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Abstract

Rationale: Hereditary hemorrhagic telangiectasia (HHT) is a genetic disease caused by 

mutations in ENG, ALK1, or SMAD4. Since proteins from all three HHT genes are components 

of signal transduction of TGF-β family members, it has been hypothesized that HHT is a disease 

caused by defects in the ENG-ALK1-SMAD4 linear signaling. However, in vivo evidence 

supporting this hypothesis is scarce.

Objective: We tested this hypothesis and investigated the therapeutic effects and potential risks 

of induced-ALK1 or -ENG overexpression for HHT.

Methods and Results: We generated a novel mouse allele (ROSA26Alk1) in which HA-tagged 

ALK1 and bicistronic eGFP expression are induced by Cre activity. We examined whether ALK1-

overexpression (OE) using the ROSA26Alk1 allele could suppress the development of AVMs in 
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wounded adult skin and developing retinas of Alk1- and Eng-inducible knockout (iKO) mice. We 

also used a similar approach to investigate whether ENG-OE could rescue AVMs. Biochemical 

and immunofluorescence analyses confirmed the Cre-dependent overexpression of the ALK1-HA 

transgene. We could not detect any pathological signs in ALK1-OE mice up to 3 months after 

induction. ALK1-OE prevented the development of retinal AVMs and wound-induced skin AVMs 

in Eng-iKO as well as Alk1-iKO mice. ALK1-OE normalized expression of SMAD and NOTCH 

target genes in ENG-deficient endothelial cells (ECs) and restored the effect of BMP9 on 

suppression of phosphor-AKT levels in these ECs. On the other hand, ENG-OE could not inhibit 

the AVM development in Alk1-iKO models.

Conclusions: These data support the notion that ENG and ALK1 form a linear signaling 

pathway for the formation of a proper arteriovenous network during angiogenesis. We suggest that 

ALK1 overexpression or activation can be an effective therapeutic strategy for HHT. Further 

research is required to study whether this therapy could be translated into treatment for humans.
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INTRODUCTION

The development of highly organized vascular networks consisting of arteries, capillaries, 

and veins is crucial for the functions of the circulatory system. A failure of this process 

results in an arteriovenous malformation (AVM), an abnormal shunt between arteries and 

veins without intervening capillaries.1 Vessels associated with AVMs are overly dilated, 

tortuous, and prone to rupture, causing hemorrhagic insults.2, 3 The mechanisms underlying 

development, progression, and maintenance of AVMs are not clearly understood. Hereditary 

hemorrhagic telangiectasia (HHT) is a genetic vascular disorder, occurring about 1 in 5,000 

people worldwide.2, 4 The clinical features include recurrent epistaxis, telangiectases in the 

skin and gastrointestinal tract, and large AVMs in multiple organs including the brain, lungs, 

and liver.4 Brain AVM is a risk factor for hemorrhagic stroke, whereas pulmonary AVMs can 

cause an ischemic stroke or brain abscess. Liver and visceral AVMs result in both organ 

damage and high output cardiac failure. Recurrent epistaxis and chronic bleeding from 

telangiectases of the gastrointestinal tract cause anemia. Management and surgical options 
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are available for these clinical symptoms, but curative therapies are currently unavailable. 

Genetic studies have shown that heterozygous mutations in ENG, ALK1 (ACVRL1), or 

SMAD4 genes cause HHT.5–8 HHT is classified into three types depending on the mutant 

genes: HHT1 (ENG), HHT2 (ALK1) and juvenile polyposis-HHT (SMAD4).2 HHT1 and 

HHT2 account for over 90% of HHT cases.2

Interestingly, all three HHT gene products are major components of a signaling pathway of 

the transforming growth factor-beta (TGF-β) and bone morphogenetic protein (BMP) 

families of growth factors. Recent studies have indicated that BMP9 and BMP10 are likely 

the physiological ligands for the ENG-ALK1 signaling.9, 10 Both ENG and ALK1 form a 

high-affinity binding to BMP9 at different binding sites.11, 12 The binding region of BMP9 

to ENG overlaps with that to a type II receptor, such as ACVR2B or BMPR2, suggesting 

that ENG and a type II receptor compete for binding to BMP9.11, 13 These structural studies 

indicate that ENG in the ternary complex can be replaced with a type II receptor for 

activating the type I receptor ALK1 for signaling to downstream targets such as SMADs, 

and support a postulation that deficiency of a linear BMP9/10-ENG-ALK1-SMAD4 

pathway underlies the AVM development.

Animal models for HHT are well established. Although global knockout for Eng or Alk1 
results in embryonic lethality in the midgestational period, with cardiovascular defects 

including shunts between the dorsal aortae and cardinal veins,14, 15 heterozygous deletion of 

Eng or Alk1 causes the development of HHT-like vascular lesions with incomplete 

penetrance in aged mice.16–18 Because of the limitations of studying the disease mechanism 

with homozygous and heterozygous KO mice, the most widely used HHT mouse models are 

homozygous for the deletion of Eng or Alk1. These mice may have a global or cell-type-

specific conditional knockout in which they exhibit AVM formations in a reproducible 

manner. It has been shown that endothelial cells (ECs) are the primary cell type in which 

ENG, ALK1, and SMAD4 function for proper development of an arteriovenous network.
19–22 Common HHT phenotypes in HHT1 and HHT2 models include AVMs in the brain and 

developing retinas in neonates, and wound-induced skin AVMs, and VEGF-induced brain 

AVMs in adults.19, 21, 23–27 However, there are differences in HHT-associated phenotypes 

between HHT1 and HHT2 models. For instance, tamoxifen-induced EC-specific Alk1 
deletion in adult mice leads to anemia and hemorrhages in the gastrointestinal (GI) tract, 

whereas the same mode of Eng deletion does not cause GI bleeding or anemia.19 In 

zebrafish models of HHT, alk1 deletion causes AVM development in cranial vessels and 

death around 48 hours postfertilization,28. In contrast, eng mutant fishes survive to adult 

stages with AVM development in regenerating fins.29 Genotype-phenotype correlation 

studies in HHT have shown that the brain and pulmonary AVMs are more prevalent in 

HHT1, and liver and GI AVMs, in HHT2.30–32 These phenotype differences may be 

consistent with the linear signaling pathway of ENG and ALK1, and explained by 

differences in the availability of ligands, ALK1 or type II receptors in local tissue milieu. 

