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 2 

Abstract 1 

Background: Activin receptor-like kinase 1 (ACVRL1, hereafter ALK1) is an endothelial 2 

transmembrane serine threonine kinase receptor for BMP family ligands that plays a 3 

critical role in cardiovascular development and pathology. Loss-of-function mutations in 4 

the ALK1 gene cause type 2 hereditary hemorrhagic telangiectasia (HHT), a devastating 5 

disorder that leads to arteriovenous malformations (AVMs). Here we show that ALK1 6 

controls endothelial cell polarization against the direction of blood flow and flow-induced 7 

endothelial migration from veins through capillaries into arterioles.  8 

Methods: Using Cre lines that recombine in different subsets of arterial, capillary-venous 9 

or endothelial tip cells, we showed that capillary-venous Alk1 deletion was sufficient to 10 

induce AVM formation in the postnatal retina.  11 

Results: ALK1 deletion impaired capillary-venous endothelial cell polarization against the 12 

direction of blood flow in vivo and in vitro. Mechanistically, ALK1 deficient cells exhibited 13 

increased integrin signaling interaction with VEGFR2, which enhanced downstream 14 

YAP/TAZ nuclear translocation. Pharmacological inhibition of integrin or YAP/TAZ 15 

signaling rescued flow migration coupling and prevented vascular malformations in Alk1 16 

deficient mice.  17 

Conclusions: Our study reveals ALK1 as an essential driver of flow-induced endothelial 18 

cell migration and identifies loss of flow-migration coupling as a driver of AVM formation 19 

in HHT disease. Integrin-YAP/TAZ signaling blockers are new potential targets to prevent 20 

vascular malformations in HHT patients. 21 

Keywords: HHT, arteriovenous malformations, mechanotransduction, Integrin, Hippo, 22 

BMP, VEGF  23 
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Introduction 1 

Hereditary hemorrhagic telangiectasia (HHT) is an inherited autosomal dominant 2 

vascular disorder that causes arteriovenous malformations (AVMs) in more than 1.4 3 

million people worldwide1. More than 80 % of HHT cases are caused by heterozygous 4 

mutations in the endothelial surface receptors Endoglin (ENG, mutated in HHT1) 5 

and ACVRL1 (hereafter referred to as ALK1, mutated in HHT2), and mutations in SMAD4 6 

cause a combined juvenile polyposis-HHT syndrome that accounts for <5% of HHT 7 

cases2-5. ALK1 and ENG are receptors for TGF- superfamily members BMP9 and BMP 8 

106, 7. Ligand binding activates ALK1/ENG receptor signaling to cytoplasmic SMAD 1/5/8, 9 

which subsequently complex with SMAD4 and translocate into the nucleus to regulate 10 

gene expression8. Thus, known HHT mutations affect different components of an 11 

endothelial signaling pathway that prevents vessels from forming AVMs. A recent study 12 

has shown that somatic second-hits inactivating the remaining intact ALK1 or ENG allele 13 

occurred in the lesions, supporting that vascular malformations in HHT are caused by a 14 

two-hit mechanism9. 15 

Whereas the genetics of AVM have been well studied, the underlying cellular and 16 

molecular principles are not fully understood, thus limiting the development of new 17 

treatment options. AVMs are direct connections between arteries and veins that lack an 18 

intermediate capillary bed2. AVMs in HHT patients appear most often in the skin, oral 19 

cavity, nasal, and gastrointestinal (GI) tract mucosa, lung, liver, and brain. Small AVMs in 20 

the skin and mucus membranes are called telangiectasias; rupture of these lesions leads 21 

to frequent epistaxis, GI bleeding, and anemia, all of which are major quality of life issues 22 

for HHT patients10. Larger AVMs in liver, lung, or brain may additionally cause life-23 
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threatening conditions such as high output heart failure and stroke11. We and others 1 

previously showed that pan-endothelial knockout of Alk1 using Alk1f/f Cdh5 CreERT2 in 2 

neonates led to AVMs in retina, brain and internal organs, indicating that endothelial ALK1 3 

is necessary for proper vascular development12, 13. However, what types of ECs are 4 

responsible and how AVMs develop remains largely unknown. 5 

Previous data from us and others have shown that BMP9/10-ALK1-ENG-SMAD4 6 

signaling is enhanced by flow, and initiates a negative feedback signal that dampens flow-7 

induced activation of AKT, thereby coordinating proper vascular remodeling12, 14-17. 8 

Mechanistically, blocking BMP9-ALK1-ENG signaling promotes endothelial PI3K 9 

(phosphatidylinositol 3-kinase)/AKT activation. ALK1-deficient ECs showed enhanced 10 

phosphorylation of the PI3K target AKT and vascular endothelial growth factor receptor 11 

2 (VEGFR2)13, 18. Pharmacological VEGFR2 or PI3K inhibition prevented AVM formation 12 

in Alk1-deficient mice and decreased diameter of AVMs in ENG mutants19. Moreover, an 13 

increase in PI3K signaling has been recently confirmed in cutaneous telangiectasia 14 

biopsies of patients with HHT220, 21.  15 

Here we investigated the origin of AVM-causing cells using novel Cre lines that delete 16 

Alk1 in subsets of ECs. In doing so, we observed that ECs in remodeling vessels move 17 

against the direction of blood flow, while maintaining vascular integrity. In response to the 18 

physical forces such as wall shear stress exerted by blood, ECs polarize their Golgi 19 

apparatus in front of the nucleus (front-rear polarity) and migrate against the blood flow 20 

from veins towards arteries. We further provide evidence that ALK1 contributes to flow-21 

migration coupling via VEGFR2-integrin signaling and downstream YAP/TAZ nuclear 22 

translocation. Collectively, the data show that ALK1 controls flow-induced cell migration 23 
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 5 

to prevent AVM formation and identify new targets with the potential to prevent vascular 1 

malformations in HHT patients.  2 

  3 
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Methods 1 

Mice 2 

All animal experiments were performed under a protocol approved by Institutional Animal 3 

Care Use Committee of Yale University. Alk1f/f  mice were kindly provided by Dr. S. Paul 4 

Oh. Bmx CreERT2 and Esm1 CreERT2 mice were kindly provided by Dr. Ralf Adams and 5 

Mfsd2a CreERT2 mice were kindly provided by Dr. Bin Zhou. Seven to eight weeks old 6 

Alk1f/f and Bmx CreERT2 mTmG, Esm1 CreERT2 mTmG mice or Mfsd2a CreERT2 mTmG 7 

mixed genetic background were intercrossed for experiments and Alk1f/f Mfsd2a CreERT2 8 

(mTmG), Alk1f/f Esm1 CreERT2 (mTmG ) mice or Alk1f/f Bmx CreERT2 (mTmG) were used. 9 

Gene deletion was induced by intra-gastric injections with 100 μg Tx (Sigma, T5648; 10 

2.5 mg ml−1) into pups at P4 or P1-3. Tx-injected CreERT2 negative littermates were used 11 

as controls. 12 

Latex dye injection 13 

P6 pups were anaesthetized on ice, and abdominal and thoracic cavities were opened. 14 

The right atrium was cut, blood was washed out with 2 ml PBS and 1 ml of latex dye was 15 

slowly and steadily injected into the left ventricle with an insulin syringe. Retinas and GI 16 

tracts were washed in PBS and fixed with 4% paraformaldehyde (PFA) overnight. Brains 17 

and GI tracts were cleared in Benzyl Alcohol : Benzyl Bezonate (1:1) for 2-3 days before 18 

imaging. 19 

Reagents and antibodies 20 

For immunostaining: IB4 ([IsolectinB4] #121412, 10 μg/mL; Life Technologies), GFP 21 

Polyclonal Antibody, Alexa Fluor 488 (#A-21311, 1:1000; Invitrogen), GOLPH4 22 
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(#ab28049, 1:400; abcam), anti-YAP (#14074, 1:300; Cell Signaling), anti-TAZ 1 

(#HPA007415, 1:300 Sigma), mouse anti-ALK1 (#AF770, 1:300; R&D) human anti-2 

ALK1(#AF370, 1:300; R&D), VE-Cadherin (#555289, 1:200; BD) GM-130 (#610822, 3 

1:500; BD), DAPI (#D1306, 1:1000; Life Technologies), anti-integrin 1 Alexa Fluor 647 4 

(#303047,1:500; BioLegend), anti-integrin 5 and v (From Martin A Schwartz)  5 

For western blotting: anti-ALK1 (7R-49334, 1:1000; Fitzgerald), anti-integrin 1 (#34971, 6 

Cell Signaling), anti-integrin 5 and v, anti-VEGFR2 (#9698, Cell Signaling), -actin 7 

