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Vascular malformations are linked to mutations in RAS p21 protein activator 1 (RASA1, also known as p120RasGAP);  
however, due to the global expression of this gene, it is unclear how these mutations specifically affect the vas-
culature. Here, we tested the hypothesis that RASA1 performs a critical effector function downstream of the 
endothelial receptor EPHB4. In zebrafish models, we found that either RASA1 or EPHB4 deficiency induced 
strikingly similar abnormalities in blood vessel formation and function. Expression of WT EPHB4 receptor 
or engineered receptors with altered RASA1 binding revealed that the ability of EPHB4 to recruit RASA1 is 
required to restore blood flow in EPHB4-deficient animals. Analysis of EPHB4-deficient zebrafish tissue lysates 
revealed that mTORC1 is robustly overactivated, and pharmacological inhibition of mTORC1 in these ani-
mals rescued both vessel structure and function. Furthermore, overexpression of mTORC1 in endothelial cells 
exacerbated vascular phenotypes in animals with reduced EPHB4 or RASA1, suggesting a functional EPHB4/
RASA1/mTORC1 signaling axis in endothelial cells. Tissue samples from patients with arteriovenous mal-
formations displayed strong endothelial phospho-S6 staining, indicating increased mTORC1 activity. These 
results indicate that deregulation of EPHB4/RASA1/mTORC1 signaling in endothelial cells promotes vascular 
malformation and suggest that mTORC1 inhibitors, many of which are approved for the treatment of certain 
cancers, should be further explored as a potential strategy to treat patients with vascular malformations.

Introduction
Vascular anomalies encompass a large number of blood and lym-
phatic vessel disorders that are typically diagnosed during child-
hood or sometimes by routine prenatal ultrasound screening (1). 
These primary vascular diseases can be generally divided into vas-
cular tumors, such as hemangiomas, and vascular malformations, 
such as capillary, venous, arteriovenous, or lymphatic malforma-
tions (2–4). Limited treatment options are currently available. Thus, 
understanding the molecular mechanisms that drive the formation 
of these lesions could provide a strong foundation for develop-
ing targeted therapies. Genetic linkage defined RAS p21 protein 
activator 1 (RASA1; also known as p120-RasGAP) as the causative 
gene in an autosomal dominant form of vascular malformation, 
known as capillary malformation–arteriovenous malformation 
(CM-AVM; refs. 5–7). Inactivating mutations in a single allele of 
RASA1 was sufficient to cause CM-AVM (5); however, the severity of 
disease presentation is quite variable (6, 8, 9). While some patients 
have mild to no symptoms, others have vascular lesions that are 
in danger of rupture. Typically, high-risk lesions are either embo-
lized and/or surgically resected; however, owing to the underlying 
genetic nature of this vascular disease, the frequency of recurrence 
is high (10). CM-AVM patients could also have vascular malforma-
tions that are not amenable to treatment, which then become a life-
long ailment. Since RASA1 is widely expressed in many tissues and 
cell types (11), how mutations in this gene cause localized, vascular-
specific abnormalities is unknown (3, 5, 12).

RASA1 is best known as a negative regulator of RAS through its 
GTPase activating protein (GAP) activity (13). Thus, a link between 

RAS regulation and CM-AVM progression is a likely possibility, 
but the precise molecular players involved are not yet understood  
(3, 5, 12). Oncogenic RAS mutations are found in a large number of 
human cancers. These mutations usually provide resistance toward 
RASGAPs, so that oncogenic RAS remains constitutively activated 
within cancer cells (14). For this reason, early studies postulated 
that loss-of-function mutations in RASA1, particularly in its GAP 
domain, might also occur at a high frequency in human cancers. 
However, this was not the case. Only 3 mutations in RASA1’s GAP 
domain were found among 188 human tumor samples (15). None 
were found among 53 human lung cancer cell lines (16).

To investigate the in vivo functions of RASA1, 3 genetic mouse 
models have been generated. The first was a Rasa1-null mouse, 
published in 1995, which exhibited widespread neuronal cell 
death, vascular disorganization, and embryonic lethality by E10.5. 
Meanwhile heterozygotes were phenotypically normal and viable 
(11). In a recent study, inducible or endothelial-specific Rasa1-
knockout mice were generated and carefully analyzed by Lapinski 
et al. (17). Similar to the Rasa1-null model, endothelial-specific 
Rasa1-knockout mice were also embryonic lethal at the same 
stage (11, 17). Using the inducible mouse model, the authors 
discovered a role for RASA1 in lymphatic vessel formation when 
systemic knockout was carried out at 2 or more months of post-
natal life (17). Despite careful analysis, however, no CMs or AVMs 
were found in any tissue. Conversely, in humans with inactivat-
ing mutations in 1 allele of RASA1, the occurrence of lymphatic 
lesions is rare in comparison with vascular malformations (9, 17).

The RASA1/p120RasGAP protein has been shown to interact 
with a number of activated receptor tyrosine kinases (RTKs), 
including EGF, PDGF, and EPH receptors (18–20). Among the 
EPH family, the EPHB4 receptor plays a unique role in vascular 
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development, where it regulates arteriovenous differentiation 
(21, 22). Early studies on ephrin-B2– and Ephb4-null mice provid-
ed the first in vivo evidence for the existence of a genetic program 
governing the distinction between arteries and veins, even before 
the onset of blood flow (21–23). Since then, upstream genes that 
can regulate EPHB4 or ephrin-B2 expression have been defined 
to further delineate the genes involved in regulating the arte-
rial or venous endothelial program (24). In numerous studies, 
EPHB4 and ephrin-B2 have been used as the endpoint markers 
for venous or arterial cells, respectively (24). Altered expressions 
of these genes have become accepted indicators of endothelial 
cell fate changes. The precise vascular functions for EPHB4 and 
ephrin-B2 have also been under intense investigation. Through 
several important studies, it has been established that the role 
of forward signaling through EPHB4 activation determines arte-
riovenous distinction, while reverse signaling through ephrin-
B2 activation in the ligand cell appears to be required for later 
events during lymphangiogenesis (25–27). Despite these advanc-
es, how EPHB4 receptor phosphorylation mobilizes changes in 
intracellular communication to generate endothelial responses 
for the formation of arteries and veins remains elusive. Thus, we 
hypothesized that RASA1 plays a critical role downstream of this 
receptor to initiate a unique set of intracellular signals that pro-
mote arteriovenous differentiation. Participation of RASA1 in 
this EPHB4-driven process could provide the molecular rationale 
for how inactivating mutations in 1 allele of RASA1 could cause 
CM-AVM. In dissecting RASA1’s vascular function, our study has 
also revealed what we believe is a previously undefined role for 
endothelial mTORC1 overactivation in AVMs.