Alternatively, these differences may indicate parallel independent roles for ENG and ALK1, 

which then share a common set of downstream genes that play important roles in the 

formation of the arteriovenous network.
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We used a mouse strain with conditional ALK1- or ENG-overexpression (OE) to investigate 

whether ALK1-OE can compensate for the loss of ENG and whether ENG-OE can 

compensate for the loss of ALK1. The data presented here support the postulation of the 

ENG-ALK1 linear pathway for the development of a proper arteriovenous network. They 

also indicate that stimulation of ALK1 expression could be an effective and safe therapeutic 

strategy for HHT1 in these mice.

METHODS

All supporting data are available within the article and its online data supplement. For details 

on the experimental procedures, see the materials and methods section in the online data 

supplement.

RESULTS

Generation of mice with Alk1 overexpression allele.

We have generated a novel mouse allele (ROSA26Alk1; R26Alk1) in which mouse ALK1 

expression can be induced by Cre activity (Figure 1 A and B; Online Figure I) to investigate 

the effect of cell-type-specific, time-dependent induction of ALK1 overexpression in normal 

and pathological vasculature. HA–epitope-tagged mouse ALK1 (ALK1-HA) expression is 

designed to be controlled by CMV/chick β-actin promoter/enhancer when the Cre 

recombinase excises the upstream polyadenylation sequences (transcription stop sequences) 

flanked by the loxP sequences (Figure 1 A and B). Bicistronic insertion of green 

fluorescence protein (GFP) would allow us to monitor the Cre activity and to identify the 

cells where ALK1-HA is expressed.

For testing ALK1 overexpression in mice, R26Alk1 (ALK1-OE) mice were intercrossed with 

L1Cre mice, in which Cre recombinase is predominantly expressed in endothelial cells by 

the Alk1 promoter.33 Fluorescence stereomicroscopy of the brain of L1Cre;ALK1-OE mice 

showed GFP expression in the blood vessels (Figure 1 C–F). The lungs of the bigenic mice 

were also GFP positive (Figure 1H), and most GFP-expressing cells in the lungs were found 

to be CD31-positive endothelial cells (Figure 1 I and J; Online Figure II). Real-time reverse 

transcriptase-polymerase chain reaction (RT-PCR) analysis showed about a 4-fold increase 

in the Alk1 transcript level in L1Cre;ALK1-OE mouse lungs compared to that in the control 

lungs (Figure 1K). ALK1-HA protein was detected in ALK1-OE mouse lungs, and the 

ALK1 protein level was increased about 3-fold in L1Cre;ALK1-OE lungs (Figure 1 L and 

M). Interestingly, 2-month-old L1Cre;ALK1-OE mice did not exhibit any visible 

pathological symptoms.

Pan endothelial ALK1-overexpression does not disturb the development of normal 
arteriovenous networks.

Using an Alk1-lacZ knock-in reporter allele (Alk1lacZ), we have previously shown that low 

levels of Alk1 expression in the arterial endothelium in the subdermal skin of healthy adult 

mice are markedly increased following wounding.34 To examine Alk1-lacZ expression 

during wound healing in adult mice with and without Alk1 gene deletion, we stained the 

wounded skins of R26+/+;Alk12loxP/lacZ and R26+/CreER;Alk12loxP/lacZ mice with X-gal. As 

Kim et al. Page 4

Circ Res. Author manuscript; available in PMC 2021 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



previously shown, AVMs formed in the vessels surrounding the wound in Alk1 deleted mice 

and were maintained over 9 days post–Alk1-gene deletion and wounding.25 Dilated and 

tortuous arteries and veins were visible in wounded skin area of mutant mice, indicating the 

presence of AVMs (Online Figure III D and G). Arteries feeding the wounds were X-gal-

positive in the control and mutant mouse skin specimens (Online Figure III H and I). 

Because NOTCH downstream genes are regulated by ALK1 signaling,21, 35, 36 it has been 

proposed that ALK1 is important for arterialization and that ALK1-OE itself could cause 

AVMs by upregulation of NOTCH signaling.37–40 To determine whether ALK1 

overexpression causes arterialization, altered arteriovenous network formation, or AVMs, we 

examined ALK1-OE mice in which ALK1 expression was induced in venous, capillary, and 

arterial ECs in adult mice using the SclCreER driver,41 or in smooth muscle cells using 

Myh11CreER.42 As shown in Online Figure IV A–C, GFP expression was induced in 

vascular but not lymphatic ECs in the wounded skin of SclCreER;AKL1-OE mice 9 days 

after tamoxifen injections and wounding. GFP expression in SclCreER;ALK1-OE was 

detected in blood vessels of the brain and lungs and mostly overlapped with ERG-positive 

arterial and venous endothelial cells in the subdermal vasculature (Online Figure V). 