(#A1978 1:3000; Sigma), anti-YAP (#14074, 1:1000; Cell Signaling), anti-TAZ 8 

(#HPA007415, 1:2000 Sigma).  9 

Appropriate secondary antibodies were fluorescently labeled (Alexa Fluor donkey anti-10 

rabbit, Alexa Fluor donkey anti-goat) or conjugated to horseradish peroxidase (anti-rabbit 11 

and anti-mouse IgG [H+L], 1:8.000; Vector Laboratories). 12 

ATN-161 (#S8454, Selleckchem), cilengitide trifluoroacetate (#S7077, Selleckchem), 13 

verteporfin (#S1786, Selleckchem), wortmannin (#S2758, Selleckchem) 14 

Immunostaining 15 

For angiogenesis studies the eyes of P6/P8 pups were prefixed in 4% PFA for 8 min at 16 

room temperature. Retinas were dissected, blocked for 30 min at room temperature in 17 

blocking buffer (1% fetal bovine serum, 3% BSA, 0.5% Triton X-100, 0.01% Na 18 

deoxycholate, 0.02% Sodium Azide in PBS at pH 7.4) and then incubated with specific 19 

antibodies in blocking buffer overnight at 4C. The next day, retinas were washed and 20 

incubated with IB4 together with the corresponding secondary antibody for overnight at 21 

4C.  The next day, retinas were washed and post-fixed with 0.1% PFA and mounted in 22 
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 8 

fluorescent mounting medium (DAKO, USA). High-resolution pictures were acquired 1 

using ZEISS LSM800 and Leica SP8 confocal microscope with a Leica spectral detection 2 

system (Leica TCS SP8 detector), and the Leica application suite advanced fluorescence 3 

software. Quantification of retinal vasculature was done using ImageJ and then Prism 7 4 

software for statistical analysis. 5 

For cell immunostaining, cells were plated on gelatin coated dishes. Growing cells were 6 

fixed for 10 min with 4% paraformaldehyde (PFA) and permeabilized with 0.1% Triton X‐7 

100 for 10 min prior to overnight incubation with primary antibody and then secondary 8 

antibody conjugated with fluorophore.  9 

Cell culture and siRNA transfection 10 

Human umbilical vein endothelial cells (HUVECs) were obtained from the Yale University 11 

Vascular Biology and Therapeutics Core Facility and cultured in EGM2-Bullet kit medium 12 

(CC-3156 & CC-4176, Lonza). Depletion of ALK1, SMAD4 or ENG was achieved by 13 

transfecting 20 pmol of small interfering RNA (siRNA) against ALK1 (Qiagen, mixture of 14 

2 siRNAs: S102659972 and S102758392), SMAD4 (Dharmacon, SMARTpool: ON-15 

TARGETplus L-003902-00-0005) or ENG (Dharmacon, ON-TARGETplus LQ-011026-16 

00-0005) using Lipofectamine RNAiMax (Invitrogen). Transfection efficiency was 17 

assessed by western blotting and quantitative PCR (qPCR). Experiments were performed 18 

60 hours posttransfection and results were compared with siRNA CTRL (ON-19 

TARGETplus Non-Targeting Pool D-001810-10-05). 20 

Shear stress experiments.  21 
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 9 

HUVECs were re-plated on glass slides coated with the indicated proteins for 6 hours and 1 

wound scratch was carried out on the slides before application of flow. The slides were 2 

loaded into parallel plate flow chambers. Laminar shear at 15 dynes/cm2 was used to 3 

mimic high flow in retinal veins. 4 

For real-time imaging, PH-AKT-mClover3 was modified from PH-AKT-GFP (addgene 5 

#51465). Plasma membrane targeting sequence of LCK tagged with mRuby3 (LCK-6 

mRuby3, modified from addgene #98822) was co-expressed in the same vector by IRES 7 

sequence as a plasma membrane marker. HUVECs were transfected with siRNAs 8 

followed by lentiviral transduction coding PH-AKT-mClover3 and LCK-mRuby3. The 9 

infected cells were mixed with uninfected cells in 1:2 ratio, then seeded on microfluidic 10 

chamber (IBIDI u-slide 0.4 luer, 1x105 total cell/slide) and cultured additional 24-48 hours 11 

more for imaging. Imaging was performed on an Eclipse Ti microscope equipped with an 12 

Ultraview Vox spinning disk confocal imaging system, with 20X objective (Plan Apo, 13 

Nikon). Each pixel intensity was plotted as y with corresponding distance from upstream 14 

of the cell as x, which was normalized to have length 1 to the direction of flow (0 to 1). 15 

Then slope of the plot at each time frame was measured as a representative value of cell 16 

polarity. 17 

Western blotting 18 

Cells were lysed with Laemmli buffer including phosphatase and protease inhibitors 19 

(Thermo Scientific, 78420, 1862209). 20 μg of proteins were separated on 4% to 15% 20 

Criterion precast gels (567–1084, Biorad) and transferred on 0.23 um nitrocellulose 21 

membranes (Biorad). Western blots were developed with chemiluminescence 22 

horseradish peroxidase substrate (Millipore, WBKLS0500) on a Luminescent image 23 
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Analyzer, ImageQuant LAS 4000 mini (GE Healthcare). Bands were quantified using 1 

ImageJ. 2 

Immunoprecipitation 3 

Cell lysates were prepared in 50 mM Tris-HCl at pH 7.4, 50 mM NaCl, 0.5% Triton X-100, 4 

phosphatase and protease inhibitors, centrifuged at 16,000 × g for 20 min. Protein 5 

concentration was quantified using Bradford assay (Pierce). In total, 500 μg of protein 6 

from cell lysate were incubated overnight at 4 °C with 10 μg/ml of anti-VEGFR2, and finally 7 

incubated with protein A/G magnetic beads (88802, Thermo Scientific) for 2 h at 4 °C. The 8 

immunocomplexes were washed three times in lysis buffer and resuspended in 1X 9 

Laemmli’s sample buffer. For western-blot analysis, 50 μg of protein was loaded for each 10 

condition. 11 

Polarity index calculation 12 

Briefly, after segmenting each channel corresponding to the Golgi and nuclear staining, 13 

the centroid of each organelle was determined and a vector connecting the center of the 14 

nucleus to the center of its corresponding Golgi apparatus was drawn. The Golgi-nucleus 15 

assignment was done automatically minimizing the distance between all the possible 16 

couples. The polarity of each cell was defined as the angle between the vector and the 17 

scratch line. An angular histogram showing the angle distribution was then generated. 18 

Circular statistic was performed using the Circular Statistic Toolbox. To test for circular 19 

uniformity, we applied the polarity index (PI), calculated as the length of mean resultant 20 

vector for a given angular distribution22. 21 
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 1 

 2 

 3 

Statistical Analysis 4 

All data are shown as mean standard error of the mean. Tow-tailed unpaired t-test was 5 

used to compare 2 groups. Oneway ANOVA was used to compare more than 2 groups 6 

followed by appropriate post hoc multiple comparison procedure (Holm-Sidak multiple 7 

comparisons test). To construct the survival curves we have used the Kaplan–Meier 8 

method. P value <0.05 was considered to be statistically significant. Statistical analyses 9 

were performed for all quantitative data using Prism 6.0 (Graph Pad). 10 

11 
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Results 1 

Endothelial lineage tracing reveals flow migration coupling in retinal vessels 2 

To track the dynamics of endothelial flow migration coupling in the mouse retina, we used 3 

three CreERT2 lines that recombine in subsets of ECs. These include Major Facilitator 4 

Superfamily Domain Containing 2a (Mfsd2a), which recombines venous and capillary 5 

ECs but not arteries or tip cells in the brain vasculature23-25; Endothelial cell-specific 6 

molecule 1 (Esm1), which recombines tip cells and their progeny26, 27; and the artery-7 

specific Bone marrow x (Bmx)28 line. We intercrossed these lines with mTmG reporter 8 

mice29 to lineage-trace GFP positive Mfsd2a, Esm1 and Bmx expressing ECs. Tamoxifen 9 

(Tx) was injected 12 h, 24 h and 48 h prior to sacrifice at P6 (Figure 1 A-I). At 12 h post 10 

injection, Mfsd2a positive cells were absent from the tip cell position, but labeled veins 11 

and capillaries in the vascular plexus, as well as the distal pole of arterioles (Figure 1A). 12 

Esm1-positive cells were restricted to the tip position, while Bmx CreERT2 positive cells 13 

were located in the proximal part of retinal arterioles close to the optic nerve (Figure 1B-14 

C). Hence the three Cre lines labeled distinct and non-overlapping endothelial cell 15 

populations at this time point.  16 

24 h and 48 h after injection, Mfsd2a-positive cells were still excluded from the tip position, 17 

but progressively colonized the arteries from the distal to the proximal part (Figure 1D,G). 18 

Esm1-positive cells were seen at the tip position and moving towards the distal parts of 19 

the arterioles at 24h and 48 h after injection (Figure 1E,H), while Bmx-positive cells 20 

remained confined to the proximal arterioles (Figure 1F,I). Very few Mfsd2a-GFP positive 21 

cells were detected in arteries 4 h and 6 h post Tx injection (Supp. Figure 1 A, Figure 1J), 22 

while 400 h after P4 Tx injection, ie at P21, most of the retinal endothelium was GFP 23 
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positive (Figure 1K). By contrast, a single Tx injection at P20 labeled venous and capillary 1 

endothelium, but not arteries at P21 (Figure 1 L), demonstrating that ECs of venous and 2 

capillary origin migrate against the direction of flow into neighboring arteries during 3 

vascular remodeling.  4 

To quantify displacement of Msfd2a-GFP positive cells, we measured the relative length 5 

of GFP positive area in retinal arteries, veins and capillaries at different time points (Figure 6 