Results
Generating an animal model to study RASA1 deficiency. We note that 
genetic mouse models (11, 17), as well as retinal angiogenesis 
assays (ref. 28 and Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI67084DS1) have 
not been able to recapitulate the arteriovenous formation defects 
observed in CM-AVM lesions. Therefore, we generated zebrafish 
models to test our hypothesis that RASA1 functions as a critical 
effector for EPHB4 receptor signaling. The zebrafish is a versatile 
animal model that is particularly well suited for the analysis of vas-
cular development. It permits real-time evaluation of abnormali-
ties in blood vessel formation and function in a live organism. Its 
small size allows for oxygen diffusion to occur, so that embryonic 
development can proceed despite compromised cardiovascular 
function (29, 30). The ability to target specific genes with anti-
sense morpholinos (MOs) also provides a rapid and efficient tool 
to induce gene knockdown in hundreds of animals (31). To facili-
tate functional analysis and visualization, we used transgenic lines 
for simultaneous imaging of blood vessel architecture and circula-
tion in the same animal (Tg[fli1:EGFP]y1:Tg[gata1:dsRed]) (32, 33).

We identified zebrafish homologues of RASA1 (denoted rasa1a 
and rasa1b, respectively; Supplemental Figure 2A), each exhibit-
ing a high level of conservation with the human RASA1 sequence. 
Since the zebrafish rasa1 genes have not been described, we exam-
ined their expression patterns using in situ hybridization analysis 
(Supplemental Figure 2B). We found that both genes exhibited a 
ubiquitous, diffuse expression pattern from the 18-somite stage 
to 48 hours post fertilization (hpf), unlike the vascular-specific 
expression of the VEGFR2 homologue flk1 at the same stages (Sup-
plemental Figure 2B). We proceeded with antisense MO targeting 

of both genes, which also generated similar phenotypes (Figure 1).  
As in the Rasa1-null mouse (11), widespread cell death was 
observed throughout the head region, demonstrating conserved 
RASA1 function across vertebrate organisms (Figure 1, A–E). Inter-
estingly, despite the lack of a vascular-specific expression pattern, 
distinct vascular defects were clearly seen and easily scored under 
reduced RASA1 function by 48 hpf. The most obvious prob-
lem was the lack of posterior blood flow to the caudal region of 
the body, as compared with control embryos, at the same stage  
(Figure 1, F–I). Since equivalent phenotypes were generated with 
either morphant, we focused our studies on the rasa1a morphant.

During normal vascular formation, the caudal vasculature 
beyond the yolk extension undergoes morphological changes over 
the first 5 days post fertilization (dpf) to eventually form a single 
caudal aorta and 1 caudal vein (34, 35). This begins with a caudal 
vascular plexus, which is formed by 48 hpf. At this stage, the major-
ity of circulating blood flows through an upper caudal aorta and 
the ventral-most vein, while small interconnecting capillary-like 
channels also allow blood cells to pass through (Figure 1, F and G).  
Blood continuously flows through this region while it remodels 
into the caudal aorta and caudal cardinal vein by 5 dpf (34). In 
the rasa1 morphant, however, the caudal vascular plexus did not 
form properly and an enlarged caudal vascular deformity was 
found instead (Figure 1, H and I). As a result, arterial blood flow 
was abruptly returned to the posterior cardinal vein, just anterior 
to this caudal vascular deformity (Figure 1I). The impediment to 
caudal blood flow is the most highly reproducible defect in this 
area; therefore, it was used to visually score hundreds of animals 
for functional caudal circulation (termed caudal functional assay; 
n = 100 embryos, N = 3 trials).

RASA1 functions downstream of EPHB4 in vivo. Since our hypoth-
esis for CM-AVM places RASA1 as a critical endothelial effector 
downstream of EPHB4, we also examined the consequences of 
receptor knockdown. Remarkably, EPHB4 knockdown embryos 
faithfully mirrored the lack of caudal circulation and vascular 
deformities observed for the rasa1 morphants (Figure 2, A–D, 
and Supplemental Figure 3, A–D), consistent with an in vivo 
interaction. In an early study, RASA1 was shown to bind the acti-
vated EPHB2 receptor through juxtamembrane phosphotyrosine 
(pY) motifs (pYIDPFTpYEDP; identical among 12 human Ephs, 
except for EphA1 and EphA10; ref. 20). The transient nature of 
the EPHB2-RASA1 interaction (20) suggested that an overexpres-
sion system is required to demonstrate a direct association for 
EPHB4 and RASA1. Therefore, we transfected HEK293T cells 
with both EPHB4 and RASA1 constructs to demonstrate that 
these 2 proteins can physically interact by coimmunoprecipita-
tion (Figure 2E). To further investigate the functional relevance 
of an EPHB4-RASA1 recruitment in vivo, we designed 2 mutant 
receptors based on a previous report (36): EPHB4FF, which 
removes 2 juxtamembrane RASA1 motifs (JM:FIDPFTFEDP, 
with boldface and underlines indicating mutated versions), 
and EPHB4EE+Grb2, which removes 3 RASA1 potential sites and 
adds a GRB2-binding site to stimulate Ras (JM:EIDPFTEEDP). 
A third potential GRB2-binding site was added to the kinase 
domain: endogenous YTDK was changed to the GRB2 consen-
sus sequence YVNV. The WT and engineered EPHB4 receptor 
constructs were also validated through tyrosine phosphorylation 
and cell-surface expression (Figure 2, F and G).

Coinjection of the receptor MO with the WT ephb4 mRNA effec-
tively rescued caudal circulatory function and proper formation of 
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the caudal vascular plexus. This resulted in a significant increase 
in the proportion of the embryos with normal blood flow and a 
decrease in those with severe phenotypes (Figure 2H and Supple-
mental Figure 4, A and B). Interestingly, receptor constructs lack-
ing RASA1-binding sites, EPHB4FF and EPHB4EE+Grb2, were unable 
to rescue the ephb4 morphant (Figure 2H and Supplemental Fig-
ure 4, C–F). Taken together, these data strongly support an in 
vivo role for RASA1 recruitment to the activated EPHB4 receptor, 
where it promotes receptor signaling and mediates proper embry-
onic blood vessel formation.