SclCreER;AKL1-OE and Myh11CreER;AKL1-OE mice had no apparent signs of illness. 

Hemoglobin levels were unchanged in these ALK1-OE mice (Online Figure IV D). Latex 

perfusion via the left ventricle revealed no sign of AVMs in the wounded skin of these EC- 

or SMC-specific ALK1-OE mice (Online Figure IV F–K and Online Figure VI). The 

quantification of the vascular area did not show significant differences compared to the 

controls (Online Figure IV E). We also investigated whether long-term ALK1 

overexpression in ECs or SMCs for 5 weeks had any adverse effects (Online Figure VII A). 

These ALK1-OE mice did not exhibit any signs of sickness. Hemoglobin levels in these 

mice were normal (Online Figure VII B), and no AVM in visceral organs or wounded skin 

was detected (Online Figures VII C–H). Furthermore, AVMs were not observed in mice with 

global ALK1-OE driven by R26CreER (Online Figure VIII). In addition, we also examined 

various physiological parameters such as blood pressure, oxygen saturation, heart rates 

(Online Figure IX), complete blood counts (Online Figure X), histology (Online Figure XI), 

presence of AVMs using latex dye perfusion (Online Figure XII), proliferation and apoptosis 

(Online Figure XIII) in SclCreER;ALK1-OE and control mice 3 months after five tamoxifen 

injections. We did not find significant differences between ALK1-OE and age-matched 

control mice, suggesting that overexpression of ALK1 protein does not cause vascular 

abnormalities.

To examine the molecular property of ALK1-OE in ECs, we isolated pulmonary ECs from 

SclCreER;ALK1-OE mice. Hydroxytamoxifen (OH-TM) treatment deleted the stop cassette 

(Online Figure XIV A) and induced ALK1 expression to about 2.5-fold (Online Figure XIV 

B and C). OH-TM-treated cells showed significantly higher sensitivity to BMP9 for 

SMAD1/5/8 phosphorylation (Online Figure XIV D–G). In the steady-state condition with 

normal media, however, there was no significant difference in SMAD1/5/8 phosphorylation 

(Online Figure XIV H and I). To examine the transcript levels of BMP and Notch 

downstream gene in retinal ECs, we compared them by isolating retinal ECs from control 

and SclCreER;ALK1-OE mice. Consistent with the results of the steady-state condition, 

there was no difference in the transcript levels of BMP and Notch downstream genes (Online 
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Figure XIV J). In addition, we also examined the difference of pSMAD1,5,8 in pulmonary 

ECs of control and SclCreER;ALK1-OE mice 3 months after induction. As shown in Online 

Figure XV, the number of pSMAD1,5,8-positive pulmonary ECs in SclCreER;ALK1-OE 

was similar to that in the controls.

ALK1-overexpression rescues AVM phenotypes in Eng- as well as Alk1-inducible KOs.

To determine whether ALK1-OE can rescue Alk1-iKO phenotypes, we intercrossed the two 

lines to generate Alk1-iKO;ALK1-OE mice and investigated the effect of ALK1-OE on 

HHT phenotypes that we had established for Alk1-iKO mice in previous studies.24, 25, 43 

Eight days after tamoxifen administration and wound infliction on the dorsal skin, EC-

specific Alk1-iKO mice had lower hemoglobin levels (Figure 2 A), GI hemorrhage (Figure 2 

B), and wound-induced skin AVM formation (Figures 2 C and D). These Alk1-iKO 

phenotypes were fully rescued in Alk1-iKO;ALK1-OE mice: there was no reduction in 

hemoglobin level (Figure 2 A), no GI bleeding (Figure 2B), and no wound-induced AVMs 

(Figure 2 C; Online Figure XVI). Quantification of the density of vessels containing the 

latex dye showed normalization of the vessel density in Alk1-iKO;ALK1-OE mice 

compared to that of controls (Figure 2 D). This result indicates that transgenic ALK1-HA is 

functional and can fully compensate for the loss of endogenous ALK1.

We then examined whether ALK1-OE could compensate for the loss of ENG. As previously 

shown19, EC-specific Eng-iKO mice developed wound-induced skin AVMs (Figure 2 E). 

The skin AVMs were remarkably suppressed in Eng-iKO;ALK1-OE mice (Figures 2 E and 

F; Online Figure XVII). This result indicates that ALK1-OE is sufficient to overcome AVM 

development caused by ENG-deficiency.

ALK1-overexpression inhibits AVM development in the retinal vasculature of Eng- as well 
as Alk1-iKOs.

We further investigated the effects of ALK1-OE in retinal vascular development of control 

and mutant mice. Unlike arterial-specific expression patterns in subdermal skin (Online 

Figure XVIII A), Alk1 expression was detected in the veins and capillaries as well as 

arteries in the central and proximal retina of Alk1-GFP reporter (Alk1+/GFP) mice (Online 

Figure XVIII B). Consistent with previous reports,21, 23 ALK1 immunostaining also showed 

panendothelial expression of ALK1 in the developing retinas of control mice (Online 

Figures XIX A and B). Tamoxifen treatment-induced ALK1-HA expression in venous and 

capillary ECs as well as arterial ECs of SclCreER;ALK1-OE mice (Online Figure XIX C), 

and the patterns of ALK1 overexpression overlapped with those of GFP (Online Figures 

XIX D). Consistent with subdermal vessels, the retinal vasculature in ALK1-OE mice was 

indistinguishable from that in the control mice (Online Figures XIX E–G), demonstrating 

that panendothelial ALK1-OE does not disturb retinal vascular development.