1M).  After 12 h, about 90 % of venous and capillary vessel area was occupied by GFP-7 

positive cells, while only 50% of the distal arterial vessel area was occupied by GFP-8 

positive cells and this gradually increased over time until 48 h (Figure 1M), demonstrating 9 

quantifiable displacement of capillary and venous ECs towards arteries over time. 10 

Alk1 deletion in capillary and venous ECs causes AVMs 11 

To determine the origin of AVM forming cells in Alk1 mutants, we next intercrossed 12 

Mfsd2a, Esm1 and Bmx CreERT2 mice with Alk1f/f mTmG reporter mice. Tx was injected 13 

at P4 and mice were analyzed at P6 (Figure 2 A). Efficient Alk1 deletion was verified in 14 

all three lines using immunostaining (Supp. Figure 2). Interestingly, venous and capillary 15 

endothelial Alk1 deletion using the Mfsd2a CreERT2 driver line led to numerous AVMs in 16 

the retina (Figure 2 B and E). By contrast, neither Alk1f/f Esm1 CreERT2 nor Alk1f/f Bmx 17 

CreERT2 mutants displayed any retinal AVMs (Figure 2 C-D and F-G). We analyzed the 18 

presence of retinal and brain AVMs by injection of latex dye into the left ventricle of P6 19 

Alk1f/f Mfsd2a CreERT2 and control littermates (Figure 2 H-K). The latex dye does not cross 20 

the capillary beds and was retained within the arterial branches in Alk1f/f brain and retina 21 

(Figure 2 H-I). In the Alk1f/f Mfsd2a CreERT2 mutants, the latex penetrated both the venous 22 

as well as the arterial branches via AVMs in the retina and brain (Figure 2 J-K). To see 23 
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whether Alk1f/f Esm1 CreERT2 and Alk1f/f Bmx CreERT2 could develop AVMs by longer-term 1 

exposure of Tx, Tx was injected at P1 and mice were analyzed at P6 (Figure 2 L). Neither 2 

Alk1f/f Esm1 CreERT2 nor Alk1f/f Bmx CreERT2 mutants exhibited any AVMs (Figure 2 M-N).  3 

Next, we examined the survival rate of these three mouse lines. Alk1f/f Mfsd2a CreERT2 4 

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

Alk1f/f Bmx CreERT2 mice lived at least 50 days after gene deletion (Figure 3 A). 6 

Interestingly, the Alk1f/f Esm1 CreERT2 mutants died 10-11 days after Tx injection (Figure 7 

3 A), suggesting they might develop AVMs in other tissues. Autopsy revealed massive 8 

intestinal hemorrhages in Alk1f/f Esm1 CreERT2 mice as a likely cause of death (Figure 3 9 

B). To define the Esm1 expression in intestines, Tx was injected at P4 and Esm1 CreERT2 10 

mTmG mice were analyzed at P14. GFP-positive cells were found in scattered capillaries 11 

of the mesenteries, the intestinal wall and the intestinal villi (Figure 3 C-D). We performed 12 

immunostaining of VE-Cadherin (VE-Cad) and GFP in P14 Alk1f/f and Alk1f/f Esm1 CreERT2 13 

mTmG mice (Figure 3 E-F). Alk1f/f Esm1 CreERT2 mTmG developed GFP positive vascular 14 

malformations in capillaries of the intestinal villi (Figure 3 F). Injection of latex dye 15 

confirmed the presence of AVMs in the intestinal villi and in the mesenteries (Figure 3 G-16 

J). To identify the presence of AVMs in other vascular beds, immunostaining and latex 17 

red dye injections were performed in P12 and P14 Alk1f/f and Alk1f/f Esm1 CreERT2 mTmG 18 

mice (Figure 3 K-P). Alk1f/f Esm1 CreERT2 mTmG developed GFP positive vascular 19 

malformations in retinal capillaries, and migration of Alk1 mutant tip cell progeny into the 20 

arteries was perturbed (Figure 3 K-L). Latex injection confirmed abnormal patterning of 21 

distal retinal arteries derived from the ESM1+ tip cells (Figure 3 M-N). The latex also 22 

revealed vascular malformations in the pial arteries of the brain in Alk1f/f Esm1 CreERT2 23 
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mice (Figure 3 O-P), but full-blown AVMs were not observed in retina or brain. These data 1 

indicate that loss of ALK1 signaling in ESM1 expressing capillaries leads to intestinal 2 

vascular malformations. 3 

Loss of ALK1 affects cell polarity and flow-migration coupling. 4 

To test if flow-mediated EC polarization was altered in the absence of ALK1, we dissected 5 

retinas at P6 48 h after Tx injection and immunolabeled with IB4 to detect ECs, DAPI to 6 

label nuclei, the Golgi marker GOLPH4 and ALK1 (Figure 4 A-F). To analyze the 7 

orientation of the Golgi toward the flow direction in the retinal vessels, we measured the 8 

angles between the EC nuclei and the Golgi as well as the predicted blood flow vectors 9 

(Figure 4 C’-F’, Figure 4 G). In Alk1f/f retinas, ALK1 expressing arterial, venous and 10 

capillary ECs polarized against the direction of blood flow (Figure 4 A, C, C’ and H). In 11 

contrast, ECs from Alk1f/f Mfsd2a CreERT2 retinas showed random Golgi distribution in 12 

veins, capillaries and AVMs (Figure 4 B, E, E’, F, F’ and H). Proximal arteries in Alk1f/f 13 

Mfsd2a CreERT2 retinas that maintained ALK1 expression were polarized normally against 14 

the flow (Figure 4B, D, D’ and H) Quantification of polarization using a polarity index (PI), 15 

which ranges from 1 (strongly polarized) to 0 (random distribution) confirmed that Alk1f/f 16 

retinal ECs were strongly polarized against the direction of blood flow, while Alk1f/f Mfsd2a 17 

CreERT2 mutant ECs in capillaries, veins and AVMs displayed poor polarization against 18 

the direction of blood flow (Figure 4 I). To determine whether these polarity defects 19 

preceded AVM development, Tx was injected at P4 and mice were analyzed after 24 h 20 

(P5) or 36 h (P5.5). Interestingly, AVMs started to appear at 24 h and were more 21 

pronounced at 36 h (Figure 4 J-K). Analysis of cell polarity in P5 Alk1f/f Mfsd2a CreERT2 22 

mutants and controls showed that venous and capillary ECs from Alk1f/f Mfsd2a CreERT2 23 
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retinas displayed poorly polarized Golgi distribution (Figure 4 L, M), indicating that lack of 1 

flow-induced polarity preceded AVM formation and could be causally related to AVM 2 

development.  3 

To explore whether laminar flow affected the polarization of Alk1 mutant cells in vitro, we 4 

performed scratch wound assays with human umbilical vein endothelial cells (HUVECs) 5 

that were cultured in static conditions or subjected to laminar shear stress (15 dynes/cm2) 6 

and stained with a Golgi marker to determine cell polarity angles22. In static conditions, 7 

control siRNA transfected HUVECs were polarized towards the scratch areas in both the 8 

left and the right side of the wound (Fig.5A,C). Under laminar shear, the cells on the left 9 

side upstream of the scratch repolarize in the opposite direction to align against the flow 10 

(Fig.5E,G).  By contrast, ALK1 deficient HUVECs showed random polarization in static 11 

conditions (Fig.5B,D). Most strikingly, they were unable to polarize against the direction 12 

of flow in the upstream scratch areas, and even the downstream polarization against the 13 

flow was impaired (Figure 5 F,H).  Polarity index calculation showed that flow significantly 14 

enhanced polarization of control siRNA transfected cells, and that ALK1 deletion 15 

prevented flow induced polarization (Figure 5 I). 16 

Flow induces localization of phosphorylated AKT to the upstream edge of ECs30. 17 

Pleckstrin homology domain of AKT fused to GFP (PH-AKT-GFP) is a well-established 18 

biosensor of PI3K local activity which shows plasma membrane localized PH-AKT-GFP 19 

upon shear stress31. To examine whether ALK1 affected flow-induced PI3K localization, 20 

we performed live cell imaging. PH-AKT-mClover3 together with plasma membrane 21 

marker (LCK-mRuby3) were co-expressed as a biosensor and an internal control 22 

respectively. Control siRNA transfected HUVECs showed polarized activation of PI3K on 23 
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their upstream edge within 5 minutes after flow, consistent with upstream Golgi 1 

polarization. By contrast, ALK1 knockdown significantly diminished this effect (Figure 5 J 2 

and K, Supp. Figure 3 movies).  This result indicated that ALK1 is required for flow-3 

induced PI3K-AKT polarization. 4 

Blockade of integrin prevents AVM formation. 5 

Golgi orientation into scratch wounds and under flow is driven by integrin binding to ECM 6 

proteins and signaling to CDC4232, 33. Additionally, integrin activation and signaling is 7 

modulated by VEGFR2-PI3K signaling, which is altered following ALK1 deletion12, 13, 18 34. 8 

