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Somatic Gain of KRAS Function in the Endothelium
s Sufficient to Cause Vascular Malformations That
Require MEK but Not PISK Signaling

Jason E. Fish;" Carlos Perfecto Flores Suarez’, Emilie Boudreau®, Alexander M. Herman, Manuel Cantu Gutierrez,
Dakota Gustafson, Peter V. DiStefano, Meng Cui, Zhigi Chen, Karen Berman De Ruiz, Taylor S. Schexnayder, Christopher S. Ward,
Ivan Radovanovic, Joshua D. Wythe

RATIONALE: We previously identified somatic activating mutations in the KRAS (Kirsten rat sarcoma viral oncogene homologue) gene
in the endothelium of the majority of human sporadic brain arteriovenous malformations; a disorder characterized by direct
connections between arteries and veins. However, whether this genetic abnormality alone is sufficient for lesion formation,
as well as how active KRAS signaling contributes to arteriovenous malformations, remains unknown.

0BJECTIVE: To establish the first in vivo models of somatic KRAS gain of function in the endothelium in both mice and
zebrafish to directly observe the phenotypic consequences of constitutive KRAS activity at a cellular level in vivo, and to test
potential therapeutic interventions for arteriovenous malformations.

METHODS AND RESULTS: Using both postnatal and adult mice, as well as embryonic zebrafish, we demonstrate that endothelial-
specific gain of function mutations in Kras (G12D or G12V) are sufficient to induce brain arteriovenous malformations. Active
KRAS signaling leads to altered endothelial cell morphogenesis and increased cell size, ectopic sprouting, expanded vessel
lumen diameter, and direct connections between arteries and veins. Furthermore, we show that these lesions are not associated
with altered endothelial growth dynamics or a lack of proper arteriovenous identity but instead seem to feature exuberant
angiogenic signaling. Finally, we demonstrate that KRAS-dependent arteriovenous malformations in zebrafish are refractory to
inhibition of the downstream effector PI3K but instead require active MEK (mitogen-activated protein kinase kinase 1) signaling.

CONCLUSIONS: We demonstrate that active KRAS expression in the endothelium is sufficient for brain arteriovenous malformations,
even in the setting of uninjured adult vasculature. Furthermore, the finding that KRAS-dependent lesions are reversible in
zebrafish suggests that MEK inhibition may represent a promising therapeutic treatment for arteriovenous malformation patients.

GRAPHICAL ABSTRACT: A graphical abstract is available for this article.
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abnormal direct connections between arteries and  dynamics may lead to extensive remodeling of the con-
veins that bypass a capillary network.! Because  duit vessels into a tangled nidus; a hallmark of bAVMs.?
blood flow and pressure are not dissipated, the vein can Because of their propensity to leak or rupture, these

Brain arteriovenous malformations (bAVMs) are become distended and enlarged. Over time, altered flow

Correspondence to: Jason E. Fish, PhD, Toronto General Hospital Research Institute, University Health Network, Toronto Medical Discovery Tower, MaRS Bldg, 101
College St, 3-308, Toronto, ON M6G 1L7, Email jason.fish@utoronto.ca; or Joshua D. Wythe, PhD, Cardiovascular Research Institute, One Baylor Plaza, Baylor College
of Medicine, Houston, TX 77030, Email joshua.wythe@bcm.edu

JEF, CPFES, and E.B. contributed equally to this article.
The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.119.316500.
For Sources of Funding and Disclosures, see page 741.

© 2020 The Authors. Circulation Research is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article
under the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided
that the original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

Circulation Research is available at www.ahajournals.org/journal/res

Circulation Research. 2020;127:727-743. DOI: 10.1161/CIRCRESAHA.119.316500 August 28,2020 727


mailto:jason.fish@utoronto.ca;
mailto:joshua.wythe@bcm.edu
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.119.316500
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-3225-2937
https://www.ahajournals.org/doi/10.1161/CIRCRESAHA.119.316500
https://circres.ahajournals.org/content/127/6/744
https://circres.ahajournals.org/content/127/6/703
https://circres.ahajournals.org/content/127/6/704

-
=]
=
=
Ll
]
(7]
o=
—
=
=
=
=
S

Fish et al

KRAS Mutations Cause Arteriovenous Malformations

Novelty and Significance

What Is Known?