About 4-5 AVMs were found in the developing retinas of SclCreER;Alk1-iKOs by postnatal 

day 5 (Figure 3 B and D), around 2 days after tamoxifen administration on day 3. However, 

no AVMs were detected in SclCreER;Alk1-iKO;ALK1-OE retinas (Figure 3 C, E, and F). 

ALK1-OE also suppressed AVM development and increased vascular density in 

SclCreER;Eng-iKO retinas (Figures 3G–L). Furthermore, delayed radial expansion of the 
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retinal vasculature in Alk1-iKO and Eng-iKO neonates was restored by ALK1-OE (Online 

Figure XX).

ENG protein detected in ECs of arteries, veins, and capillaries of postnatal day 7 control 

retinas (Figure 4 A and D) was undetectable in most of the blood vessels, including AVM 

lesions of Eng-iKO retinas (Figure 4 B and E). ENG-deficiency was similarly maintained in 

Eng-iKO; ALK1-OE retinas (Figure 4 C and F), indicating that inhibition of AVMs in Eng-

iKO;ALK1-OE mice was not due to incomplete deletion of Eng gene or increased ENG 

expression from an incompletely deleted Eng allele in response to ALK1-OE. As it was 

previously shown,22 artery-specific smooth muscle actin staining in control retinas (Figure 4 

G) is altered in Eng-iKO retinas, where smooth muscle actin staining was found in 

arteriovenous shunts and connecting veins as well as the arteries (Figure 4 H). Such aberrant 

smooth muscle α actin staining in veins, an indicator of the presence of AVMs, is 

undetectable in Eng-iKO;ALK1-OE mice (Figure 4 I).

Disrupted vessel type-specific gene expressions in ENG-deficient ECs are recovered by 
enhanced ALK1 signaling.

Endomucin (EMCN) is predominantly expressed in the ECs of veins and capillaries but not 

in arterial branches of the retinas of control mice (Figure 5 A and D). In Eng-iKO mouse 

retinas, however, EMCN was found in arteries near the junction of arteriovenous shunts 

(Figure 5 B and E), but this aberrant EMCN expression in arterial branches was not 

observed in Eng-iKO;ALK1-OE mouse retinas (Figure 5 C and F). Jagged1 (JAG1), mainly 

expressed in arterial ECs (Figure 5 G and J), was undetectable in Eng-iKO retinas (Figure 5 

H and K). ALK1-OE restored JAG1 expression in Eng-depleted arterial ECs (Figure 5 I and 

L).

To determine the extent to which ALK1-OE overcomes the ENG-deficiency on signaling 

pathways, we examined transcript levels of genes, including BMP and Notch downstream 

targets in retinal ECs. RT-PCR analysis demonstrated that about 20% of Eng remained in the 

retinal ECs of P7 Eng-iKO and Eng-iKO;ALK1-OE pups (Figure 6 A). The Alk1 transcript 

level was also decreased to about 60% of that of the control in Eng-iKO ECs, and it was 

increased about 6-fold in Eng-iKO;ALK1-OE retinal ECs compared to that of controls 

(Figure 6 B). Notch targets (Hey1, Jag1, and Jag2) and BMP downstream gene (Id1) 

expression were decreased in Eng-iKO retinal ECs but appeared to be normalized in Eng-

iKO;ALK1-OE retinal ECs (Figure 6 C–F). These results indicate that elevated ALK1 

expression could overcome ENG-deficiency for regulating the expression of some 

downstream genes.

To test the effects of ALK1-OE on SMAD and AKT pathways in ECs, we employed 

pulmonary ECs isolated from R26CreER/+;Eng-iKO and R26CreER/+;Eng-iKO;ALK1-OE 

mice. Eng gene deletion and ALK1-OE were induced by 4-hydroxy-tamoxifen treatment. To 

examine the level of SMAD1/5/8 phosphorylation, we added BMP9 (0.5 ng/mL) to serum-

starved pulmonary ECs for 45 min in static or flow conditions. Significantly depressed 

SMAD1/5/8 phosphorylation in ENG-deficient (OH-TM -treated Eng-iKO) cells was 

restored in ENG-deficient;ALK1-OE cells to the level similar to ENG-intact cells (OH-TM 

untreated Eng-iKO) in both static and flow conditions (Figure 7 A–C). It has been shown 
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that BMP9 suppressed AKT phosphorylation induced by VEGF or flow. This BMP9 effect 

on AKT regulation was blunted in ALK1 or SMAD4-deficient ECs.20, 23, 44 PI3K/AKT 

inhibitors or Akt1-deletion in ECs could prevent AVM development in Alk1- or Smad4 
mutant retinas, indicating that dysregulation of PI3K/AKT plays a pivotal role in AVM 

development.20, 23 In ENG-intact ECs, the flow increased AKT phosphorylation. ENG-

deficiency itself increased phospho-AKT (pAKT) levels in both static and flow conditions. 

While BMP9 treatment suppressed AKT phosphorylation in ENG-intact pulmonary ECs, 

such a BMP9 response was blunted in ENG-deficient pulmonary ECs (Figure 7 D, E, and 

G). In contrast, ALK1-OE reduced AKT phosphorylation in ENG-deficient pulmonary ECs 

in the static condition to the level similar to that seen with BMP9 treatment (Figure 7 D and 

F). Interestingly, ALK1-OE restored the BMP9 mediated suppression of AKT 

phosphorylation in ENG-deficient;ALK1-OE pulmonary ECs under the flow conditions 

(Figure 7 D and H), which indicates that ALK1-OE can normalize the aberrantly activated 

endothelial AKT signaling caused by ENG-deficiency.

hENG-OE fails to inhibit wound-induced skin AVMs and retinal AVMs caused by ALK1-
deficiency.