Vascular consequences of EPHB4/RASA1 deficiency. In addition to 
the lack of caudal blood flow, we also observed a uniquely congru-
ent intersegmental vessel (ISV) defect in both the rasa1 and ephb4 
morphants, where more venous connections were made at the 
expense of arteries (Figure 3, A–D). During normal ISV formation, 
a venous endothelial cell sprouts from the cardinal vein at about  
36 hpf. This endothelial cell may connect with a primary segment 
to form a vein, or it may not connect, in which case an artery is 
formed instead (Supplemental Figure 5A). In control embryos, 
a balanced ratio of arteries to veins are formed (37). Strikingly, 
under either RASA1 or EPHB4 deficiency, more secondary venous 
endothelial sprouts connect with the primary segments, result-
ing in a higher proportion of veins (Figure 3D and Supplemental 
Figure 5B). This arteriovenous endothelial cell connection defect 
and the caudal vessel deformity both reflect errors in embryonic 
blood vessel development, a presumed origin of human AVMs  
(2, 4). Thus, using the zebrafish model, we have captured some key 
features of CM-AVM, while demonstrating that RASA1 or EPHB4 
can induce highly similar blood vessel abnormalities in vivo.

To gather further evidence that RASA1 functions as a critical 
mediator of endothelial EPHB4 receptor signaling, we designed 
synergistic experiments to include an ephrin-B2 ligand MO (Sup-
plemental Figure 3E). For these experiments, each MO was used 
at subthreshold doses at which no phenotype is observed when 

injected alone (Figure 3, E–G). Since ephrin-B2 and EPHB4 form 
an endogenous ligand-receptor pair, their combined downregu-
lation generated the largest caudal vessel defect (Figure 3H). We 
then coinjected the RASA1 MO with either the ligand or the recep-
tor MO (Figure 3, I and J, respectively). Either of these combina-
tions also demonstrated an enhancement of the caudal vascular 
defects, suggesting that RASA1 participates in endothelial ephrin-
B2-EPHB4 signaling in vivo. Taken together with previous stud-
ies in which EPHB4 receptor forward signaling appears to drive 
embryonic angiogenesis (24–27), the consistent increase in the size 
of the caudal vessel region may be used as a simple readout for 
inadequate EPHB4 function.

Signaling pathway alterations in the enlarged caudal vessel. To inves-
tigate the cellular and molecular changes that result from dimin-
ished EPHB4 receptor function, we took advantage of the aug-
mented caudal vessel generated by coinjection of the ephrin-B2 
and ephb4 MOs, designated double morphant (dMO), to provide 
a facile visual readout. We first determined whether this pheno-
type occurred as a result of increased cell proliferation by per-
forming endothelial nuclei counts. Using a transgenic line where 
endothelial cells are labeled with a nuclearly localized EGFP, 
(Tg(fli1:nEGFP)y1) (38), nuclei counts were obtained in a defined 
area bordered by 5 ISVs starting from the end of the yolk extension 
(Figure 4, A and B, n > 20 per condition; N = 3 experiments). We 
were surprised to find that there was no difference between con-
trol and dMO at 48 hpf (Figure 4C), suggesting that an increase 
in cell size may be responsible. If this is the case, then we might be 
able to observe changes in the TORC1 signaling pathway because 
overactivation of this pathway has been strongly linked to cell size 
enlargement (39). We performed experiments using an endothelial 
transgenic line in which red fluorescent protein expression is local-
ized to the plasma membrane (40) in combination with a nuclearly 
targeted EGFP line (38). Although we were able to obtain visual 
confirmation of enlarged endothelial cell size, clear images were 

Figure 1
Reduced RASA1 function in zebrafish causes cell 
death and caudal vessel defect. (A–E) Acridine 
orange staining (cell death, particularly in the dot-
ted boxed area) at 24 hpf on control (A) or rasa1a 
MO–injected (B) embryos. Higher magnification 
of hindbrain regions is boxed in white (control; C) 
or yellow (rasa1a MO and rasa1b MO; D and E). 
Similar hindbrain cell death was observed in rasa1b 
MO, as seen in rasa1a MO. (F–I) The rasa1a MO 
(750 μM) was injected in Tg(fli1:egfp)y1 to visualize 
endothelial cells at 48 hpf. Higher magnification of 
the caudal vessels of control (F) and rasa1a mor-
phant (H) is shown in G and I, respectively. Dotted 
arrow indicates blood flow; yellow arrow indicates 
point of blood flow return. Scale bars: 500 μm (A, B, 
F, and H), 100 μm (C–E, G, and I).
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difficult to obtain (data not shown). Therefore, we decided to 
examine signaling pathway phosphorylation levels using caudal 
tissues from large numbers of control and experimental animals.

We performed Western blot analysis using tissue lysates from 
the tail regions, which contained the caudal vascular abnormal-
ity. Among the phosphoproteins examined, the p-p70S6K signal 
was the strongest (Figure 4D), confirming a correlation between 
reduced EPHB4 signaling and TORC1 overactivation.

Drug rescue of EPHB4/RASA1-dependent vascular defects. In an inde-
pendent approach to determining whether TORC1 signaling plays 
an important role in generating EPHB4-RASA1 vascular defects, 
we asked whether pretreatment of ephrin-B2/EPHB4/RASA1 
pathway–deficient animals with PI3K and/or TORC1 inhibitory 
drugs could prevent or rescue blood vessel structure and/or func-
tion. Using 3 structurally distinct chemical inhibitors (GDC0941 
targets PI3K, ref. 41; rapamycin targets TORC1, ref. 39; and 
BEZ235 targets both PI3K and TORC1, refs. 42, 43), formations 
of the dMO-induced large caudal vessel deformity were effective-
ly prevented. Indeed, all 3 drugs were able to rescue the vascular 
defects and restore normal blood vessel structure and function to 
a majority of dMO-injected embryos (Supplemental Figure 6, A–F, 
and Supplemental Figure 7, A and B). Curiously, the ratio of inter-

segmental arteries to veins was also restored toward the normal, 
balanced proportion (Figure 4E), thus, providing evidence that 
these 2 phenotypes occurred as a result of PI3K-TORC1 overacti-
vation. We also examined the ability of these compounds to rescue 
vascular abnormalities in RASA1-deficient embryos, as this gene 
is directly relevant to a human disease. In the presence of PI3K-
TORC1 chemical inhibitors, normal blood vessel structure and 
function in the caudal vascular plexus and a balanced arteriove-
nous ratio were found in RASA1 (Figure 4F, Supplemental Figure 6,  
G–J, and Supplemental Figure 7, C and D), thus suggesting that 
full EPHB4 and RASA1 function are required to prevent overacti-
vation of PI3K-TORC1 in the zebrafish model. Since RASA1 pro-
motes RAS inactivation, it could affect both the RAS-PI3K-TORC1 
and the RAS-ERK1/2 branches of intracellular signaling. There-
fore, we also used a highly selective MEK1/2 inhibitor, CI-1040, 
in chemical rescue experiments. In contrast to the PI3K-TORC1 
inhibitors, CI-1040 was unable to rescue the vascular defects in 
dMO or in RASA1 MO (data not shown). Together, these data 
provide evidence for an in vivo connection between reduced  
ephrin-B2–EPHB4–RASA1 expression and excessive PI3K/
mTORC1 pathway activity as possible contributing factors in the 
formation of RASA1-dependent vascular lesions.