« Somatic mutations in the KRAS (Kirsten rat sarcoma
viral oncogene homologue) gene are detected within
the endothelial cells (ECs) lining the vessels of brain
arteriovenous malformations (bAVMs) in the majority of
patients with sporadic lesions.

* Histological analysis shows that these activating muta-
tions in KRAS lead to the constitutive activation of the
downstream MAPK/MEK (mitogen-activated protein
kinase kinase 1)/ERK (extracellular signal-regulated
kinase) signaling pathway.

* In cultured ECs, expression of active KRAS increases
migration and alters cell shape and actin dynamics
without affecting proliferation.

What New Information Does This Article

Contribute?

* In both mouse and zebrafish models, expression of
mutant KRAS in the endothelium is sufficient to induce
bAVMs in vivo.

* In vivo, ECs expressing active KRAS have increased
cell size and increased sprouting behavior, and vessels
are tortuous with dilated lumens, and abnormal con-
nections occur between arteries and veins. Critically,
these ECs do not show increased proliferation.

* Inhibition of MEK/ERK signaling, but not PI3K activ-
ity can suppress the KRAS-induced gene signature
in cultured ECs, and can rescue lesion formation and
reverse established arteriovenous shunts.

Arteriovenous malformations are the leading cause
of brain hemorrhage in children and young adults.
Most bAVMs are sporadic (ie, no familial history
of inheritance). We recently showed that somatic
activating KRAS mutations occur in the endothe-
lium of the majority of these lesions, and that this
leads to activation of the MAPK/MEK/ERK signal-
ing pathway in cultured ECs. This suggested that
pharmacological treatments for brain arteriovenous
malformations may be possible. However, whether
somatic KRAS mutations actually cause these vascu-
lar lesions, and the requirement of the MAPK/MEK/
ERK pathway in maintaining these malformations,
were not known. Furthermore, the mechanisms that
lead to sporadic arteriovenous malformation have
not been deciphered. Here, we establish the first
animal models of KRAS-dependent bAVMs in both
mice and zebrafish. We demonstrate that expression
of active KRAS in the endothelium of the brain is suf-
ficient to produce bAVMs. At the cellular level, blood
vessels expressing active KRAS have expanded
lumens, ectopic sprouting, and abnormal connec-
tions between arteries and veins. At the molecular
level, we identify MEK-dependent angiogenic gene
networks that are activated in KRAS-expressing
ECs. Importantly, inhibition of MEK in our zebrafish
model reveals that established arteriovenous shunts
can be reversed, giving hope that such approaches
may be useful in a clinical setting.

Nonstandard Abbreviations and Acronymns

AVM arteriovenous malformation
bAVM brain arteriovenous malformation
DA dorsal aorta

EC endothelial cell

ISV intersomitic vessel

vascular malformations are the leading cause of hem-
orrhagic stroke in children and young adults." Current
therapy is limited to surgical resection, endovascular
embolization or stereotactic radiosurgery, but this carries
significant risk and is not always possible depending on
location. No pharmacological interventions have been
developed, which is due to our rudimentary understand-
ing of the biology underlying the origin and progression
of sporadic bAVMs. By performing exome sequencing on
resected patient bAVM tissues and matching peripheral
blood as a germline control, our group found that somatic
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activating mutations in the gene KRAS (Kirsten rat sar-
coma viral oncogene homologue) —which encodes RAS
GTPase (guanosine triphosphate hydrolase) —occurred
in the endothelium of ~60% of all sporadic bAVMs.3 This
finding of somatic KRAS mutations has since been con-
firmed by others.*”” However, no preclinical studies have
been performed to test whether active KRAS mutations
are sufficient to drive the formation of arteriovenous mal-
formations (AVMs).