As a complementary experiment, we tested whether overexpression of human ENG could 

rescue the AVM phenotypes caused by ALK1-deficiency. We used a transgenic mouse strain 

in which hENG expression could be induced by Cre recombinase.45 This hENG 

overexpression has previously been shown to rescue the retinal AVM phenotype of the Eng-

iKO mouse.46 We first tested if hENG-OE could affect Alk1 or Eng transcript levels in EC-

specific Alk1-iKO mice. The Alk1 transcript level in R26CreER/+;Alk1-iKO lungs was 

almost undetectable, and hENG-OE did not change the Alk1 transcript level (Online Figure 

XXI A). The Eng transcript level in R26CreER/+;Alk1-iKO mouse lungs was reduced to 40% 

of the control level, and hENG-OE did not affect it (Online Figure XXI B). Human ENG 
mRNA and protein were detected in R26CreER/+;Alk1-iKO;ENG-OE mouse lungs (Online 

Figure XXI C and Figure 8). To test the functionality of hENG, we examined the wound-

induced skin AVMs in SclCreER;Eng-iKO;hENG-OE mice. Latex dye-perfused vascular 

images on the wound skin area showed a remarkable reduction of AVMs and latex dye-

containing vascular density in SclCreER;Eng-iKO;hENG-OE mice compared to those in 

SclCreER;Eng-iKO mice (Figures 8 A–D), indicating that hENG can compensate for the 

loss of mouse ENG. We then tested if hENG can compensate for the loss of ALK1 on 

R26+/CreER;Alk1-iKO and SclCreER;Alk1-iKO backgrounds. As shown in Figure 8 E–I, 

hENG-OE could not inhibit the wound-induced AVM development caused by global or EC-

specific Alk1 deletions. Consistently, hENG-OE could not inhibit retinal AVM development 

in Alk1-iKO mice (Figure 8 J–M). Reduced level of pSMAD 1/5/8 in retina vascular ECs of 

Alk1-iKO was not affected by ENG-OE (Figure 8 N–P).

DISCUSSION

In the HHT mouse models, we showed that mucocutaneous AVMs that form in the skin of 

adult mice requires two factors: deficiency of ALK1 or ENG, and a secondary insult 

represented by wounding.19, 24 With these results, we may infer two therapeutic axes for 

inhibiting de novo AVMs. One is to overcome the ALK1 or ENG-deficiency, and the other is 
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to block a molecular pathway derived from the secondary insults, such as angiogenesis, 

inflammation, or oxidative stress. Bevacizumab47, 48 and pazopanib (both anti-angiogenic),
49 thalidomide (anti-inflammatory),50 and N-acetyl cysteine (antioxidant)51 are effective in 

some cases of anemia and epistaxis in HHT patients. Parallel with the therapeutic 

approaches targeting the secondary insults, therapies targeting ENG/ALK1 signaling are 

emerging.

We report several novel findings. First, overexpression of ALK1 globally or in pan 

endothelial cells at normal physiological conditions did not cause vascular malformations. 

ALK1 signaling regulates Notch ligands and target genes, but ALK1-OE in normal ECs 

does not generate any changes in Notch target expression.35 Activation, as well as repression 

of Notch signaling, have been implicated in AVM development. While impaired Notch 

signaling caused AVMs52, endothelial-specific activation of Notch4 also induced AVMs in 

the brain and lungs36–38, 53, albeit by a reversible vasodilation mechanism.54 Deletion of 

Mgp, a BMP antagonist, caused AVM development in multiple organs partly by 

upregulating ALK1 expression.40 MGP depletion in ECs increased expression of Notch 

signaling components by an ALK1-dependent manner.39 Furthermore, reduction of Notch 

activities by heterozygous deletion of Jag1 or Jag2 suppressed AVM development in Mgp-

null mice.39 Collectively, these findings raise the possibility that overexpression of ALK1 

itself in the normal vasculature may elicit vascular malformation. They also raise a concern 

about the potential risks of ALK1 overexpression for HHT therapy. In our systemic yet 

limited analyses, we demonstrated that ALK1 overexpression in ECs (SclCreER), SMCs 

(Myh11CreER), or nonspecific cells (R26CreER) did not affect vitality, nor cause obvious 

vascular pathology. However, the safety of ALK1 overexpression in the long-term (longer 

than 3 months) and various stress conditions has yet to be determined. In this study, we used 

the wild-type ALK1, which may require ligands for activation. The results might have been 

different if we had used a constitutively active form of ALK1.

Second, overexpression of ALK1 could rescue phenotypes caused by ENG- as well as 

ALK1-deficiency. ALK1-OE could inhibit all phenotypes shown in Alk1-iKO mice, 

including retinal vascular expansion and AVMs in neonates and GI hemorrhages, anemia, 

and wound-induced skin AVMs in adult mice. This result not only demonstrates that the 

ALK1-OE system worked as designed but also that the Alk1-iKO phenotypes are actually 

due to ALK1-deficiency. ALK1-OE could also rescue the AVM phenotype caused by ENG-

deficiency, indicating that ALK1-OE can compensate for the loss of ENG. In other words, 

while ENG is necessary for signaling in normal physiological conditions, it could be 

dispensable when ALK1 is overexpressed.

Third, overexpression of ENG could not rescue phenotypes caused by ALK1-deficiency. 

Since all three identified genes associated with HHT, i.e., ENG, ALK1, and SMAD4, are 

components of signal transduction of TGF-β/BMP family members, HHT has been 

considered a disease caused by defects in signaling mediated by ENG-ALK1. Because the 

cellular functions of ENG are shown to be broader than just mediating TGF-β/BMP signals,
55 and ENG and ALK1 interact with multiple ligands, it has not been entirely clear whether 

HHT is caused by the defect of a linear or parallel signaling pathways of ENG and ALK1. 

