TAZ inhibition using verteporfin prevented AVM formation in 

Alk1 mutant mice.

• Our study reveals integrin and YAP/TAZ as novel effectors of ALK1 

signaling and AVM pathogenesis that could be targeted for AVM 

treatment in HHT patients.
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Figure 1. Retinal endothelial cell lineage tracing
(A-I) P6 retina flat mount images labeled with IB4 (blue) and GFP (white) from Mfsd2a 
CreERT2 mTmG (A, D, G), Esm1 CreERT2 mTmG (B, E, H) and Bmx CreERT2 mTmG (C, F, 

I) mice injected with 100 μg tamoxifen (Tx) at P5.5 (12 h, A-C), P5 (for 24 h, D-F) and P4 

(for 48 h, G-I) and dissected at P6. (J) 100 μg Tx was injected at P6 and dissected after 6 h 

in Mfsd2a CreERT2 mTmG mice. (K) 100 μg Tx was injected at P4 and dissected after 400 h 

(P21) (L) 2 mg/kg Tx was injected in P20 Mfsd2a CreERT2 mTmG mice and dissect at P21. 

Yellow arrows indicate tip cells and red arrows indicate location of GFP-expressing ECs in 
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arteries. (M) Quantification of Mfsd2a CreERT2 mTmG GFP expressing vessel length over 

IB4 positive vessel length from optic nerve. n = 6–8 retinas per time point. P-value < 0.001, 

Error bars: SEM. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001, ns: nonsignificant, 

One-way ANOVA with Sidak’s multiple comparisons test. ON: optic nerve, V: vein, A: 

artery, Scale bars: 500 μm (A-K) and 50 μm (L).
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Figure 2. Capillary-venous loss of ALK1 leads to AVMs.
(A) Schematic representation of the experimental strategy used to delete Alk1 in mice 

(P4-P6). (B-D) P6 retina flat mount images labeled with IB4 (blue) and GFP (white) from 

Alk1f/f Mfsd2a CreERT2 mTmG (B), Alk1f/f Esm1 CreERT2 mTmG (C) and Alk1f/f Bmx 
CreERT2 mTmG pups (D) injected with 100 μg Tx at P4 and dissected at P6. White arrows 

indicate AVMs. (E) Quantification of AVM number. n = 6–11 mice per group. Error bars: 

SEM. **** P-value < 0.0001, ns: nonsignificant, One-way ANOVA with Sidak’s multiple 

comparisons test. (F-I) Vascular labeling with latex dye (red) of retinal and brain vessels in 
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Alk1f/f (F and G) and Alk1f/f Mfsd2a CreERT2 (H and I) P6 pups. White arrows indicate 

AVMs. (J and K) GFP (white) and VE-Cad (blue) staining of mesentery and gastrointestinal 

(GI) tract (J) and lacteals (K) from P14 Esm1 CreERT2 mTmG. 100 μg Tx was injected 

at P4. An arrow indicates Esm1 positive capillary ECs (J). (L and M) VE-Cad (blue) and 

GFP (white) staining of jejunum lacteals from P14 Alk1f/f (L) and Alk1f/f Esm1 CreERT2 

mTmG (M). (N-Q and T-W) 100 μg Tx was injected at P4 and dissected at P12. Vascular 

labeling with latex dye (red) of villi, GI tracts, retinas and brains in Alk1f/f (N,P,T and V) 

and Alk1f/f Esm1 CreERT2 (O, Q, U and W) P12 pups. (R and S) 100 μg Tx was injected 

at P4 and dissected at P12 (R and S). IB4 (blue) and GFP (white) staining of retinal flat 

mounts from Esm1 CreERT2 mTmG (R) and Alk1f/f Esm1 CreERT2 mTmG (S) P12 mice. An 

arrow indicates vascular malformations (Q, U and W). A: artery, V: vein, Scale bars: 500 μm 