KRAS activating mutations have been observed in
both codon 12 (G12V, G12D, G12C) and in codon 61
(QB1H).3" These same mutations are highly prevalent in
cancer, where they constitutively activate KRAS by pre-
venting GTP hydrolysis.® Activating mutations have also
been identified in BRAF and MAP2K1/MEK (mitogen-
activated protein kinase kinase 1) in AVMs.57 Each of these
mutated genes function in the MEK/ERK (extracellular
signal-regulated kinase) kinase cascade, suggesting this
pathway plays a key role in AVM pathogenesis. Indeed,
we observed robust MEK/ERK activity in all bAVM tis-
sues that we examined, even those that did not contain
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detectable KRAS mutations, indicating that excessive
activity of this pathway is a central feature in the patho-
genesis of these lesions.®

Interestingly, somatic mutations in the endothelium
have been observed in several other vascular malforma-
tions, including capillary malformations and venous mal-
formations, but the mutations and signaling pathways in
these diseases are distinct.?"'® Based on this information,
targeted therapies for venous malformations have been
tested in slow-flow lesions in patients, with some suc-
cess.'* 8 MEK signaling has been implicated in artery
development'”"'® and angiogenesis,?®**' and we previ-
ously showed that inhibition of the MEK pathway could
suppress abnormal endothelial cell (EC) gene expression
networks and morphology in active KRAS-transfected
cells in vitro.® These findings suggest that exploration of
MEK/ERK pathway inhibition may be warranted in spo-
radic bAVM patients. This is intriguing given the recent
approval of several MEK inhibitors for treating cancer.??
However, the failure to demonstrate that KRAS activa-
tion definitively leads to bAVMs in animal models remains
a significant hurdle to testing these, and other novel ther-
apies in a preclinical setting.

Thus, we set out to create mouse and zebrafish mod-
els of KRAS-induced, sporadic bAVMs. We found that
pan-endothelial expression of constitutively active KRAS
led to early postnatal lethality in mice, with focal cranial
hemorrhage. However, both central nervous system-spe-
cific postnatal endothelial gain of KRAS activity, as well
as later pan-endothelial induction in adults, bypassed this
early lethality and led to dilated vessels and bAVMs. Simi-
lar phenotypes were observed upon endothelial-specific
expression of mutant KRAS in the developing zebrafish,
as embryos demonstrated overt hemorrhage and clear AV
shunts, with accompanying alterations in vascular morpho-
genesis, including increased EC size, ectopic sprouting,
and expanded vascular lumens. Notably, brain hemorrhage
and existing AV shunts were partially rescued by phar-
macological inhibition of MEK activity. Collectively, these
results establish novel animal models for the future study
of KRAS-mediated bAVM progression. Furthermore, this
study indicates that MEK inhibition is a promising thera-
peutic strategy for treating bAVMs in humans.

METHODS

The authors declare that all supporting data are available
within the article and its Data Supplement. RNA-seq data
has been deposited at the Gene Expression Omnibus, our
informatics RStudio pipeline is contained within the Data
Supplement, and all plasmids will be deposited at Addgene.
Reasonable requests for fish or mice will be fulfilled by the
corresponding authors.

A complete description of Methods is included in the Data
Supplement. Please see the Major Resources Table in the Data
Supplement.
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RESULTS

Early Postnatal Expression of KRAS¢2P
in the Murine Endothelium Results in
Cerebral Hemorrhage and Death