Genotype-phenotype correlation studies have shown that HHT1 has a higher prevalence of 
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AVMs in the brain and lungs while AVMs in HHT2 are found more frequently in the liver 

and GI tract.30–32 This miscorrelation also raised the possibility of a parallel pathway of 

ENG and ALK1. However, our data showed that ALK1-OE rescued ENG-deficiency. In 

contrast, ENG-OE could not rescue ALK1-deficiency, which supports the notion of the 

linear pathway of ENG and ALK1 where ALK1 is downstream of ENG. Human ENG was 

used for overexpression. The same system was previously used for rescuing the retinal AVM 

phenotype in Eng-iKO.46 We have demonstrated that hENG could prevent wound-induced 

AVM development in Eng-iKO, indicating that hENG can function similarly to mENG. 

However, it is possible that hENG may not function efficiently enough to overcome ALK1 

deficiency as mENG would.

Since the mechanisms of AVM development by ALK1- or ENG-deficiency are still unclear, 

it is difficult to discern the mechanism by which ALK1-OE rescues the phenotypes caused 

by ENG-deficiency. One possibility could be that ALK1-OE normalizes altered expression 

of BMP targets, including NOTCH ligands or targets and angiopoietin 2. An alternative 

mechanism could be the normalization of elevated PI3K/AKT pathway responses in ALK1-

deficient or ENG-deficient ECs. Elevated PI3K/AKT activities are shown to be closely 

associated with AVM development and progression.20, 23 We showed that ENG-deficiency 

blunted BMP9-mediated repression of AKT phosphorylation under flow conditions, similar 

to ALK1-deficiency.20, 23 Normalization of PI3k/AKT response may explain ALK1-OE 

rescue of the AVM phenotype, but further investigation is required to explore other 

contributory mechanisms, including abnormal migration behavior of ALK1-deficient cells in 

response to flow46, 56 and the enlargement of cell size.29 All these abnormal responses in 

ALK1-deficient ECs in vivo occur in the context of developmental angiogenesis, tissue 

wounds, or other similar pathology. VEGF plays a significant role in driving vascular growth 

and remodeling under these circumstances and activates the PI3K/AKT pathway. Therefore, 

targeting VEGF, by VEGF-neutralizing antibody treatment, could reduce established skin 

AVMs.25 In addition, treatments with a PI3K inhibitor or an angiopoietin 2 antibody 

neutralizer reversed retinal AVMs in Alk1-iKO and Smad4-iKO models, respectively.23, 57

The overexpression system in our study has a major limitation. It did not allow for testing of 

whether or not overexpression of ALK1 could reverse preestablished AVMs. Our results 

suggest that viral delivery of wild-type ALK1 could hold therapeutic promise for HHT in 

humans for the prevention of forming de novo AVMs in adults, such as telangiectases in the 

nasal mucosa, skin, and GI tract. However, considering the cell-autonomous nature of ALK1 

function and the resultant requirement to rescue a vast majority, if not all ALK1 or ENG-

deficient ECs, gene delivery of ALK1 to all ECs would be impractical. Drugs that can 

increase the expression of ALK1 or enhance ALK1 signaling could be more feasible 

approaches. Recently several drugs have shown to be useful for mitigating some HHT 

symptoms in small scale clinical studies. Among these, some drugs, including raloxifene, 

bazedoxifene, FK506, atorvastatin, and tranexamic acid, could stimulate the expression of 

ENG or ALK1 or both.58–63 Although it remains questionable whether or not the 

transcriptional stimulation of ALK1 expression is the mechanism of action of these drugs, 

our results support such a postulation. Recently, somatic mutations of the wild-type copy of 

the causal ENG or ALK1 germline mutation have been identified from telangiectases of 

HHT patients, suggesting that a loss of heterozygosity is a necessary event for AVM genesis 
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in HHT,64 and is consistent with evidence from preclinical genetic studies.65 If this is a 

general mechanism of HHT pathogenesis, the therapeutic strategy of transcriptional 

stimulation of ALK1 expression would be more suited for HHT1 than HHT2.

Our findings establish the importance of the linear ENG/ALK1 signaling pathway in 

protecting the vasculature against AVM formation during development and tissue repair. 

Further investigation of the factors involved in regulating the formation and stability of 

AVMs is critical for the development of therapeutics for AVM regression and protection 

against life-threatening AVM rupture.
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Hereditary hemorrhagic telangiectasia (HHT) is a genetic vascular disease 

caused by mutations in components of signal transduction of TGF-β family 

members, namely ENG, ALK1, and SMAD4.

• The underlying pathogenesis of HHT is arteriovenous malformations 

(AVMs), abnormal shunts between arteries and veins without intervening 

capillaries. However, the detailed molecular mechanism of this disease is not 

clearly understood.

• Management and surgical options are available for clinical symptoms of HHT, 

but curative therapies are currently unavailable.

What New Information Does This Article Contribute?

• ALK1 overexpression in normal mice does not induce vascular malformation.

• ALK1 overexpression can prevent AVM formation in ENG-deficient mice, 

whereas ENG overexpression fails to inhibit AVM formation in ALK1-

deficient mice.

• ALK1 overexpression or activation could be a potential therapeutic strategy 

for HHT.