(B-D), 200 μm (F and H), 2 mm (G and I). 400 μm (J), 25 μm (K-M), 200 μm (N and O), 1 

mm (P-G and V-W), 500 μm (R-U), 200 μm.
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Figure 3. ALK1 controls cell polarization against the blood flow direction.
(A-B) IB4 (Magenta) and ALK1 (white) staining of retinal flat mounts from Alk1f/f (A) and 

Alk1f/f Mfsd2a CreERT2 (B) pups injected with 100 μg Tx at P4 and dissected at P6. (C-F) 

Higher magnification of insets in A and B. GOLPH4 (green) and DAPI (blue) staining of 

retina flat mounts. Red arrows indicate the blood flow direction. (C’-F’) Background images 

from Figure 2C–2F and corresponding polarity vectors (black arrows). (G) The polarity 

axis of each cell was defined as the angle between the direction of blood flow and the cell 

polarity axis, defined by a vector drawn from the center of the cell nucleus to the center 
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of the Golgi apparatus. (H) Angular histograms showing the distribution of polarization 

angles of ECs in the artery, vein and capillaries from Alk1f/f and artery, vein, capillary and 

AVM from Alk1f/f Mfsd2a CreERT2 mouse retinas. n = 7–11 retinas. (I) polarity index (PI) 

box plots of ECs from artery, vein and capillary from Alk1f/f and artery, vein, capillary 

and AVM from Alk1f/f Mfsd2a CreERT2 P6 retinas. n = 7–11 retinas. (J and K) IB4 (gray) 

staining of retinal flat mounts from Alk1f/f Mfsd2a CreERT2 pups injected with 100 μg at P4 

and dissected after 24 h (P5) (J) and 36 h (P5.5) (K). (L) Angular histograms showing the 

distribution of polarization angles of ECs in the artery, vein and capillary from Alk1f/f and 

Alk1f/f Mfsd2a CreERT2 P5 retinas at 24 h after Tx injection. (M) PI box plots of ECs from 

artery, vein and capillary from Alk1f/f and Alk1f/f Mfsd2a CreERT2 retinas at 24 h after Tx 

injection. n = 5–8 retinas/group. Error bars: SEM. **P-value < 0.01, ***P-value < 0.001, ns: 

nonsignificant, Two-way ANOVA with Tukey’s multiple comparisons test. Scale bars: 100 

μm (A-B), 20 μm (C-F) and 500 μm (J-K)
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Figure 4. ALK1 controls EC polarization against the flow direction in vitro.
(A-B) Representative images of scratch wound assays after 18 h showing polarity angles 

of HUVECs transfected with Control (siCon) (A) or ALK1 (siALK1) (B) siRNAs under 

static conditions and immunolabeled with phalloidin(red), GM130 (green), and DAPI (blue). 

(E-F) Representative images of scratch wound assays showing polarity angles of siCon 
(E) or siALK1 (F) HUVECs with 18 h exposure to laminar shear stress (LSS) at 15 dynes/

cm2. Left panels are upstream and right panels are downstream of flow. (C-D and G-H) 

Angular histograms showing polarization angles of siCon (C and G) or siALK1 ECs (D and 
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H) at 18 h after scratch with (G-H) or without (C-D) LSS. Left is upstream and right is 

downstream of flow (G and H). (I) PI box plots of upstream (left) scratch areas from siCon 
or siALK1 transfected HUVECs at 18 h after with or without LSS. (C-I) n=6–8 images from 

3 independent experiments. Error bars: SEM. *P-value < 0.05, **P-value < 0.01, ***P-value 

< 0.001, Two-way ANOVA with Sidak’s multiple comparison test. (J) Representative time 

lapse images of siCon or siALK1 HUVECs stably transduced with PH-AKT-mClover3 and 

plasma membrane targeting sequence of LCK-mRuby3. HUVEC monolayers in microfluidic 

chambers were exposed to 12 dynes/cm2 LSS under the microscope. 5 min (static) and 12 

min (LSS) images were selected from the movies. The surface is color-coded by the value of 

PH-AKT intensity. (K) Local activation of PI3K was quantified by image analysis. PH-AKT 

intensity was normalized with average static intensity at each time point. 0 – 5 min : static 

and 5 – 24.5 min : LSS, n= 61, 41 cells from 3 independent experiments, Error bar : SEM. 