To explore the cellular and molecular mechanisms that
underlie bAVMs in patients harboring somatic KRAS
gain of function mutations, we generated compound
transgenic mice that harbor a tamoxifen-inducible, EC-
specific Cre recombinase (Cdh5(PAC)-CreERT2, which
we will refer to hereafter as Cdhb-CreER)?® and a con-
ditional, Cre-activatable mutant Kras allele.?* In this lox-
stop-lox mutant Kras conditional mouse strain (referred
to as Kras®?P), expression of the constitutively active
Kras®?P  mutant transcript requires Cre-dependent
removal of a transcriptional stop cassette (Online Fig-
ure IA). This conditional mutant allele is targeted to the
endogenous Kras locus, which ensures that physiological
levels of constitutively active Kras’?? transcript are only
expressed from the native promoter following removal of
the stop cassette. Of note, activation of the Cdh5-CreER
driver at P1 led to uniform expression of a recombined
RosaZ6%" lineage reporter throughout the entire brain
vasculature at P14 (Online Figure Il). Kaplan-Meier sur-
vival analysis determined that administration of tamoxi-
fen at P1 to Cdh5-CreER; Kras®’? (hereafter referred
to as inducible EC-specific Kras®'?’, or |EC-Kras®'?P)
mice on a variety of fluorescent reporter backgrounds
(see Methods in the Data Supplement) resulted in sig-
nificant lethality beginning around P12 (Online Figure 1A
and IB; Control, n=48; iIEC-Kras®'??, n~=138). Gross mor-
phological analyses of surviving animals at P21 revealed
an incompletely penetrant phenotype of focal intracranial
hemorrhage (Control, n=0/116; i[EC-Kras®'?", n=11/32),
which was confirmed via 3D imaging of the cortical
cerebrovasculature via light sheet microscopy (Online
Figure IC through IF). However, cortical AVMs were not
observed. In contrast to other established models of
bAVMs, such as Notch gain of function,?® the cerebral
vessels did not appear dilated, but instead appeared thin
and fragile (Online Figure IF; Online Movies | and I1). Ves-
sel density within the brain at P21 was indistinguishable
between Kras mutants (n=D5) and control animals (n=7;
Online Figure I11), suggesting that KRAS gain of function
may not stimulate EC proliferation, in agreement with our
previous in vitro studies.® Analysis of [EC-Kras®’?P mice
on a pure Rosa26%” reporter background recapitulated
the early postnatal lethality, but mutants failed to show
frequent cranial hemorrhage (n=1/6) or cortical bAVMs
(n=0/6) at P14 (Online Figure IVA through IVD). The
lethality of /EC-Kras®/** pups was not due to a failure
to thrive, as they were of comparable size and weight
to their littermate controls (Online Figure IVG and IVH).
Analysis of visceral organs likewise did not reveal obvi-
ous hemorrhage in the intestines, lung, or liver at P14
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(Online Figure IVE and IVF). Assessment of cardiac
structure and function at P14 and P21 failed to reveal
any consistent alterations in iEC-Kras®?” mice (Online
Figure V). As we only analyzed surviving animals at P14
and P21, and these animals did not feature either bAVMs
or organ hemorrhage, and showed mostly normal cardiac
performance, the cause of this early postnatal lethality
remains unclear. Nevertheless, these results led us to
posit that more time and perhaps hemodynamic feed-
back are required to form bAVMs, and that early lethality
in this model precludes lesion formation.

Postnatal Expression of KRAS®'2?? jn the
Murine Central Nervous System Endothelium
Bypasses Early Lethality and Produces bAVMs