VEGFR2 interacts with integrins αvβ3 and α5β1 during vascularization35-37, prompting us 9 

to test if VEGFR2-integrin signaling was enhanced in ALK1 deficient ECs.  Interestingly, 10 

immunolabeling with antibodies recognizing integrin 1 (ITGB1), α5 (ITGA5) and αv 11 

(ITGAV) showed increased ITGB1, ITGA5 and ITGAV expression in the AVM areas of P8 12 

Alk1f/f Mfsd2a CreERT2 retinas when compared to wildtype controls (Figure 6 A-C and 13 

Supp. Figure 4 A-C). We next tested if the interaction of VEGFR2 and integrin was 14 

affected in ALK1 deleted cells. While total levels of ITGB1, ITGA5 and ITGAV were 15 

moderately increased in ALK1 knockdown cells, their co-immunoprecipitation with 16 

VEGFR2 was enhanced to a greater degree (Figure 6 D,E). These results suggested that 17 

targeting integrins signaling with inhibitors could rescue AVM formation. To test this idea, 18 

we administered Cilengitide, a small molecule inhibitor for integrin αvβ3 and αvβ5, or 19 

ATN161, a peptide inhibitor for integrin α5β1. Alk1 deletion was induced by Tx injection at 20 

P4, inhibitors were given i.p at 5 mg/kg at P4 and P5, and mice were analyzed at P6 21 

(Figure 6 F). Both Cilengitide and ATN161 decreased AVM formation in Alk1f/f Mfsd2a 22 

CreERT2 or Alk1f/f Cdh5 CreERT2 mice (Figure 6 G-N). Immunostaining of Golgi markers 23 
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showed that integrin inhibitors rescued polarization of Alk1 mutant cells against the 1 

direction of blood flow (Figure 6 O-S).  2 

ALK1 controls integrin mediated Hippo pathway signaling.  3 

Previous data reported an interaction between BMP9/ALK1 signaling and the YAP/TAZ 4 

pathway, and both of these pathways are regulated by blood flow in vivo38, 39. Moreover, 5 

integrins are potent regulators of YAP/TAZ activation in many systems including ECs40-6 

42. Activation of YAP/TAZ results in both protein stabilization and nuclear translocation, 7 

with induction of target gene expression. To test whether laminar shear and ALK1 8 

affected integrin and YAP/TAZ protein expression, HUVECs were transfected with control 9 

or ALK1 siRNA and cultured in static conditions or under laminar shear stress (15 10 

dynes/cm2) for 18 h. Protein extracts from these cells were analyzed by Western blot with 11 

antibodies against integrins, YAP or TAZ and expression levels were compared to -actin. 12 

Interestingly, ITGB1, ITGA5 and ITGAV as well as YAP and TAZ were all significantly 13 

increased in ALK1 deleted ECs when compared to control siRNA transfected cells, and 14 

their expression was further increased in laminar shear stress conditions (Figure 7 A- B). 15 

YAP and TAZ protein expression was also greatly increased and appeared more nuclear 16 

in Alk1f/f Mfsd2a CreERT2 retina AVMs when compared to Alk1f/f control ECs (Figure 7 C-17 

F). Immunostaining of ALK1 deficient HUVECs with YAP and TAZ antibodies confirmed 18 

an increase of YAP/TAZ expression in ALK1 siRNA transfected HUVECs, and moreover 19 

revealed that YAP and TAZ located both in the cytosol and the nucleus ALK1 deficient 20 

cells, while they were located in the cytosol of control siRNA treated ECs (Figure 7 G-H). 21 

To test whether other HHT pathway components ENG and SMAD4 also affected 22 

YAP/TAZ activity, we deleted ALK1, SMAD4, and ENG in HUVECs and immunostained 23 
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for YAP and TAZ (Figure 8 A). We found that YAP and TAZ showed translocation to the 1 

nucleus in ALK1, SMAD4, and ENG deleted ECs (Figure 8 A).  Furthermore, we found 2 

that the YAP/TAZ inhibitor Verteporfin (VP) blocked YAP/TAZ activity and translocation 3 

to the nucleus in ALK1, SMAD4, and ENG depleted HUVECs (Figure 8 A). To examine 4 

whether the inhibition of YAP/TAZ could improve AVMs in vivo, we first administered VP 5 

(50 mg/kg, i.p.) into P4 and P5 Alk1f/f control mice (Figure 8 B). VP injected control retina 6 

developed blunted endothelial tip cells at the angiogenic front (Figure 8 C), as reported in 7 

genetically YAP/TAZ deficient endothelial mouse retinas38, 43, 44 indicating that the 8 

pharmacological inhibition was effective. Next we injected VP into Alk1f/f Cdh5 CreERT2 or 9 

Alk1f/f Mfsd2a CreERT2  retinas, which led to a significant reduction of AVM formation and 10 

hemorrhage when compared to DMSO vehicle treated mutant retinas (Figure 8 C- E). VP 11 

treatment also rescued the polarization against the direction of blood flow (Figure 8 F-G). 12 

These results demonstrated that ALK1 regulates Hippo pathway activation, and that VP-13 

mediated inhibition of YAP/TAZ nuclear translocation improved flow migration coupling 14 

and prevented AVMs in Alk1 mutant ECs.  15 

integrin and PI3K function upstream of YAP/TAZ 16 

To elucidate whether ALK1 modulation of the Hippo pathway was integrin and PI3K 17 

dependent, we examined YAP/TAZ activity and translocation to the nucleus upon integrin 18 

inhibitor or PI3K inhibitor treatment. Intriguingly, YAP/TAZ activity and nuclear 19 

translocation was significantly reduced in ALK1 deleted HUVECs treated with integrin 20 

inhibitors Cilengitide or ATN161 (Figure 9 A and B), and in ALK1 deleted cells treated 21 

with the PI3K inhibitor wortmannin (Supp. Figure 5 A). Next, we injected Tx into P4 Alk1f/f 22 

Mfsd2a CreERT2 mice and administered Cilengitide and ATN161 at P4 and P5 to examine 23 
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the YAP/TAZ activity and nuclear translocation. Interestingly, YAP/TAZ nuclear 1 

translocation was blocked in integrin inhibitor injected Alk1f/f Mfsd2a CreERT2 retinas when 2 

compared to Alk1f/f control retinas (Figure 9 C).  3 
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Discussion 1 

This study extends our previous knowledge by identifying the origin of AVM 2 

forming cells from capillaries and veins and the role of integrin and Hippo pathway 3 

signaling in HHT. The data are consistent with a model whereby the presence of ALK1 4 

suppressed integrin-VEGFR2 signaling interactions, which limited downstream PI3K 5 

activation and signaling to YAP/TAZ, as indicated by changes in protein levels and 6 

nuclear translocation. In the absence of ALK1, enhanced VEGFR2-integrin-PI3K 7 

signaling stabilized YAP/TAZ and promoted nuclear translocation. Pharmacological 8 

inhibition of integrin or YAP/TAZ signaling prevented vascular malformations in Alk1 9 

deficient mice (Figure 9 D).  10 

In retinal development, Mfsd2a-positive capillary-venous as well as Esm1-positive 11 

tip cells migrated against the blood flow direction towards retinal arteries. This is 12 

consistent with work published by others and highlights endothelial flow-migration 13 

coupling as a critical process driving vascular remodeling22, 45, 46. The current concept 14 

suggests that, in response to blood flow, ECs migrate from low flow segments (veins and 15 

capillaries) towards high flow segments (arteries)45. In this study, we tested the 16 

hypothesis that disruption of flow-migration coupling and resulting accumulation of ECs 17 

in capillaries could cause capillary enlargement and thereby precipitate AVM formation. 18 

Consistent with this model, deletion of Alk1 in capillaries and veins using Mfsd2a CreERT2 19 

led to disruption of Golgi polarization against the flow direction and caused retinal and 20 

cerebral AVMs, while arterial-specific Alk1f/f Bmx CreERT2 mice developed no AVMs. 21 

Mfsd2a is a brain-specific endothelial gene25, 47, hence our analysis of these mice was 22 

restricted to the brain and retina. In addition, a recent study showed that capillary/venous-23 
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specific deletion of the ALK1 co-receptor ENG using ENGfl/fl Apj-CreERT2 mice induced 1 

retinal AVMs48, indicating that the Alk1-ENG complex is required in capillaries and veins 2 

to prevent AVM formation, and that defective flow-migration coupling is a hallmark of HHT. 3 

Whether venous or capillary ECs, or both, are involved in the vascular malformations, 4 

needs to be further investigated and will require generation of capillary or vein-specific 5 