Hereditary hemorrhagic telangiectasia (HHT) is a genetic disease caused by mutations in 

ENG, ALK1, or SMAD4 that encode components of signal transduction of TGF-β family 

members. Despite the strong implication of a linear pathway of ENG-ALK1-SMAD4 in 

HHT pathogenesis, it has been suspected that parallel pathways of ENG and ALK1 might 

be associated with this malady because of the promiscuity of these receptors and 

miscorrelations of HHT genotype-phenotype. In addition, there is speculation that ALK1 

overexpression itself could cause vascular malformation by upregulating NOTCH 

signaling genes. We generated a novel transgenic mouse line in which ALK1 expression 

can be induced. We could not detect any signs of vascular malformation in the ALK1-OE 

mice up to 3 months after induction of ALK1 overexpression in endothelial cells. We 

found that ALK1 overexpression could suppress the development of AVMs in wounded 

adult skin and developing retinas of ENG-deficient mice, whereas ENG overexpression 

could not inhibit the AVM development in ALK1-deficient mice. These in vivo results 

support the notion of a linear pathway of ENG and ALK1 in which ALK1 is downstream 

of ENG in HHT pathogenesis. The study findings show that ALK1 overexpression or 

activation appears to be safe; thus, it could be developed as a potential therapeutic 

strategy for HHT.
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Figure 1. Endothelial-specific induction of exogenous ALK1 in L1Cre; ALK1-OE mice.
A and B, Schematic diagram of the R26Alk1-off (A), and R26Alk1-on (B) alleles. Mouse 

ALK1 carrying an HA tag at the C-terminus is bicistronically transcribed with eGFP by the 

CMV/chick β-actin (CAGGS) promoter from the R26Alk1-on allele due to the excision of 

transcription stop sequences in the presence of Cre recombinase. LoxP sequences are 

indicated by arrowheads. tpA, transcription stop sequences. C-J, Fluorescence 

stereomicroscopic images on brains (C-F) and lungs (G and J) of control (L1Cre-negative 

ALK1-OE, C, G, and I) and L1Cre;ALK1-OE (D-F and H and J) mice. I and J, CD31 (red) 
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immunostaining on control (I) and L1Cre;ALK1-OE (J) lung section. GFP is detected in 

CD31-positive pulmonary ECs, but not in bronchial epithelial or smooth muscle cells (J). br, 

bronchus. K. Quantitative RT-PCR on Alk1 transcripts in control and L1Cre;ALK1-OE 

mouse lungs. β-Actin was used for normalization. n=3 per each group. Unpaired t-test. L. 

Western blot analyses against HA and ALK1 proteins in control and L1Cre;ALK1-OE lung. 

M. Quantification of ALK1 levels normalized with β-ACTIN. n=4 per each group. Unpaired 

t-test. All data are means ± SDs. Scale bars: C-H, 1 mm; I and M, 100 μm.
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Figure 2. ALK1-OE rescues the vascular phenotypes of ENG- as well as ALK1-deficient mice.
A, Alteration of hemoglobin levels in SclCreER;Alk1-iKO (n=8) and SclCreER;Alk1-

iKO;ALK1-OE (n=13) on the first day (D0) and 8 days (D8). Two-way ANOVA with 

Tukey’s correction. B, Gastrointestinal hemorrhage index of SclCreER;Alk1-iKO (n=8) and 

SclCreER;Alk1-iKO;ALK1-OE (n=13) mice. The unpaired t-test was performed for 

statistical analysis. Welch t-test. C, Representative images of latex dye-perfused blood 

vessels (upper panels) and processed images (lower panels) on the dorsal skin of control 

(SclCreER-negative Alk1-iKO;ALK1-OE (n=4), SclCreER;Alk1-iKO (n=6), and 

Kim et al. Page 20

Circ Res. Author manuscript; available in PMC 2021 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SclCreER;Alk1-iKO;ALK1-OE (n=7) mice on 8 days after wounding. D, Quantification of 

the vascular area containing latex with the processed images. One-way ANOVA with 

Tukey’s correction. E, Latex perfusion images in SclCreER;Eng-iKO (n=11) and 

SclCreER;Eng-iKO;ALK1-OE (n=10). F, Quantification of vascular density containing 

latex. Mann-Whitney test. All data are means ± SDs. The wound sites are marked by 

asterisks. Scale bars: 1 mm.
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Figure 3. ALK1-OE in retinal ECs suppresses the development of AVMs caused by ALK1- or 
ENG-deficiency.
A-E, IB4 staining of postnatal day 5 (PN5) retinas from control (A, n=12), SclCreER;Alk1-

iKO (B and D, n=9), and SclCreER;Alk1-iKO;ALK1-OE (C and E, n=5) mice. The boxed 

region in B is a magnified image showing direct connections between arteries and veins (D). 

SclCreER-mediated GFP reporter expression in SclCreER;Alk1-iKO;ALK1-OE retinas (E). 

F, Quantification of AVM numbers in PN5 retinal vasculature. Kruskal–Wallis test with 

Dunn’s correction. G-K, IB4 staining of PN7 retinas from control (G, n=46), 
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SclCreER;Eng-iKO (H and J, n=24), and SclCreER;Eng-iKO;ALK1-OE (I and K, n=22) 

mice. The boxed region in H is a magnified image showing arteriovenous shunts (J). 