Figure 2
EPHB4 receptor rescue requires RASA1- binding motifs. The ephb4a MO (500 μM) was injected in double-transgenic line; refs. 32, 33), to visual-
ize endothelial (green; A and C) and blood cells (red; B and D) in the same embryo at 48 hpf. (A–D) Caudal vessel phenotypes. (B and D) Blood 
flow in control (magnified boxed region in [A], or ephb4a morphant [C]). Yellow arrow indicates the end point of blood flow. Dotted arrows indicate 
direction of flow. Scale bars: 500 μm (A), 100 μm (B–D). (E–G) Expression of EPHB4 constructs and RASA1 in HEK293T cells. Control and 
EPHB4 construct–transfected cells were stimulated with clustered ephrin-B2–Fc (EfnB2a) (2 μg/ml). EPHB4 and RASA1 cotransfected (co-TF) 
cell lysates were immunoprecipitated (IP) using antibodies to EPHB4 or RASA1 (E, expression confirmed in whole cell lysate [WCL]). Recep-
tor activation was determined by tyrosine phosphorylation using 4G10 antibody (F). EPHB4 construct–transfected cells were biotinylated and 
immunoprecipitated with streptavidin, followed by anti-EPHB4 blotting to determine cell-surface localization (G). (H) The ephb4a MO (500 μM) 
and ephb4a mRNA (30 ng/μl) coinjection phenotypes at 48 hpf (severe, mild, or normal) were converted to percentages. Caudal functional assay 
was used to score blood flow (n = 100 per condition).
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Endothelial mTORC1 activation enhances EPHB4/RASA1 deficiency. 
To establish that an increase in endothelial TORC1 pathway 
activity is linked to the vascular defects observed in the ephb4 or 
rasa1 morphants, we designed a transgenic zebrafish line to have 
increased blood vessel TORC1 activity. Since mTOR is a very large 
kinase, overexpression of this kinase is a difficult task. Therefore, 
we employed a strategy to enhance TORC1 activity through target-
ing its regulator, RHEB. RHEB is a small GTPase known to stimu-
late mTORC1 activity in its GTP-bound state (39). In the mamma-
lian system, structural work has demonstrated that a constitutively 
activated RHEB mutant construct, RHEBS16H (44, 45), can render 
this small GTPase resistant to the activity of its GAP, TSC1/2.

An alignment of the human and zebrafish RHEB sequences 
demonstrated complete identity in this region; therefore, gen-
eration of a similar construct was likely to overactive the TORC1 

kinase. Using the zebrafish RhebS16H con-
struct, we performed mRNA overexpression 
analysis as a functional test. We found that 
embryos injected with the zebrafish RhebS16H 
mRNA also featured an abundance of venous 
ISVs (Supplemental Figure 8A) analogous to 
the ephb4 and rasa1 morphants and in agree-
ment with our observations of TORC1 overac-
tivity. Furthermore, this arteriovenous defect 
was prevented by rapamycin treatment (Sup-
plemental Figure 8B).

To create a transgenic zebrafish line over-
activating TORC1, we placed the zebrafish 
RhebS16H construct under the endothelial fli1 
promoter (Supplemental Figure 8, C–G, and  
ref. 32). To facilitate transgenesis, we used the 
Tol2 transposon–mediated transgenesis method  
(46–49). Our transgene was designed to include 
a fluorescent reporter driven by the cmlc promot-
er (Supplemental Figure 8E and ref. 49), so that 
cardiac expression of EGFP enabled the visual 
selection of embryos with incorporation of 
the transgene. In this process, F0 embryos with 
a normal appearance and fluorescent hearts 
were selected to be raised as potential found-
ers. After 3 months, when F0 founders reached 
sexual maturity, they were outcrossed with the 
Tg(fli1:EGFP)y1 (32) line to produce embryos 
for an F1 generation. Since endothelial cells are 
labeled by EGFP in this line, blood vessel defects 
can be visually monitored while expression of 
EGFP in the myocardium suggested incorpora-
tion of the transgene. These embryos were select-
ed and raised for the F2 generation. In a similar 
fashion, characterization of F3 embryos derived 
from the F2 incrosses revealed that WT siblings 
exhibited no obvious vascular defects (Supple-
mental Figure 8, C and D). Genomic incorpora-
tion and transgene expression were confirmed 
by PCR, RT-PCR, and sequence analysis using 
individual embryos from each line as compared 
with WT sibling controls (data not shown). 
Experiments in this study used F3 and F4 gen-
erations of the Tg(fli1:RhebS16H) transgenic line.

To examine whether enhanced endothelial 
TORC1 activity is sufficient to synergize with the vascular phe-
notype observed in rasa1 and ephb4 morphant, we employed sub-
threshold doses of the rasa1 MO, the ephb4 MO, or dMO in either 
WT siblings or RhebS16H transgenic embryos. In each case, the 
subthreshold MO doses did not disrupt caudal vascular func-
tion in WT siblings (Figure 5, A–C). However, in the RhebS16H 
transgenic background, Tg(fli1:RhebS16H):Tg(fli1:EGFP)y1,  
enlargement of caudal vessel and a lack of posterior blood flow 
occurred with rasa1 MO (Figure 5D), ephb4 MO (Figure 5E), or dMO  
(Figure 5F) injections. Therefore, these results independently sup-
port the hypothesis that endothelial TORC1 overactivation under-
lies the vascular defects observed in ephb4 and rasa1 morphants.