Cre driver lines. 6 

Interestingly, deletion of Alk1 in Esm1-positive tip cells also led to defective flow-7 

migration coupling and accumulation of the mutant cells in the vascular plexus ahead of 8 

the arteries, while control cells colonized the arterial tree. This underscores an important 9 

role of Alk1 in flow-migration coupling of retinal tip cells, but produced only mild retinal 10 

and brain vascular malformations when compared to pan-endothelial Alk1f/f Cdh5 CreERT2 11 

and Alk1f/f Mfsd2a CreERT2 mice. One possible reason for the discrepant phenotypes are 12 

different flow environments: Esm1-positive tip cells migrate in a low-flow environment, 13 

whereas AVMs develop in high-flow regions of the retina, close to the optic nerve, and 14 

we and others have previously reported that blood flow potentiates ALK1-ENG-mediated 15 

shear stress sensing15, 27.  16 

Quite strikingly, despite the lack of AVMs in retina and brain, the Alk1f/f Esm1 17 

CreERT2 mice developed intestinal AVMs and succumbed to intestinal hemorrhage. 18 

Analysis of Esm1-driven GFP labeling revealed expression in capillary endothelium of the 19 

mesenteries, the gut wall and the intestinal villi, and GFP positive cells formed AVMs in 20 

those regions in Alk1f/f Esm1 CreERT2 mutant mice. Hence, capillary function of Alk1 was 21 

required to prevent intestinal AVM formation. Further analysis is required to assess 22 

whether flow-migration coupling also underlies intestinal vascular remodeling, but such 23 
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studies will require endothelial specific fluorescent Golgi reporter mice to determine 1 

endothelial cell polarity. 2 

Our in vitro data revealed that loss of ALK1 displayed disrupted endothelial Golgi 3 

orientation and polarization against the blood flow direction. Blocking blood flow in 4 

zebrafish alk1 mutants prevented AVM formation, directly demonstrating that blood flow 5 

induces AVM formation in the absence of ALK149. We and others have previously 6 

reported that BMP9/10-Alk1 signaling mechanistically links flow sensing and VEGFR2-7 

PI3K/AKT pathway activation 12-15, 17, 20, 50. Alk1 signaling counteracted both flow and 8 

growth factor-induced AKT activation, and the absence of Alk1 overactivated PI3K/AKT 9 

signaling in AVMs 51-53. We extend these findings here by demonstrating that ALK1 is 10 

required for flow-induced PI3K-AKT polarization against the direction of blood flow. 11 

Besides enhanced VEGFR2/PI3K signaling, another study showed that loss of SMAD4 12 

increased  Angiopoietin2 and decreased TIE2 receptor expression54. Blocking 13 

Angiopoietin2  prevented AVM formation and normalized vessel diameters in endothelial 14 

Smad4 deficient mice54. But TIE2 accumulated within the AVMs54, suggesting that 15 

increased TIE2 signaling could contribute to enhanced PI3K signaling in AVMs.  16 

As new mechanistic findings, we report that integrins and YAP/TAZ signaling are 17 

involved in ALK1 signaling and AVM formation. Integrins are heterodimeric 18 

transmembrane receptors that are activated by flow and then bind to specific ECM 19 

proteins. RGD peptides or neutralizing antibodies against integrin α5β1 prevented laminar 20 

shear stress-induced increase in EC adhesion55-57. This correlates with our data that Alk1 21 

mutant showed increased integrins in AVM regions and Cilengitide and ATN161 improved 22 

AVMs in Alk1 mutant mice. Cilengitide is a selective αvβ3 and αvβ5 integrin inhibitor. Phase 23 
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3 trials using Cilengitide for glioblastoma patients have failed to improve patient survival, 1 

however they were well tolerated58. We reasoned that integrin antagonists could be a 2 

safe treatment to improve the AVMs in Alk1 mutants, thereby identifying Integrin 3 

antagonists as viable candidates for therapy in HHT patients. 4 

 Hippo-YAP/TAZ signaling regulates organ size, tissue regeneration and self-5 

renewal as well as vascular development38, 39, 59-62. Endothelial YAP/TAZ are important 6 

for the activation of CDC42 and for junction integrity and stabilization to control cell 7 

polarity63. In zebrafish, YAP translocates to the nucleus in response to blood flow and 8 

promotes cell migration and proliferation39, suggesting that nuclear YAP/TAZ 9 

accumulation in ALK1 deficient ECs could contribute to enhanced proliferation. One of 10 

the endothelial YAP/TAZ targets CCN1 increases activation of the VEGFR2 and PI3K 11 

signaling pathways by binding with integrin αvβ3 and VEGFR2, creating a positive 12 

feedback loop that maintains endothelial polarity64. Moreover, YAP/TAZ can integrate 13 

mechanical signals with BMP signaling to maintain junctional integrity38. Alk1 appears to 14 

mainly affect nuclear Yap/TAZ function. We found that loss of ALK1 increased protein 15 

levels and co-immunoprecipitation of integrins and VEGFR2 in a flow-dependent manner, 16 

leading to overactivated and mislocalized PI3K signaling and increased YAP/TAZ nuclear 17 

localization. Nuclear Yap/TAZ could complex with TEAD and transcriptionally regulate 18 

YAP/TAZ target gene expression including integrin ligands such as CYR61 and CTGF 19 

thereby creating a pathological positive feedback loop that continues to increase 20 

integrins35, 68. In addition, increased VEGFR2-PI3K signaling promotes activation of 21 

integrins35, 64, and integrins in focal adhesions activate YAP/TAZ through Rho GTPase 22 

(CDC42) activation32. Thus, ALK1 is an important regulator of VEGFR2-PI3K-integrin-23 
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YAP/TAZ positive feedback loop. While mechanistic details of pathway interaction remain 1 

to be determined, our data identify the YAP/TAZ inhibitor Verteporfin, which inhibits 2 

YAP/TAZ translocation to the nucleus to block YAP-TEAD association65, 66, as a novel 3 

inhibitor therapy for AVMs. Verteporfin photodynamic therapy is approved for the 4 

treatment of choroidal neovascularization due to age-related macular degeneration67 and 5 

both integrin inhibitors and verteporfin might be novel therapeutic options for HHT patients.  6 
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Figure Legends 1 

Figure 1. Retinal endothelial cell lineage tracing  2 

(A-I) P6 retina flat mount images labeled with IB4 (blue) and GFP (white) from Mfsd2a 3 

CreERT2 mTmG (A, D, G), Esm1 CreERT2 mTmG (B, E, H) and Bmx CreERT2 mTmG (C, F, 4 

I) mice injected with 100 g Tx at P5.5 (12 h, A-C), P5 (for 24 h, D-F) and P4 (for 48 h, 5 

G-I) and dissected at P6. (J) 100 g Tx was injected at P6 and dissected after 6 h in 6 

Mfsd2a CreERT2 mTmG mice. (K) 100 g Tx was injected at P4 and dissected after 400 h 7 

(P21) (L) 2 mg/kg Tx was injected in P20 Mfsd2a CreERT2 mTmG mice and dissect at P21. 8 

Yellow arrows indicate tip cells and red arrows indicate location of GFP-expressing ECs 9 

in arteries. (M) Quantification of Mfsd2a CreERT2 mTmG GFP expressing vessel length 10 

over IB4 positive vessel length from optic nerve. n = 6-8 retinas per time point. P-value < 11 

0.001, Error bars: SEM. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001, ns: 12 

nonsignificant, One-way ANOVA. ON: optic nerve, V: vein, A: artery, Scale bars: 500 m 13 

(A-K) and 50 m (L). 14 

Figure 2. Capillary-venous loss of ALK1 leads to retinal and brain AVMs.  15 

(A) Schematic representation of the experimental strategy used to delete Alk1 in mice 16 

(P4-P6). (B-D) P6 retina flat mount images labeled with IB4 (blue) and GFP (white) from 17 

Alk1f/f Mfsd2a CreERT2 mTmG (B), Alk1f/f  Esm1 CreERT2 mTmG (C) and Alk1f/f Bmx CreERT2 18 

mTmG pups (D) injected with 100 g Tx at P4 and dissected at P6. White arrows indicate 19 

AVMs. (E-G) Quantification of AVM number. n = 6-11 mice per group. Error bars: SEM. 20 

**** P-value < 0.0001, two-tailed unpaired t-test. (H-K) Vascular labeling with latex dye 21 

(red) of retinal and brain vessels in Alk1f/f (H and I) and Alk1f/f  Mfsd2a CreERT2 (J and K) 22 
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P6 pups. White arrows indicate AVMs. (L) Schematic representation of the experimental 1 

strategy used to delete Alk1 in mice (P1-P6). Arrowheads indicate injection of 100 g Tx 2 

at P1, P2 and P3 in Alk1f/f Esm1 and Bmx CreERT2 mTmG pups. (M and N) IB4 (blue) and 3 

GFP (white) staining of retinal flat mount from Alk1f/f Esm1 CreERT2 mTmG (M) and Alk1f/f 4 