To more specifically assess the role of elevated KRAS
activity in the cerebrovasculature, we utilized the
Slc1o1c1(BAC)-CreER®® driver line to restrict mutant
KRAS expression to the brain endothelium. This
approach has the added benefit of more closely mimick-
ing the location of somatic gain of KRAS function muta-
tions observed in human patients.® Females harboring
a Cre-dependent Rosa26%* reporter were crossed to
males containing the SlcTolc1-CreER allele. RFP sig-
nal (a visual readout for CreER activity) was observed in
the endothelium of the brain and retina, likely reflecting
a general central nervous system-wide endothelial activ-
ity of the transgene (Online Figure VIA). In contrast to
previous reports using the same reporter,?®® we observed
CreER activity in the absence of tamoxifen (Online Fig-
ure VIB and VIC). With this leakiness in mind, we main-
tained the Kras®’?” allele in Rosa26*""** dams, separate
from Kras""WT: Slc1o1c1-CreER driver sires, then treated
all offspring with tamoxifen at P1. Notably, immunohisto-
chemical analysis of 8-week-old brains revealed robust
and uniform labeling of the cerebrovasculature through-
out the brain, as well as expression in nonvascular tis-
sues, as previously described?® (Online Figure VII).
Initiation of mutant Kras®/?” expression using the
inducible brain EC driver Slcolc1-CreER (hereafter
referred to as IbEC-Kras®’?P) at P1 did not affect sur-
vival up to 8 weeks of age (Control, n~=0/47 dead; ibEC-
Kras®'?P, n=0/28 dead; Figure 1A and 1B). Unlike the
IEC-Kras®*P pups at P21, IbEC-Kras®?P brains lacked
overt signs of hemorrhage at P21 (Control n=0/14;
IbEC-Kras®’?P n=0/7; Figure 1C). This was also the
case in 8-week-old adult animals, where we only rarely
observed intracranial hemorrhage in the Kras mutants
compared with their control littermates (Control, n~=0/47;
IbEC-Kras®’?P, n=1/28; Figure 1D and 1E). Notably, per-
fusion with fluorescent-labeled lectin, followed by epiflu-
orescence examination, revealed the presence of bAVMs
in IbEC-Kras®’?P adults at 8 weeks of age (n=11/21; Fig-
ure 1F and 1G). These abnormalities, which occurred in
the cortex, just anterior to the cerebellum, as well as near
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the olfactory bulb, were not detected in control animals
at 8 weeks of age (n=0/32; Figure 1F and 1G). Optical
clearing and light sheet confocal microscopy revealed
that the vasculature surrounding these bAVMs was
abnormal, as the vessels appeared tortuous and dilated,
similar to the niduses associated with these lesions in
human patients, whereas these vessels appeared normal
in control animals (Figure 1F, far right, upper and lower
panels; also see Online Movies IIl and V).

Pan-Endothelial Expression of KRAS®'?P in
Adult Mice Bypasses Lethality and Produces
bAVMs

We next sought to determine whether Kras gain of function
throughout the adult murine endothelium was sufficient to
produce bAVMs. Interestingly, in endothelial-specific loss
of function mouse models of Hereditary Hemorrhagic Tel-
angiectasia, such as endothelial-specific loss of AlkT or
Eng, central nervous system AVMs arise if loss of function
is induced in early embryonic stages?’ %% however, they
only appear in adult stages with the addition of an exog-
enous angiogenic stimulus.®3" Similarly, gain of constitu-
tive Notch1 or 4 activity must be initiated during the early
postnatal period to produce bAVMs.® Treatment of /EC-
Kras“?P and control littermates with tamoxifen between 2
and 4 months of age did not affect overall survival up to 8
weeks later (Control, n=0/23; [EC-Kras®'??, n~=0/19; Fig-
ure 2A and 2B). In a pilot cohort, no differences in viabil-
ity were detected up to 36 weeks later (Control, n=0/4;
IEC-Kras®’?P, n=0/3; Figure 2A and 2B). In contrast to
our early postnatal experiments, pan-endothelial induc-
tion of mutant KRAS expression in adult mice failed to
induce hemorrhage after 8 weeks (Control, n=0/23;
[EC-Kras®'?’, n=0/19; Figure 2C and 2D). However, this
induction regime was sufficient to induce bAVMs in iEC-
Kras®’?P animals within 8 weeks of treatment in more
than half of all animals examined (Control, n=0/15;
[EC-Kras®'?P, n=6/11; Figure 2E and 2F). A similar phe-
notypic penetrance was observed 36 weeks after induc-
tion in a small cohort with a limited sample size (Control,
n=0/4; I[EC-Kras®'?’, n=2/3; Figure 2G). Thus, expres-
sion of Kras®/*” in the endothelium is sufficient to induce
bAVMs in both postnatal and adult mice.

Expression of Mutant KRAS in the Endothelium
of Embryonic Zebrafish Alters Vascular
Morphology

To assess the consequences of expressing active KRAS
in the endothelium at a cellular level, we utilized embry-
onic zebrafish. Tol2-transposable element-flanked trans-
genes, with expression of either fluorescently-tagged
wild-type (WT) or mutant human KRAS under the control
of an endothelial-specific kdrl promoter, were injected
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Figure 1. Postnatal expression of active KRAS (Kirsten rat sarcoma viral oncogene homologue) in the murine central nervous
system endothelium bypasses early lethality and produces brain arteriovenous malformations.