Elevated mTORC1 signaling in human AVM. To investigate whether 
this endothelial signaling axis from EPHB4 to RASA1 to mTORC1 
identified in the zebrafish model is relevant to human AVMs, we 

Figure 3
RASA1 participates in arteriovenous connections during vessel formation. (A–D) Arte-
riovenous connection assay was performed at 48 hpf. Balanced proportion of arterial  
(A, red) and venous (V, blue) ISVs in control embryo is shown (A). More venous ISVs 
were formed in rasa1a (750 μM; B) or ephb4a (500 μM, C) MO–injected embryos. Graph 
indicates the percentage increase in venous ISV over the balanced ratio (D; n = 20  
per condition, mean ± SEM from 3 independent experiments; **P < 0.01. DA, dorsal 
aorta; PCV, posterior cardinal vein. (E–J) Synergistic experiment was performed using 
subthreshold, low doses of MOs. Representative images of control (E) and embryos 
injected with low dose ephb4a (150 μM; F) or rasa1a (250 μM; G) MO show no pheno-
type. Augmented caudal vascular defects with coinjection of low-dose ephb4a, rasa1a, 
or efnb2a (250 μM) MO are also shown (H–J). Red arrows indicate enlarged caudal 
vessels. Scale bars: 100 μm (A–C); 500 μm (E–J).
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tested surgically resected patient samples to include both RASA1 
mutation–positive and phenotypically similar AVMs. Tissues 
from 11 patients with various vascular anomalies were tested: 3 
CM-AVM (OMIM 608354, 5q13.3) samples with confirmed RASA1 
mutations; 2 samples from Parkes Weber syndrome (PWS) (OMIM 
608355, 5q13.3), which is associated with RASA1 mutations (5, 6); 
and 6 other AVMs. For control blood vessel staining, we used sub-
cutaneous tissue from a healthy individual. We tested for phos-
pho-S6 (p-S6) as an indicator of mTORC1 pathway activation 
and phospho-ERK1/2 (p-ERK1/2), as a marker for RASs-ERK1/2 
activation. Little or no staining was detected for p-S6 or p-ERK1/2 
in normal vessels (Figure 6A). However, tissues from the patients 
with confirmed RASA1 mutations showed staining for p-S6, par-
ticularly in endothelial cells lining the vessel lumen as well as sur-
rounding cells (Figure 6, B–G). In PWS (Supplemental Figure 9,  
A and B), both p-S6 and p-ERK1/2 stained positive in blood ves-
sels. For all the other AVMs, a strong endothelial p-S6 signal 
was clearly seen, but the p-ERK1/2 signal was indistinguishable 
from the background (Supplemental Figure 9, C–E, and data not 
shown). In this set of patient samples, we demonstrate a consistent 
increase in mTORC1 signaling in 11 out of 11 samples of human 
AVMs. For the RAS-ERK1/2 pathway, p-ERK1/2 staining was ele-
vated in 5 out of 11 (45%) of the samples tested. Thus, mTORC1 
overactivation appears to be an important and persistent molecu-
lar driver for AVMs, including RASA1-dependent CM-AVMs.

Discussion
The prominence of RAS oncoproteins in human cancers has 
provided a strong driving force to determine its cellular func-
tion and to define its molecular partners (50). Discovering that 
RASGAPs, such as RASA1, function as negative regulators of 
RAS has improved our understanding of how certain oncogenic 
mutations allow RAS to avoid RASGAPs and remain constitu-
tively activated (51, 52). Activated RAS binds to and activates 
the serine-threonine kinase RAF as a major effector. RAF then 
phosphorylates the MEK1/2 kinases, which in turn activate 
ERK/MAPK by phosphorylation at both tyrosine and threonine 
residues (53). Furthermore, RAS can also stimulate PI3K through 
direct interaction with the catalytic p110α subunit (54–57).  
Despite biochemical and cancer studies confirming these 
intracellular interactions with RAS, it remains unknown how 
these pathways are utilized to generate specific cellular responses 
in vivo. Thus, determining how autosomal dominant mutations 
in the globally expressed RASA1 gene induce vascular-specific 
lesions can provide an important entry point to understanding 
the in vivo regulation of RAS downstream pathways that may be 
applicable to many human diseases including cancer.

One of the difficulties in studying vascular lesions is the lack of 
an accessible animal model. By employing the zebrafish as an alter-
native vertebrate model, we demonstrated that reduced RASA1 
function leads to impaired circulation and arteriovenous miscon-

Figure 4
Overactive TORC1 contributes to vascular phenotypes. (A and B) Endothelial nuclei counts were done in the boxed area spanning 5 ISVs cau-
dally from the end of yolk extension in control embryo (A) or embryo coinjected with ephb4 and efnb2a MOs (dMO; both MO at 250 μM; B), at 
48 hpf using an endothelial line with nuclearly targeted EGFP (38). Scale bar: 100 μm (A and B). (C) Graph showing the result of nuclei count 
(n > 20 per condition; mean ± SEM from 3 independent experiments). (D) Western blot showing embryonic tail lysates from control or dMO, 
detected with antibodies as indicated. Black arrow indicates overactive TORC1 pathway in dMO lysates. (E and F) Chemical rescue of dMO (E) 
or rasa1a morphant (F) using the arteriovenous connection assay. Inhibitors used are as follows: rapamycin (rapa) (400 nM), GDC0941 (GDC) 
(250 nM), or BEZ235 (BEZ) (250 nM). n = 20 per condition; mean ± SEM from 3 independent experiments; **P < 0.01, ***P < 0.001. See also 
Supplemental Figures 6 and 7.
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nections in hundreds of experimental animals. Furthermore, we 
also demonstrated that these RASA1-dependent vascular defects 
are linked to its role as an endothelial effector for the EPHB4 
receptor. Since EPHB4 is known to promote endothelial cell seg-
regation in the formation of the aorta and cardinal vein (58, 59), 
we suggest that reduced RASA1 function compromises the abil-
ity of the EPHB4 receptor to execute its full function, leading to 
abnormalities in the formation of arteries and veins. By investigat-
ing the molecular nature of reducing ephrin-B2 and EPHB4 func-
tion in our animal model, we uncovered an unexpected increase 
in endothelial mTORC1 activity. To directly interrogate this rela-
tionship, we created a transgenic zebrafish line that overactivates 
TORC1 in endothelial cells. Using this line, we observed enhanced 
vascular defects using low, subthreshold levels of rasa1, ephb4, or 
ephrin-B2/ephb4 MOs. Collectively, these data strongly support 
a functional connection between EPHB4, RASA1 and mTORC1.

Ultimately, a signaling pathway defined in any animal model can 
only provide strong insights into human disease if it can be rigor-
ously tested and the knowledge is clinically relevant. In our study, 
we tested our pathway connection between EPHB4, RASA1, and 
mTORC1 using multiple methods. However, the most convincing 
data in our study have been the robust chemical rescues. Pretreat-
ment of EPHB4/RASA1 knockdown animals with preclinical PI3K 
and/or mTORC1 drugs dramatically restored blood vessel circula-
tion and normal architecture in affected animals. Taken together, 
these data suggest a strong likelihood that perturbed EPHB4-
RASA1-mTORC1 signaling also underlies the vascular defects in 
human CM-AVM. In a normal human blood vessel sample, the 
activity level of the mTORC1 and ERK is low, as indicated by dif-
fused staining for both pERK and pS6 markers. However, in AVM 
samples, staining for pERK and pS6 is often very high, and much 
of the staining is localized to endothelial cells lining the blood 
vessel wall. In 11 samples of AVMs, the pERK signal was elevated 
in 45% while pS6, indicating mTORC1 activity, was increased in 
100% of patient samples, demonstrating that results gleaned from 
the zebrafish model can be applied to investigating the fundamen-
tal signaling pathway changes in patient samples.