Bmx CreERT2 mTmG  (N).  Scale bars:  500 m (B-D, M-N), 200 m (H and J), 2 mm (I 5 

and K). 6 

Figure 3. Alk1f/f Esm1 CreERT2 mTmG mice display vascular malformations.  7 

(A) Survival curves for Alk1f/f Mfsd2aCreERT2, Alk1f/f Esm1CreERT2 and Alk1f/f BmxCreERT2 8 

mice injected with 100 g Tx at P4. n = 8-10 mice/group. (B) Freshly dissected small 9 

intestines from P14 mice with the indicated genotypes after 100 g Tx injection at P4. 10 

Alk1f/f Esm1 CreERT2 mTmG mice displayed intestinal hemorrhage. (C and D) GFP (white) 11 

and VE-Cad (blue) staining of mesentery and gastrointestinal (GI) tract (C) and lacteals 12 

(D) from P14 Esm1 CreERT2 mTmG. 100 g Tx was injected at P4. An arrow indicates 13 

Esm1 positive capillary ECs (C). (E and F) VE-Cad (blue) and GFP (white) staining of 14 

jejunum lacteals from P14 Alk1f/f (E) and Alk1f/f Esm1 CreERT2 mTmG (F). (G-J and M-P) 15 

100 g Tx was injected at P4 and dissected at P12. Vascular labeling with latex dye (red) 16 

of villi, GI tracts, retinas and brains in Alk1f/f (G, I, M and O) and Alk1f/f Esm1 CreERT2 (H, 17 

J, N and P) P12 pups. (K and L) 100 g Tx was injected at P4 and dissected at P12 (K 18 

and L). IB4 (blue) and GFP (white) staining of retinal flat mounts from Esm1 CreERT2 19 

mTmG (K) and Alk1f/f Esm1 CreERT2 mTmG (L) P12 mice. An arrow indicates vascular 20 

malformations (J, L and N). A: artery, V: vein, Scale bars:  1 cm (B), 400 m (C), 1 mm 21 

(I-J and M-P), 500 m (K-N), 200 m (G and H), 25 m (D-F). 22 
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Figure 4. ALK1 controls cell polarization against the blood flow direction.   1 

(A-B) IB4 (Magenta) and ALK1 (white) staining of retinal flat mounts from Alk1f/f (A) and 2 

Alk1f/f Mfsd2a CreERT2 (B) pups injected with 100 g Tx at P4 and dissected at P6.  (C-F) 3 

Higher magnification of insets in A and B. GOLPH4 (green) and DAPI (blue) staining of 4 

retina flat mounts. Red arrows indicate the blood flow direction. (C’-F’) Background 5 

images from Figure 2 C-F and corresponding polarity vectors (black arrows). (G) The 6 

polarity axis of each cell was defined as the angle between the direction of blood flow and 7 

the cell polarity axis, defined by a vector drawn from the center of the cell nucleus to the 8 

center of the Golgi apparatus. (H) Angular histograms showing the distribution of 9 

polarization angles of ECs in the artery, vein and capillaries from Alk1f/f and artery, vein, 10 

capillary and AVM from Alk1f/f Mfsd2a CreERT2 mouse retinas. n = 7-11 retinas. (I) PI box 11 

plots of ECs from artery, vein and capillary from Alk1f/f and artery, vein, capillary and AVM 12 

from Alk1f/f Mfsd2a CreERT2 P6 retinas. n = 7-11 retinas. (J and K) IB4 (gray) staining of 13 

retinal flat mounts from Alk1f/f Mfsd2a CreERT2 pups injected with 100 g at P4 and 14 

dissected after 24 h (P5) (J) and 36 h (P5.5) (K). (L) Angular histograms showing the 15 

distribution of polarization angles of ECs in the artery, vein and capillary from Alk1f/f and 16 

Alk1f/f Mfsd2a CreERT2 P5 retinas at 24 h after Tx injection. (M) PI box plots of ECs from 17 

artery, vein and capillary from Alk1f/f and Alk1f/f  Mfsd2a CreERT2 retinas at 24 h after Tx 18 

injection. n = 5-8 retinas/group. Error bars: SEM. **P-value < 0.01, ***P-value < 0.001, 19 

ns: nonsignificant, two-tailed unpaired t-test. Scale bars: 100 m (A-B), 20 m (C-F) and 20 

500 m (J-K) 21 

 22 
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Figure 5. ALK1 controls EC polarization against the flow direction in vitro.  1 

(A-B) Representative images of wound-healing assays after 18 h showing polarity angles 2 

of HUVECs transfected with Control (siCon) (A) or ALK1 (siALK1) (B) siRNAs under static 3 

conditions and immunolabeled with phalloidin(red), GM130 (green), and DAPI (blue). (E-4 

F) Representative images of wound-healing assays showing polarity angles of siCon (E) 5 

or siALK1 (F) HUVECs with 18 h exposure to laminar shear stress (LSS) at 15 dynes/cm2. 6 

Left panels are upstream and right panels are downstream of flow. (C-D and G-H) Angular 7 

histograms showing polarization angles of siCon (C and G) or siALK1 ECs (D and H) at 8 

18 h after scratch with (G-H) or without (C-D) LSS. Left is upstream and right is 9 

downstream of flow (G and H). (I) PI box plots of upstream (left) scratch areas from siCon 10 

or siALK1 transfected HUVECs at 18 h after with or without LSS. (C-I) n=6-8 images from 11 

3 independent experiments. Error bars: SEM. *P-value < 0.05, **P-value < 0.01, ***P-12 

value < 0.001, two-tailed unpaired t-test. (J) Representative time lapse images of siCon 13 

or siALK1 HUVECs stably transduced with PH-AKT-mClover3 and plasma membrane 14 

targeting sequence of LCK-mRuby3. HUVEC monolayers in microfluidic chambers were 15 

exposed to 12 dynes/cm2 LSS under the microscope. 5 min (static) and 12 min (LSS) 16 

images were selected from the movies. The surface is color-coded by the value of PH-17 

AKT intensity. (K) Local activation of PI3K was quantified by image analysis. PH-AKT 18 

intensity was normalized with average static intensity at each time point. 0 - 5 min : static 19 

and 5 - 24.5 min : LSS, n= 61, 41 cells from 3 independent experiments, Error bar : SEM. 20 

***P-value < 0.001, two-tailed unpaired t-test. Scale bars : 50 m (A-B and E-F), 20 m 21 

(J). 22 
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Figure 6. Integrin inhibition prevents AVM formation in Alk1 mutant retinas. 1 

(A-C) IB4 (Magenta) and ITGB1(A, white), ITGA5 (B, white) or ITGAV (C, white) staining 2 

of retinal flat mounts from P8 Alk1f/f Mfsd2a CreERT2 pups. (D) VEGFR2 3 

immunoprecipitation in siCon or siALK1 HUVECs and western blot analysis for ITGB1, 4 

ITGA5 and ITGAV. VEGFR2, ITGB1, ITGA5, ITGAV, ALK1 and -actin expression from 5 

the total cell lysates are shown as loading controls. (E) Quantification of ITGB1, ITGA5 or 6 

ITGAV levels normalized to VEGFR2 from immunoprecipitation. **P<0.01, ***P-value < 7 

0.001, two-tailed unpaired t-test. (F) Experimental strategy to assess the effects of 8 

integrin inhibitors in Alk1 deleted retinas. Arrowheads indicate the time course of Tx (100 9 

g) and Cilengitide (5mg/kg),  ATN161 (5mg/kg) or vehicle administration. (G-I and K-M) 10 

IB4 staining of P6 retinal flat mounts from Alk1f/f Mfsd2a CreERT2 (G-I) or Alk1f/f CDH5 11 

CreERT2 (K-M) injected with Cilengitide (H and L) or ATN161 (I and M) at P4 and P5. (J 12 

and N) Quantification of the AVM number. Each dot represents one retina. n = 7-16 13 

retinas per group. Error bars: SEM. ***P-value < 0.001, One-way ANOVA with Holm-14 

Sidak test. (O-R) IB4 (Magenta), Alk1 (white), GOLPH4 (green) and DAPI (blue) staining 15 

of retina flat mounts from Alk1f/f (O), Alk1f/f Mfsd2a CreERT2 (P), Cilengitide (Q) or ATN161 16 

(R) injected Alk1f/f Mfsd2a CreERT2 pups. A: artery, V: vein, (S) PI box plots of ECs from 17 

artery and vein from Alk1f/f, Alk1f/f Mfsd2a CreERT2, Cilengitide or ATN161 injected Alk1f/f 18 

Mfsd2a CreERT2 retinas. n=5-8 retinas/group. Error bars: SEM. *P-value < 0.05, **P-value 19 

< 0.01, ns: nonsignificant, One-way ANOVA with Holm-Sidak test. Scale bars: 500 m 20 

(A-C, G-I and K-M), 20 m (O-R). 21 
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Figure 7. ALK1 controls YAP/TAZ expression and localization. 1 