***P-value < 0.001, Two-tailed unpaired t-test between siCon and siALK1 in average over 

the time. Scale bars : 50 μm (A-B and E-F), 20 μm (J).
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Figure 5. Integrin inhibition prevents AVM formation in Alk1 mutant retinas.
(A-C) IB4 (Magenta) and ITGB1(A, white), ITGA5 (B, white) or ITGAV (C, white) 

staining of retinal flat mounts from P8 Alk1f/f Mfsd2a CreERT2 pups. (D) Quantification 

of ITGB1, ITGA5 and ITGAV in P8 Alk1f/f Mfsd2a CreERT2 retinas. (E) VEGFR2 

immunoprecipitation in siCon, siALK1 or siALK1+siVEGFR2 HUVECs and western blot 

analysis for ITGB1, ITGA5, ITGAV and ALK1. VEGFR2, ITGB1, ITGA5, ITGAV, ALK1 

and β-ACTIN expression from the total cell lysates are shown as loading controls. Rabbit 

IgG was used as control. (F) Quantification of ITGB1, ITGA5 or ITGAV levels from 
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immunoprecipitation normalized to β-ACTIN from total cell lysates. *P<0.05, **P<0.01, 

***P-value < 0.001, One-way ANOVA with Sidak’s multiple comparisons test. (G) 

Experimental strategy to assess the effects of integrin inhibitors in Alk1 deleted retinas. 

Arrowheads indicate the time course of Tx (100 μg) and cilengitide (5mg/kg), ATN161 

(5mg/kg) or vehicle administration. (H-J and L-N) IB4 staining of P6 retinal flat mounts 

from Alk1f/f Mfsd2a CreERT2 (H-J) or Alk1f/f CDH5 CreERT2 (L-N) injected with cilengitide 

(I and M) or ATN161 (J and N) at P4 and P5. (K and O) Quantification of the AVM number. 

Each dot represents one retina. n = 7–16 retinas per group. Error bars: SEM. ***P-value 

< 0.001, One-way ANOVA with Sidak’s multiple comparisons test. (P-S) IB4 (Magenta), 

ALK1 (white), GOLPH4 (green) and DAPI (blue) staining of retina flat mounts from Alk1f/f 

(P), Alk1f/f Mfsd2a CreERT2 (Q), Cilengitide (R) or ATN161 (S) injected Alk1f/f Mfsd2a 
CreERT2 pups. A: artery, V: vein, (T) PI box plots of ECs from artery and vein from Alk1f/f 

Mfsd2a CreERT2 injected cilengitide or ATN161 retinas. n=5–8 retinas/group. Error bars: 

SEM. *P-value < 0.05, **P-value < 0.01, ns: nonsignificant, One-way ANOVA with Sidak’s 

multiple comparisons test. Scale bars: 500 μm (A-C, G-I and K-M), 20 μm (P-S).
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Figure 6. ALK1 controls YAP/TAZ expression and localization.
(A) Western blot analysis of HUVECs transfected with control and ALK1 siRNAs followed 

by 18 h exposure to LSS (15 dynes/cm2). (B) Quantification of ITGB1, ITGA5, ITGAV, 

YAP or TAZ levels normalized to β-ACTIN. *P<0.05, **P<0.01, ***P<0.001, Two-way 

ANOVA with Sidak’s multiple comparison test. (C-F) YAP and TAZ (green), ALK1 (gray), 

IB4 (red), DAPI (blue) staining of retinal flat mounts from P8 Alk1f/f (C-D) or Alk1f/f 

Mfsd2aCreERT2 (E-F) pups. A scale bar: 20 μm (C-F) (G) YAP or TAZ (green) and ALK1 