In an effort to define an endothelial role for RASA1 as the 
causative gene in CM-AVM, we propose a model where an 
endothelial signaling axis stemming from the activated EPHB4 

receptor leads to the recruitment of RASA1. RASA1 stimulates 
RAS inactivation, resulting in the silencing of its downstream 
components. These signaling changes reduce endothelial 
mTORC1 activity (Supplemental Figure 10A). We envision that 
EPHB4 recruitment of RASA1 generates a prolonged effect on 
RAS inactivation. Unlike other RTKs, EPH family receptors 
require high-order oligomerization to be fully stimulated (60); 
therefore, large numbers of clustered EPHB4 receptors could 
provide numerous binding sites for RASA1 molecules to sustain 
RAS inactivation (Supplemental Figure 10A). However, under 
conditions of partial RASA1 function, as could be the case for 
CM-AVM, insufficient RAS inactivation could disrupt the pro-
cess of arteriovenous differentiation, creating malformations 
in capillaries, arteries, and veins (Supplemental Figure 10B). 
This model is supported by our data using the zebrafish model 
and patient AVM samples. It is also consistent with previous 
in vivo studies on EPHB4 receptor function (21–23), and pro-
vides a molecular explanation for the causative role of RASA1 
mutations in CM-AVM. Our model suggests that this genetic 
deficiency would also provide the driving force behind the recur-
rence of AVMs after intervention (10) because CM-AVM patients 
would likely have inadequate RASA1 function when new vessels 
are being formed during the process of recovery.

Since the original identification of a role for EPHB4 in arterio-
venous differentiation (21–23), endogenous endothelial effec-
tors have not been reported. Here, we provide a molecular con-
nection from EPHB4 to RASA1 to mTORC1 as key players that 
participate in the differentiation of arteries and veins. A number 
of rapamycin-like drugs (rapalogues) have been developed for 
cancer treatment. We note that these inhibitors may also be use-
ful for the treatment of AVMs. From our animal model studies, it 
seems feasible that counteracting mTORC1 overactivation may be 
sufficient to encourage normal blood vessel formation, despite a 
predisposition for reduced RASA1 function. Since human AVMs 
also exhibit the same characteristic increase in mTORC1 activity, 
it may be possible to use rapalogues for a short period of time fol-
lowing sclerotherapy, embolization, and/or surgical removal of 
AVMs to promote normal neovascularization in the affected area. 
The use of mTORC1 inhibitors in this manner may reduce the 
tendency for AVMs to recur.

Figure 5
Enhanced RASA1 or EPHB4 knockdown pheno-
types in a transgenic line with endothelial TORC1 
activation. (A–F) Low, subthreshold dose of either 
rasa1a MO (250 μM; A and D), ephb4a MO  
(150 μM; B and E), or dMO (150 μM each; C and F)  
was injected in WT sibling or Tg(fli1:RhebS16H) 
embryos. At 48 hpf, WT sibling with low-dose MO 
injected had no vascular phenotype (A–C); however,  
when injected in embryos with RhebS16H trans-
gene, the vascular phenotypes were augmented 
(D–F). Experiments for this paper were conducted 
using F3 and F4 embryos. Scale bars: 100 μm.
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Evidence for an effective use of mTORC1 inhibitors has been 
provided through treatment of children with a TSC-dependent 
type of brain tumor (61). Furthermore, in a retrospective study 
on patients with clinically severe forms of vascular anomalies, 
treatment with rapamycin was shown to improve symptoms for 
6 out of 6 patients (62). Our study supports the inclusion of CM-
AVM and/or PWS in clinical trials. The ability to use an FDA-
approved drug for the treatment of additional human diseases 
provides significant savings of the time and resources needed to 
develop new drugs. A targeted therapy for a vascular anomaly 
would also contribute to the goal of developing “personalized 
medicine” for patients and their family members living with 
genetic mutations in the RASA1 gene.

Methods
Materials. Antibodies used in this study were acquired as follows: anti–
phospho-AKT (Ser473), phospho-AKT (Thr308), phospho-p70S6K 
(Thr389), phospho-ERK1/2 (p44/42), AKT, p70S6K, and ERK1/2 anti-
bodies (Cell Signaling Technology); anti-EPHB4 and anti-actin antibod-
ies (Sigma-Aldrich); anti-p120-RasGAP (Santa Cruz Biotechnology Inc.), 
anti-human IgG Fc fragment specific antibody (Jackson Immunoresearch 
Laboratories); anti-EPHB4 antibody (R&D Systems); and G10 anti-pY 
antibody (gift from Thomas M. Roberts, Department of Cancer Biology,  

Dana-Farber Cancer Institute, Boston, Massachusetts, USA). For 
immunohistochemistry, monoclonal anti-phospho-AKT (S473), phospho-
S6 (S235/236) and phospho-ERK1/2 from Cell Signaling Technology were 
used. Rapamycin was from Enzo Life Sciences International; GDC0941 
and BEZ235 were from Axon Medchem BV.

Mouse retinal angiogenesis assay. Protocol for this assay has been pub-
lished elsewhere (63, 64). Briefly, gene knockdown in mouse retina was 
performed by injecting RASA1 siRNA (0.5 μg; Supplemental Table 1) 
intravitreally into the left eye of C57BL/6 mouse at P6. Mouse RASA1 
siRNA was designed as previously described (65). The same amount 
of control siRNA (Ambion) was injected into the right eye of the same 
mouse to serve as a control.

Retinal vascular formation was assessed 2 days after injection 
using flat-mounted, f luorescein-conjugated isolectin staining and 
immunohistochemical analysis (n > 5). Quantification of vessel density 
was performed using Adobe Photoshop as described previously (63, 64). 
Retinal RNA was purified and RASA1 expression was quantified using 
quantitative RT-PCR (qRT-PCR). Primers used for this analysis are also 
shown in Supplemental Table 2.