(A) Western blot analysis of HUVECs transfected with control and ALK1 siRNAs followed 2 

by 18 h exposure to LSS (15 dynes/cm2). (B) Quantification of ITGB1, ITGA5, ITGAV, 3 

YAP or TAZ levels normalized to -actin. *P<0.05, **P<0.01, ***P<0.001, two-tailed 4 

unpaired t-test. (C-F) YAP and TAZ (green), ALK1 (gray), IB4 (red), DAPI (blue) staining 5 

of retinal flat mounts from P8 Alk1f/f (C-D) or Alk1f/f Mfsd2aCreERT2 (E-F) pups. A scale 6 

bar: 20 m (A-F) (G) YAP or TAZ (green) and Alk1 (red) staining of siCon and siALK1 7 

HUVECs. A scale bar: 50 m. (H) Quantification of YAP and TAZ localization from siCon 8 

and siALK1 transfected HUVECs. ***P<0.001, n = 3 independent experiments. Multiple 9 

comparisons with Holm-Sidak test. 10 

Figure 8. YAP/TAZ inhibition improves AVM formation in Alk1 mutant retinas. 11 

(A) YAP and TAZ staining of siCon, ALK1, SMAD4 or ENG siRNAs transfected HUVECs 12 

treated with DMSO or Verteporfin (VP, 5 M) for 6 h. Nuclear YAP/TAZ localization in 13 

siALK1, siSMAD4 or siENG ECs is blocked by VP treatment. A scale bar: 50 m. (B) 14 

Experimental strategy to assess the effects of YAP/TAZ inhibition in EC specific Alk1 15 

deleted vasculature. Arrowheads indicate the time course of Tx (100 g) and VP 16 

(50mg/kg) or vehicle administration. (C) IB4 staining of P6 retinal flat mounts from VP 17 

injected Alk1f/f, Alk1f/f CDH5 CreERT2 or Alk1f/f Mfsd2a CreERT2 mice. (D) Stereomicroscopy 18 

images of vehicle or VP injected Alk1f/f Mfsd2a CreERT2 retinas. (E) Quantification of the 19 

AVM number/retina. Each dot represents one retina. n = 6-8 retinas per group. Error bars: 20 

SEM. ***P-value < 0.001, two-tailed unpaired t-test. (F) Angular histograms showing 21 

polarization angles of artery and vein from Alk1f/f Mfsd2a CreERT2  with VP. (G) PI box plots 22 
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of Alk1f/f Mfsd2a CreERT2  with vehicle or VP. n=5-6 retinas, Error bars: SEM, ***P-value < 1 

0.001, ns: nonsignificant, two-tailed unpaired t-test. Scale bars : 50 m (A), 500 m (C), 2 

300 m (D) 3 

Figure 9. Integrin acts upstream of YAP/TAZ in an ALK1 dependent manner. 4 

(A) YAP and TAZ staining for control, ALK1 siRNAs transfected HUVECs treated with 5 

PBS, Cilengitide (Cil, 5 M) or ATN161 (ATN, 5 M) for 12 h. Nuclear YAP/TAZ 6 

localization in siALK1 ECs is blocked by Cilengitide and ATN161 treatment. (B) 7 

Quantification of YAP and TAZ localization from siCon and siALK1 transfected HUVECs. 8 

***P<0.001, n = 3 independent experiments. Error bars: SEM. ***P-value < 0.001, ns: 9 

nonsignificant, Multiple comparisons with Holm-Sidak test. (C) YAP and TAZ (green), 10 

ALK1 (white), IB4 (red) and DAPI (blue) staining of retinal flat mounts from Cilengitide or 11 

ATN161 injected Alk1f/f Mfsd2a CreERT2 P6 mice. (D) A model for ALK1-integrin-YAP/TAZ 12 

signaling in maintenance of vascular quiescence. In quiescence, ALK1 signaling 13 

represses PI3K activation downstream of integrin-VEGFR2 signaling, through inhibition 14 

of YAP/TAZ expression and localization. ALK1 deletion results in increased integrin-15 

VEGFR2 signaling, and consequently in excessive YAP/TAZ expression and localization 16 

to the nucleus, thereby inducing vascular defects. Blocking integrin-ECM interaction with 17 

integrin inhibitors or YAP/TAZ localization with YAP/TAZ inhibitor rescues vascular 18 

malformations in Alk1 deficient mice. Scale bars: 50 m (A), 20 m (C) 19 

 20 
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Supplemental Figure 1. Mfsd2a positive cells migrate against the direction of blood 1 

flow. 2 

(A) Mfsd2a CreERT2 mTmG mice injected with 100 g Tx at P6 and dissected after 4 h. 3 

GFP expressing ECs are located in capillaries and veins (red arrows) but not in arteries. 4 

(B) P6 retina flat mount images labeled with IB4 (blue) and GFP (white) from Mfsd2a 5 

CreERT2 mTmG mice injected with 100 g Tx at P5, dissected after 12h (P5.5) and cultured 6 

for an additional 12 h in vitro (P6).  Yellow arrows indicate tip cells and red arrows indicate 7 

location of GFP-expressing ECs in arteries. ON: optic nerve, V: vein, A: artery, Scale bar: 8 

500 m 9 

Supplemental Figure 2. Genetic deletion of Alk1 in Mfsd2a, Esm1 and Bmx CreERT2 10 

mTmG retinas.  11 

(A-P) 100 g Tx was injected intragastrically at P4 in Alk1f/f, Alk1f/f Mfsd2a CreERT2, Alk1f/f 12 

Esm1 CreERT2 and Alk1f/f Bmx CreERT2 mTmG pups, and retinas were dissected at P6. 13 

IB4 (blue), GFP (white) and ALK1 (red) staining of retinal flat mounts. GFP and ALK1 14 

staining shows non-overlapping expression. V: vein, A: artery, Scale bar: 200 m 15 

Supplemental Figure 3. ALK1 regulates EC polarization against the direction of 16 

blood flow. 17 

Movies of siCon or siALK1 HUVECs stably transduced with PH-AKT-mClover3 and 18 

plasma membrane targeting sequence of LCK-mRuby3. HUVEC monolayers in 19 

microfluidic chambers were exposed to 12 dynes/cm2 LSS under microscope. 0 – 5 min 20 

is static condition and flow starts after 5 min. Color intensity indicates AKT-PH sensor. A 21 

scale bar : 20 m 22 
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Supplemental Figure 4. Integrin staining of Alk1f/f  retinas. 1 

(A-C) IB4 (Magenta) and ITGB1(A, white), ITGA5 (B, white) or ITGAV (C, white) staining 2 

of retinal flat mounts from P8 Alk1f/f pups. A scale bar : 500 m (A-C) 3 

Supplemental Figure 5. PI3K acts upstream of YAP/TAZ. 4 

(A) YAP and TAZ staining for control, ALK1 siRNAs transfected HUVECs treated with 5 

PBS, Wortmannin (100 nM) for 12 h. A scale bar: 50 m 6 
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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 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 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. 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 retinal and brain 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-

G) Quantification of AVM number. n = 6-11 mice per group. Error bars: SEM. **** P-value <

0.0001, two-tailed unpaired t-test. (H-K) Vascular labeling with latex dye (red) of retinal and

brain vessels in Alk1f/f (H and I) and Alk1f/f Mfsd2a CreERT2 (J and K) P6 pups. White arrows

indicate AVMs. (L) Schematic representation of the experimental strategy used to delete

Alk1 in mice (P1-P6). Arrowheads indicate injection of 100 µg Tx at P1, P2 and P3 in Alk1f/f

Esm1 and Bmx CreERT2 mTmG pups. (M and N) IB4 (blue) and GFP (white) staining of

retinal flat mount from Alk1f/f Esm1 CreERT2 mTmG (M) and Alk1f/f Bmx CreERT2 mTmG (N).

Scale bars: 500 µm (B-D, M-N), 200 µm (H and J), 2 mm (I and K).
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Figure 3. Alk1f/f Esm1 CreERT2 mTmG mice display vascular malformations.

(A) Survival curves for Alk1f/f Mfsd2aCreERT2, Alk1f/f Esm1CreERT2 and Alk1f/f BmxCreERT2

mice injected with 100 µg Tx at P4. n = 8-10 mice/group. (B) Freshly dissected small

intestines from P14 mice with the indicated genotypes after 100 µg Tx injection at P4. Alk1f/f

Esm1 CreERT2 mTmG mice displayed intestinal hemorrhage. (C and D) GFP (white) and VE-

Cad (blue) staining of mesentery and gastrointestinal (GI) tract (C) and lacteals (D) from

P14 Esm1 CreERT2 mTmG. 100 µg Tx was injected at P4. An arrow indicates Esm1 positive

capillary ECs (C). (E and F) VE-Cad (blue) and GFP (white) staining of jejunum lacteals

from P14 Alk1f/f (E) and Alk1f/f Esm1 CreERT2 mTmG (F). (G-J and M-P) 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 (G, I, M and O) and Alk1f/f Esm1 CreERT2 (H, J, N and P) P12

pups. (K and L) 100 µg Tx was injected at P4 and dissected at P12 (K and L). IB4 (blue) and

GFP (white) staining of retinal flat mounts from Esm1 CreERT2 mTmG (K) and Alk1f/f Esm1

CreERT2 mTmG (L) P12 mice. An arrow indicates vascular malformations (J, L and N). A:

artery, V: vein, Scale bars: 1 cm (B), 400 µm (C), 1 mm (I-J and M-P), 500 µm (K-N), 200

µm (G and H), 25 µm (D-F).
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Figure 4. 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 2 C-F 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 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) 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-tailed unpaired t-test. Scale

bars: 100 µm (A-B), 20 µm (C-F) and 500 µm (J-K)
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Figure 5. ALK1 controls EC polarization against the flow direction in vitro.