(red) staining of siCon and siALK1 HUVECs. A scale bar: 50 μm. (H) Quantification of 
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nuclear YAP and TAZ from siCon and siALK1 transfected HUVECs. ***P<0.001, n = 3 

independent experiments. Two-tailed unpaired t-test between siCon and siALK1.
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Figure 7. YAP/TAZ inhibition improves AVM formation in Alk1 mutant retinas.
(A) YAP and TAZ staining of siCon, ALK1, SMAD4 or ENG siRNAs transfected HUVECs 

treated with DMSO or Verteporfin (VP, 5 μM) for 6 h. Nuclear YAP/TAZ localization 

in siALK1, siSMAD4 or siENG ECs is blocked by VP treatment. A scale bar: 50 μm. 

(B) Quantification of nuclear YAP and TAZ from siCon, siALK1,siSMAD4 and siENG 
transfected HUVECs. ***P<0.001, ns: nonsignificant, Two-way ANOVA with Tukey’s 

multiple comparisons test. (C) Experimental strategy to assess the effects of YAP/TAZ 

inhibition in EC specific Alk1 deleted vasculature. Arrowheads indicate the time course of 
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Tx (100 μg) and VP (50mg/kg) or vehicle administration. (D) IB4 staining of P6 retinal flat 

mounts from VP injected Alk1f/f, Alk1f/f CDH5 CreERT2 or Alk1f/f Mfsd2a CreERT2 mice. 

(E) Stereomicroscopy images of vehicle or VP injected Alk1f/f Mfsd2a CreERT2 retinas. (F) 

Quantification of the AVM number/retina. Each dot represents one retina. n = 6–8 retinas 

per group. Error bars: SEM. ***P-value < 0.001, One-way ANOVA with Sidak’s multiple 

comparisons test. (G) Angular histograms showing polarization angles of artery and vein 

from Alk1f/f Mfsd2a CreERT2 with VP. (H) PI box plots of Alk1f/f Mfsd2a CreERT2 with 

vehicle or VP. n=5–6 retinas, Error bars: SEM, ***P-value < 0.001, ns: nonsignificant, 

Two-way ANOVA with Tukey’s multiple comparisons test. Scale bars : 50 μm (A), 500 μm 

(D), 300 μm (E)

Park et al. Page 31

Circulation. Author manuscript; available in PMC 2022 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. VEGFR2, integrin and PI3K function upstream of YAP/TAZ in Alk1 mutants
(A) YAP and TAZ staining for siCon, siALK1 and siALK1+siVEGFR2 transfected 

HUVECs and ALK1 siRNA transfected HUVECs treated with cilengitide (Cil, 5 

μM), ATN161 (ATN, 5 μM) and wortmannin (100 mM) for 12 h. Nuclear YAP/TAZ 

localization in siALK1 ECs is blocked by siVEGFR2, cilengitide, ATN161 and wortmannin 

treatment. (B) Quantification of nuclear YAP and TAZ from for siCon, siALK1 and 

siALK1+siVEGFR2 transfected HUVECs and ALK1 siRNA transfected HUVECs treated 

with cilengitide, ATN16, wortmannin. ***P<0.001, n = 3 independent experiments. Error 
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bars: SEM. ***P-value < 0.001, Two-way ANOVA with Tukey’s multiple comparisons test. 

(C) Western blot analysis of HUVECs transfected with control, ALK1, ALK1+VEGFR2, 
ALK1+ITGB1 or ALK1+VEGFR2+ITGB1 siRNAs. (D) Quantification of pPI3K/PI3K, 

pAKT/AKT and YAP or TAZ levels normalized to β-ACTIN. *P<0.05, **P<0.01, 

***P<0.001, ns: nonsignificant, One-way ANOVA with Sidak’s multiple comparisons test. 

(E) YAP and TAZ (green), ALK1 (white), IB4 (red) and DAPI (blue) staining of retinal flat 

mounts from cilengitide or ATN161 injected Alk1f/f Mfsd2a CreERT2 P6 mice. Scale bars: 

50 μm (A), 20 μm (E)
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