Cell culture. Human embryonic kidney (HEK) 293T cells were cultured in 
DMEM medium containing 10% FBS at 37°C, 5% CO2, for all experiments. 
Cells were harvested following stimulation with clustered ephrin-B2-FC 
for 30 minutes. Recombinant ephrin-B2-Fc chimera (R&D Systems) was 

Figure 6
Overactive endothelial mTORC1 is consistently found in RASA1 mutation–positive patient tissues. Representative images of immunostaining 
with CD31 (PECAM-1, marker for endothelial cells), p-S6 (S235/236; marker for mTORC1 activation) or p-ERK1/2 (marker for increased 
RAF-MEK activation) from healthy tissue (A) or resected CM-AVMs from patients with RASA1 mutation (B and C). Black arrowheads indicate 
positive endothelial staining (overlapped staining with CD31); red arrowheads indicate no endothelial staining. (D–F) CM-AVM patient no. 1 
(CM-AVM no. 1; B) had capillary stain on the back (D, enlarged in E) overlying a spinal cord AVM (F, sutures holding back open dura mater 
exposing AVM on spinal cord; photo, courtesy of Edward Smith, Boston Children’s Hospital). (G) CM-AVM patient no. 2 (CM-AVM no. 2; C) 
had CM-AVM on the lip. Scale bars: 50 μm (A–C).
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preclustered as previously described (66). Briefly, recombinant ephrin-
B2-Fc chimera was incubated with anti-human IgG Fc fragment–specific 
antibody (Jackson Immunoresearch Laboratories) for 1 hour on a rocker at 
4°C. Clustered ephrin-B2-Fc was dissolved in medium to a final concentra-
tion of 1 to 2 μg/ml for stimulation.

DNA constructs, mutagenesis, and transfection. Human full-length RASA1 
cDNA clone for transfection was purchased from OriGene Technologies. 
The zebrafish ephb4a cDNA sequence was used to generate the ephb4a MOs 
as well as the full-length ephb4a mRNAs (WT and mutants). WT or mutant 
ephb4a or rheb cDNAs were subcloned into pCS2+ vector. Mutagenesis of 
EPHB4a (EPHB4aFF, EPHB4aEE+Grb2) and RHEB (RHEBS16H) was per-
formed using the QuikChange XL Site-Directed Mutagenesis Kit (Strata-
gene) and confirmed by DNA sequencing.

Biotinylation of cell surface proteins. Cells were washed with PBS twice and 
incubated with biotinylation buffer (0.1 mg/ml Sulfo-NHS-SS-Biotin [Ther-
mo Fisher Scientific], 50 nM NaPO4 [pH 8.0-8.5], 110 mM NaCl) for 30 min-
utes on ice. Cells were then washed 3 times with PBS and lysed with RIPA 
buffer supplemented with protease inhibitors and sodium orthovanadate.

Immunoprecipitation and coimmunoprecipitation. For immunoprecipitation, 
cells were lysed in RIPA lysis buffer supplemented with protease inhibi-
tors and sodium orthovanadate, and 250 μg of lysate was incubated with 
EPHB4 antibody (R&D Systems) or 4G10 antibody for 1 hour. For coimmu-
noprecipitation, cells were lysed in HNTG buffer (20 mM HEPES [pH 7.5],  
150 mM NaCl, 0.1% Triton-X 100, 10% glycerol) supplemented with protease 
inhibitors and sodium orthovanadate, and 2 mg of lysate was used for the 
incubation with the primary antibody. Then,protein A/G PLUS-Agarose  
was added (Santa Cruz Biotechnology Inc.) for incubation overnight at 4°C 
on a rocker. For biotinylated cells, 250 μg of lysate was incubated with strep-
tavidin beads (Thermo Fisher Scientific) for 2 hours. Beads were washed  
3 times with PBS or lysis buffer used to lyse the cells, and bound proteins 
were resolved on SDS-PAGE, then transferred onto nitrocellulose.

Human tissue section and immunohistochemistry. Patients having under-
gone surgical excision of RASA1 mutation–positive or related lesions were 
identified via review of medical records at the Vascular Anomalies Cen-
ter, Boston Children’s Hospital. Six formalin-fixed, paraffin-embedded 
patient tissue sections, 3 with confirmed RASA1 mutations (de Duve Insti-
tute, Université Catholique de Louvain, Brussels, Belgium), were obtained 
(IRB S11-02-0031). Detection of phosphoproteins, p-S6 and p-ERK1/2, 
was validated by immunohistochemistry. The p-S6 (S235/236) rabbit 
monoclonal antibody was used at a 1:200 dilution after antigen retrieval 
with 10 mM sodium citrate steam treatment for 20 minutes (as previously 
described) (67). The p-ERK1/2 rabbit monoclonal antibody was used at a 
1:100 dilution, also after sodium citrate antigen retrieval. Secondary bio-
tinylated anti-rabbit IgG (Vector Labs) was used at a 1:1000 dilution, and 
tertiary streptavidin–horseradish peroxidase (Vector Labs) was used. The 
CD31 antibody staining was performed by the Dana-Farber/Harvard Can-
cer Center Specialized Histopathology Core. Sections were blinded to the 
researcher during staining and processing.

Maintenance of zebrafish. Breeding zebrafish were normally maintained at 
28.5°C on a 14-hour light/10-hour dark cycle in a recirculating tank sys-
tem. The following lines were used in this study: WT AB line; Tg(fli1:egfp)y1; 
Tg(gata1:dsRed); Tg(fli:nEGFP)y7 (32, 33, 38). Embryos were collected by 
natural spawning, and raised in E3 embryo buffer (5 mM NaCl, 0.17 mM 
KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) at 28.5°C.

Microinjection. Zebrafish ephb4a cDNA was linearized, and capped RNAs 
were in vitro transcribed using the Message Machine Kit (Ambion Inc.) 
following the manufacturer’s instructions. Two nanoliters of each MO 
or mRNA were microinjected into 1-cell stage embryos using a gas-driven 
microinjector (Medical Systems Corp.). All mRNAs were injected at 30 ng/μl.  
Sequences for each MO are presented in Supplemental Table 3.

RNA in situ hybridization. Whole-mount zebrafish in situ hybridization 
using digoxigenin-labeled sense and antisense RNA probes was performed 
using standard methods, as previously described (68). RNA probes con-
taining digoxigenin-11-UTP (Roche Applied Science) were visualized using 
the BM purple alkaline phosphatase substrate (Roche Applied Science).