Bicistronic GFP reporter expression in SclCreER;Eng-iKO;ALK1-OE retinas (K). L, 

Quantification of the number of AVMs. Yellow arrowheads indicate AVMs in the developing 

retinas. Kruskal–Wallis test with Dunn’s correction. All data are means ± SDs. a, artery; v, 

vein. Scale bars: A-C and G-I, 500 μm; D, E, J, and K, 100 μm.
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Figure 4. ALK1-OE restores aberrant SMC coverage observed in Eng-iKO retinal vasculature.
A-F, ENG (red) and IB4 (blue) fluorescence staining with retinas isolated from PN7 control 

(SclCreER-negative Eng-iKO, A and D), SclCreER;Eng-iKO (B and E), and SclCreER;Eng-

iKO;ALK1-OE (C and F) mice. G-I. Double staining of IB4 (blue) and SMA (red) in PN7 

retinas of controls (G), SclCreER;Eng-iKO (H), and SclCreER;Eng-iKO;ALK1-OE (I) 

mice. GFP reporter expression in IB4-positive retinal ECs in SclCreER;Eng-iKO;ALK1-OE 

(F and I). Yellow arrowheads indicate developed retinal AVMs. a, artery; v, vein. Scale bars: 

100 μm.
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Figure 5. Disrupted arteriovenous EC identities in Eng-deficient vasculature are rescued by 
ALK1-OE.
A-F, Immunostaining on EMCN (red) and IB4 (blue) in PN 7 retinas of control (SclCreER-

negative Eng-iKO, A and D), SclCreER;Eng-iKO (B and E), and SclCreER;Eng-

iKO;ALK1-OE (C and F) mice. Merged images of EMCN, GFP, and IB4 (D-F). G-L, JAG1 

(red) expression in PN7 retinas of controls (G and J), SclCreER;Eng-iKO (H and K), and 

SclCreER;Eng-iKO;ALK1-OE (I and L) mice. ECs are marked with IB4 (blue) staining. 
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GFP signals in IB4-stained retinal ECs (J-L). Yellow arrowheads indicate AVMs in the 

retinal vasculature. a, artery; v, vein. Scale bars: 100 μm.
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Figure 6. Altered NOTCH and SMAD downstream genes in Eng-iKO ECs are restored by 
ALK1-OE.
Quantitative RT-PCR analysis of Eng (A) and Alk1 (B), and Id1 (C)and NOTCH 

downstream genes [Hey1 (D), Jag1 (E), and Jag2 (F)] in retinal ECs purified from control 

(SclCreER-negative Eng-iKO, n=6), SclCreER;Eng-iKO (n=6), and SclCreER;Eng-

iKO;ALK1-OE (n=6) mice. The mRNA levels of the genes are normalized with actin. One-

way ANOVA with Tukey’s correction. All data are means ± SDs.
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Figure 7. ALK1–OE leads to the rescue of disrupted SMAD and AKT signaling in Eng-iKO ECs.
A, Western blot analyses of phosphorylated SMAD1,5,8 (pSMAD1,5,8), ENG, and HA in 

pulmonary ECs from R26CreER;Eng-iKO or R26CreER;Eng-iKO;ALK1-OE. HA indicates 

transgenic ALK1 expression. One μM of 4-hydroxy-tamoxifen was treated to delete the Eng 
gene and to induce HA-ALK1 expression. BMP9 (0.5 ng/mL) was added to serum-starved 

pulmonary ECs for 45 min in the static or flow condition. B and C, Quantification of 

SMAD1,5,8 phosphorylation levels in static condition (B) and flow stimulation (C). 

pSMAD1,5,8 levels were normalized with total SMAD1 and β-ACTIN. n=5 per each group. 
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Two-way ANOVA with Tukey’s correction. D, Western blot analyses of phosphorylated 

AKT (pAKT) and ENG in pulmonary ECs of R26CreER;Eng-iKO (left panel) or 

R26CreER;Eng-iKO;ALK1-OE (right panel). HA indicates ALK1 overexpression. One μM of 

OH-TM was used to delete the Eng gene. BMP9 (10 ng/mL) was treated for 90 min, 

followed by 30 min exposure to flow. E-H, Quantification of relative phosphor-AKT levels 

normalized with total AKT in static condition (E and F) and flow stimulation (G and H). 

n=5 per each group. Two-way ANOVA with Tukey’s correction. All data are means ± SDs.
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Figure 8. ENG-OE does not overcome the vascular phenotype of Alk1-iKO mice.
A-C, Latex perfusion images in control (A, n=9), SclCreER;Eng-iKO (B, n=6), and 

SclCreER;Eng-iKO;hENG-OE (C, n=8) on 8 days after wounding. D and E, Quantification 

of vascular density containing latex using the processed images. Welch t-test (D). One-way 

ANOVA with Tukey’s correction (E). F-I, Visualization of wound-induced skin AVMs using 

latex infusion in R26CreER;Alk1-iKO (F, n=10), R26CreER;Alk1-iKO;hENG-OE (G, n=7), 

SclCreER;Alk1-iKO (H, n=7) and SclCreER;Alk1-iKO;hENG-OE (I, n=7) mice. J-L, IB4 

(red) staining of PN5 retinal vasculature from control (J, n=20), R26CreER;Alk1-iKO (K, 
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n=4), and R26CreER;Alk1-iKO;hENG-OE (L, n=10) mice. Yellow arrowheads indicate 

AVMs in the retinal vasculature. M, Quantification of the number of AVMs per retina. 

Kruskal–Wallis test with Dunn’s correction. N, Western blot analyses in the effects of 

hENG-OE on the SMAD1,5,8 phosphorylation and endogenous mENG level. O and P, 

Quantification of pSMAD1,5,8 levels normalized to normalized with SMAD1 and β-ACTIN 

(O) and mouse ENG levels normalized with β-ACTIN (P). N=5 per each group. One-way 

ANOVA with Tukey’s correction. All data are means ± SDs. Scale bars: A-C and F-I, 1 mm; 

J-L, 500 μm.
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