(A-B) Representative images of wound-healing 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 wound-healing 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 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-tailed unpaired t-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. Scale bars : 50 µm (A-B and E-F), 20 µm (J).
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Figure 6. 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) VEGFR2 immunoprecipitation in

siCon or siALK1 HUVECs and western blot analysis for ITGB1, ITGA5 and ITGAV.

VEGFR2, ITGB1, ITGA5, ITGAV, ALK1 and b-actin expression from the total cell lysates are

shown as loading controls. (E) Quantification of ITGB1, ITGA5 or ITGAV levels normalized

to VEGFR2 from immunoprecipitation. **P<0.01, ***P-value < 0.001, two-tailed unpaired t-

test. (F) 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. (G-I and K-M) IB4 staining of P6 retinal flat

mounts from Alk1f/f Mfsd2a CreERT2 (G-I) or Alk1f/f CDH5 CreERT2 (K-M) injected with

Cilengitide (H and L) or ATN161 (I and M) at P4 and P5. (J and N) 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 Holm-Sidak test. (O-R) IB4 (Magenta), Alk1 (white),

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

Mfsd2a CreERT2 (P), Cilengitide (Q) or ATN161 (R) injected Alk1f/f Mfsd2a CreERT2 pups. A:

artery, V: vein, (S) PI box plots of ECs from artery and vein from Alk1f/f, Alk1f/f Mfsd2a

CreERT2, Cilengitide or ATN161 injected Alk1f/f Mfsd2a CreERT2 retinas. n=5-8 retinas/group.

Error bars: SEM. *P-value < 0.05, **P-value < 0.01, ns: nonsignificant, One-way ANOVA

with Holm-Sidak test. Scale bars: 500 µm (A-C, G-I and K-M), 20 µm (O-R).

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 6, 2021. ; https://doi.org/10.1101/2021.05.06.442985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.06.442985


Figure 7

A B
LS

siAlk1siCon siAlk1siCon
+ +- -

Alk1

β-actin

YAP

TAZ

ITGA5

ITGAV

ITGB1

ALK1/IB4/YAP/DAPI ALK1/IB4/YAP/DAPIALK1/IB4/TAZ/DAPI ALK1/IB4/TAZ/DAPI

Alk1f/f

C
Alk1f/f Mfsd2a CreERT2

D E F

G H

siAlk1

Alk1 YAP Alk1 TAZ

siCon

0

50

100

150

0

50

100

150

siAlk1siCon siAlk1siCon

In
tra

ce
llu

la
r l

oc
al

iz
at

io
n 

of
 Y

AP
 (%

)

In
tra

ce
llu

la
r l

oc
al

iz
at

io
n 

of
 T

AZ
 (%

)

Cytosol Both Nucleus

*** ***

0

2

4

6

8

10

0

1

2

3

4

5

0.0

0.5

1.0

1.5

2.0

2.5

0

1

2

3

4

0.0

0.5

1.0

1.5

2.0

2.5

***
**

*

***
***

**
YA

P/
β-

ac
tin

TA
Z/

β-
ac

tin

siAlk1siCon

static LS static LS

***

***
***

**

**
*

IT
G

A5
/β

-a
ct

in

IT
G

AV
/β

-a
ct

in

static LS static LSstatic LS

IT
G

B1
/β

-a
ct

in

*
*

*

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 6, 2021. ; https://doi.org/10.1101/2021.05.06.442985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.06.442985


Figure 7. 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 b-actin. *P<0.05, **P<0.01, ***P<0.001, two-tailed unpaired t-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 (A-F)

(G) YAP or TAZ (green) and Alk1 (red) staining of siCon and siALK1 HUVECs. A scale bar:

50 µm. (H) Quantification of YAP and TAZ localization from siCon and siALK1 transfected

HUVECs. ***P<0.001, n = 3 independent experiments. Multiple comparisons with Holm-

Sidak test.
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Figure 8. 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)

Experimental strategy to assess the effects of YAP/TAZ inhibition in EC specific Alk1 deleted

vasculature. Arrowheads indicate the time course of Tx (100 µg) and VP (50mg/kg) or

vehicle administration. (C) IB4 staining of P6 retinal flat mounts from VP injected Alk1f/f,

Alk1f/f CDH5 CreERT2 or Alk1f/f Mfsd2a CreERT2mice. (D) Stereomicroscopy images of vehicle

or VP injected Alk1f/f Mfsd2a CreERT2 retinas. (E) Quantification of the AVM number/retina.

Each dot represents one retina. n = 6-8 retinas per group. Error bars: SEM. ***P-value <

0.001, two-tailed unpaired t-test. (F) Angular histograms showing polarization angles of

artery and vein from Alk1f/f Mfsd2a CreERT2 with VP. (G) 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-tailed unpaired t-test. Scale bars : 50 µm (A), 500 µm (C), 300 µm (D)
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Figure 9. Integrin acts upstream of YAP/TAZ in an ALK1 dependent manner.

(A) YAP and TAZ staining for control, ALK1 siRNAs transfected HUVECs treated with PBS,

Cilengitide (Cil, 5 µM) or ATN161 (ATN, 5 µM) for 12 h. Nuclear YAP/TAZ localization in

siALK1 ECs is blocked by Cilengitide and ATN161 treatment. (B) Quantification of YAP and

TAZ localization from siCon and siALK1 transfected HUVECs. ***P<0.001, n = 3

independent experiments. Error bars: SEM. ***P-value < 0.001, ns: nonsignificant, Multiple

comparisons with Holm-Sidak test. (C) 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. (D) A model for ALK1-integrin-YAP/TAZ signaling in maintenance of

vascular quiescence. In quiescence, ALK1 signaling represses PI3K activation downstream

of integrin-VEGFR2 signaling, through inhibition of YAP/TAZ expression and localization.

ALK1 deletion results in increased integrin-VEGFR2 signaling, and consequently in

excessive YAP/TAZ expression and localization to the nucleus, thereby inducing vascular

defects. Blocking integrin-ECM interaction with integrin inhibitors or YAP/TAZ localization

with YAP/TAZ inhibitor rescues vascular malformations in Alk1 deficient mice. Scale bars: 50

µm (A), 20 µm (C)
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Supplemental Figure 1
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Supplemental Figure 1. Mfsd2a positive cells migrate against the direction of blood

flow.

(A) Mfsd2a CreERT2 mTmG mice injected with 100 µg Tx at P6 and dissected after 4 h. GFP

expressing ECs are located in capillaries and veins (red arrows) but not in arteries. (B) P6

retina flat mount images labeled with IB4 (blue) and GFP (white) from Mfsd2a CreERT2

mTmG mice injected with 100 µg Tx at P5, dissected after 12h (P5.5) and cultured for an

additional 12 h in vitro (P6). Yellow arrows indicate tip cells and red arrows indicate location

of GFP-expressing ECs in arteries. ON: optic nerve, V: vein, A: artery, Scale bar: 500 µm
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Supplemental Figure 2. Genetic deletion of Alk1 in Mfsd2a, Esm1 and Bmx CreERT2

mTmG retinas.

(A-P) 100 µg Tx was injected intragastrically at P4 in Alk1f/f, Alk1f/f Mfsd2a CreERT2, Alk1f/f

Esm1 CreERT2 and Alk1f/f Bmx CreERT2 mTmG pups, and retinas were dissected at P6. IB4

(blue), GFP (white) and ALK1 (red) staining of retinal flat mounts. GFP and ALK1 staining

shows non-overlapping expression. V: vein, A: artery, Scale bar: 200 µm
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Supplemental Figure 3

Supplemental Figure 3. ALK1 regulates EC polarization against the direction of blood

flow.

Movies 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 microscope. 0 – 5 min is static

condition and flow starts after 5 min. Color intensity indicates AKT-PH sensor. A scale bar :

20 µm
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Supplemental Figure 4. Integrin staining of Alk1f/f 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 pups. A scale bar : 500 µm (A-C)
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Supplemental Figure 5

Supplemental Figure 5. PI3K acts upstream of YAP/TAZ.

(A) YAP and TAZ staining for control, ALK1 siRNAs transfected HUVECs treated with

PBS, Wortmannin (100 nM) for 12 h. A scale bar: 50 µm
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