Zebrafish phenotype scoring. We employed 2 types of assays to score 2 distinct 
vascular phenotypes in morphants. To evaluate caudal blood vessel function, 
we used a caudal functional assay (n = 100 embryos per condition; N = 3 for all 
experiments). Phenotypes were categorized into either normal (indistinguish-
able from WT controls) or limited blood flow (including mild [partial blood 
flow] or severe [no blood flow]) at 48 or 72 hpf. The change in proportion 
of normal embryos under each condition was compared with the untreated 
morpholino-injected embryos to determine rescue efficiency. To quantitate 
the arteriovenous ISV connection, we designed the “arteriovenous connection 
assay” (n = 20 embryos per condition; N = 3, for all experiments). A counting 
region containing 8 ISVs (from mid-trunk to end of yolk extension) was used 
for each embryo at 48 hpf. Normalized against a ratio of 50% venous ISVs 
(and 50% arterial ISVs), a relative percentage change in venous ISVs was used 
in quantitation and analysis. Both assays were performed using double-trans-
genic embryos; refs. 32, 33), with endothelial and red blood cells labeled in 
green and red, respectively. An endothelial line with nuclearly targeted EGFP 
(38) was used to determine cell number in the area spanning 5 caudal ISVs 
starting from the end of yolk extension at 48 hpf (n > 20 embryos per condi-
tion; N = 3). Student’s t test was used for all statistical analysis, and all data are 
shown as means ± SEM from 3 independent experiments.

Validation of MO knockdown efficiency. MOs were designed to inhibit 
splicing of pre-mRNA or to block the translational start site. Knockdown 
efficiency for ephb4a splice MO was confirmed by RT-PCR (Supplemen-
tal Table 4 for primers). For ephb4a and ephrin-B2a AUG MOs, the TNT 
T7 Quick for PCR DNA and Transcend Non-Radioactive Translation 
Detection Systems (Promega) were used according to the manufacturer’s 
instructions. Forward primers were designed, including T7 promoter 
sequence, Kozak sequence, AUG start codon followed by ephb4a or ephrin-
B2a coding sequence; reverse primers were designed, including EphB4a or 
ephrin-B2a sequence followed by stop codon and poly-A tail. Two differ-
ent forward primers were designed for ephb4a or ephrin-B2a. For ephb4a, 
these included the following: (a) a primer including an ephb4a MO target 
5′ UTR sequence, and (b) a primer lacking a target 5′ UTR sequence. For 
ephrin-B2a, these included the following: (a) a primer with WT ephrin-B2a 
sequence with the MO targeting site; (b) a primer with silent mutations 
at the MO targeting site. Mutations were induced using QuikChange XL 
Site-Directed Mutagenesis Kit (Stratagene). Together with the reverse 
primers, PCR was performed using full-length ephb4a or ephrin-B2a con-
struct as a template. The resulting PCR products were used in reactions 
containing biotin-lysysl-tRNA, with or without MO targeting ephb4a or 
ephrin-B2a. as described by the manufacturer. Protein samples were then 
separated on SDS-PAGE, followed by a standard Western blot protocol. 
Membranes were probed with streptavidin-HRP, and proteins were detect-
ed by chemiluminescence. Zebrafish RASA1a (rasa1, XM_001341973, 82% 
amino acid identity) and RASA1b (similar to p120GAP, XM_001921687, 
76% amino acid identity) sequences were identified through bioinformatic 
analysis. Using these sequences, both rasa1 MOs were designed against an 
intron-exon boundary (i2e3). Targeting of each transcript was confirmed 
by RT-PCR (Supplemental Table 4 for primers).

Acridine orange staining. Dechorionated embryos were placed in  
50 μg/ml acridine orange (acridinium chloride hemi-[zinc chloride]; 
Sigma-Aldrich) diluted in 10% Hank’s saline solution for 30 minutes at 
room temperature in the dark. Embryos were then washed 3 times for 
10 minutes with 10% Hank’s saline solution and were mounted on glass 
slides for fluorescence microscopy.
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S11-02-0031. Informed consent was obtained from participants or their 
guardians prior to tissue donation.
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Zebrafish tail lysate preparation. Zebrafish embryonic tails (beyond yolk 
extension, n = 300) were carefully microdissected using a scalpel and col-
lected into a microfuge tube on ice, then homogenized in RIPA lysis buffer, 
supplemented with protease inhibitors and vanadate. Western blot analysis 
was performed using 100 μg of control or experimental lysate.

Chemical inhibitor treatments. Rapamycin (400 nM), GDC0941 (250 nM), 
or BEZ235 stocks (250 nM) were dissolved in DMSO, then diluted in E3 
embryo buffer. Zebrafish embryos at 24 hpf were treated with each inhibi-
tor at 28.5°C as previously described (69) for 48 hours. Rapamycin was 
refreshed every 24 hours.

Zebrafish transgenesis. Transgenesis constructs were generated using 
Multisite Gateway system (Invitrogen) and the Tol2kit system (49). 
Briefly, gain-of-function zebrafish Rheb mutant RhebS16H cDNA was 
cloned into the pME-MCS vector. An LR clonase reaction was used to 
recombine the p5E-fli1 5′ entry clone, the pME-RhebS16H middle entry 
clone, and the p3E-polyA 3′ entry clone into the pDestTol2CG2 vector. 
This recombination resulted in the generation of the pDestTol2CG2-
fli1:RhebS16H vector.

Zebrafish embryos were injected with 2 nl of 25 ng/μl (50 pg) pDestTol-
2CG2-fli:RhebS16H and 35 ng/μl (70 pg) Tol2 transposon mRNA within 
15 minutes of fertilization. Injected embryos were raised to 48 hpf, and 
those with both cardiac myosin light chain promoter-driven (cmlc2) EGFP 
expression and with WT appearance were raised as potential founders (F0). 
Once reaching sexual maturity, these founders were outcrossed to the 
Tg(fli1:EGFP)y1 line (32) to visualize endothelial cells. Embryos that lacked 
the cardiac fluorescent reporter were the WT siblings, with no obvious 
defects. This process continued in the selection of F2, F3, and F4 genera-
tions to generate the Tg(fli1:RhebS16H) line.

Statistics. A 1-tailed Student’s t test was used for most statistical analyses, 
with the exception of Figure 4, E and F, where a 2-tailed Student’s t test 
was used. Data are shown as mean ± SEM from 3 independent experi-
ments (n = 3). The sample sizes are indicated with “n”. In each case, the  
P value is also provided. P < 0.05 was considered significant.

Study approval. All animal protocols were approved by the Institu-
tional Animal Care and Use Committee of Boston Children’s Hospital, 
protocol number 13-04-2383R. The use of paraffin blocks containing 
patient tissue samples were approved by the IRB, protocol M09030158; 
related lesions were identified via review of medical records at the Vas-
cular Anomalies Center, also approved by the IRB, protocol M09030158, 
at the Boston Children’s Hospital. Three formalin-fixed, paraffin- 
embedded patient tissue sections with confirmed RASA1 muta-
tions were obtained from the de Duve Institute under IRB protocol  
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