A, Breeding scheme for generating inducible brain endothelial cell KRAS mutant mice (ibEC-Kras'?P). Tamoxifen is delivered to pups at P1 and
tissues are harvested at 8 wk of age. B, No survival defects were observed in ibEC-Kras®'?® mice or control Kras"' littermates. (Continued)
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along with transposase mRNA at the 1 to 4 cell stage
to generate mosaic embryos (Figure 3A). Importantly,
the mosaic nature of KRAS expression in this transient
transgenic system mimics the somatic nature of KRAS
mutations in human patients. Expression of N-terminal
EYFP-tagged human KRASYT in the endothelium did
not have an appreciable effect on the phenotype of ECs
in the intersomitic vessels (ISVs) or in the dorsal aorta
(DA) (Figure 3B). In contrast, expression of N-terminal
EGFP-tagged human KRAS®'?V dramatically altered EC
morphology (Figure 3C through 3E). Ectopic sprouting
defects were apparent in 39.0£6.7% of ISVs imaged at
48 hpf that contained KRAS®'?V-expressing ECs (Fig-
ure 3Cl[i and ii]; arrows and Figure 3F). At earlier stages
(ie, 36 hpf), ectopic sprouts containing numerous filopo-
dia could be visualized in Tg(kdrtLifeAct-GFP) embryos
injected with kdr:mScarlet-KRASE™ (Figure 3D). Addi-
tionally, 54.1£7.0% of ISVs expressing KRAS®'?V had
a noticeably larger diameter, and of these =86% had
lamellipodia-like protrusions that resulted in misshapen,
bulbous vessels (Figure 3Clii and iii]; arrowheads, Fig-
ure 3E, Figure 3G). The lumen of KRAS®™-expressing
ISVs was expanded, as evidenced by an abundance of
gatal:.dsRed-expressing red blood cells within the ISV
lumen (Figure 3E). Abnormal morphology was also
noted when KRAS®'?V-expressing cells were located
in the DA or posterior cardinal vein (Figure 3Cli and ii];
arrowheads). Similar phenotypes were evident in 1SVs
expressing BFP-tagged KRAS®™ in the endothelium
(Online Figure VIIIA and VIIIB). The ectopic sprouting
and expanded vessel diameter phenotypes were con-
fined to ISVs containing mutant KRAS-expressing ECs,
as transgene-negative ISVs were phenotypically nor-
mal (Figure 3F and 3G). However, ectopic sprouts were
observed occasionally in nontransgenic ECs adjacent
to mutant KRAS-expressing cells (Online Figure VIIIA),
suggestive of noncell autonomous effects.

We next determined whether EC hypertrophy (eg,
enhanced cell size) or hyperplasia (eg, increased cell
number) were responsible for the wider ISVs. Individual
ECs expressing active KRAS had highly abnormal cel-
lular shapes (Figure 4A) and KRAS®'?V-expressing I1SVs
had significantly (#2.1-fold) increased ISV diameters
(Figure 4B) and expanded blood volumes (Figures 3E
and 4A). Of note, the effect on ISV diameter was cell

KRAS Mutations Cause Arteriovenous Malformations

autonomous as regions of ISVs that lacked transgene
expression were of normal diameter (Figure 4A). Quan-
tification of the number of ECs per ISV revealed that ISV
dilation was not likely due to an augmented number of
cells, as there was only a modest, nonsignificant (+1.17-
fold) increase in the number of ECs (Figure 4C), but the
average size of ECs was significantly increased by ~1.7-
fold (Figure 4D). To further assess the ability of active
KRAS signaling to alter cell size, we quantified cell area in
human umbilical vein ECs electroporated with control or
KRAS®'? constructs. This revealed a ~1.9-fold increase
in cell size in cells expressing mutant KRAS (Figure 4E
and 4F), consistent with our previous observations.®

Activated KRAS Expression Leads to
Arteriovenous Shunting and is Associated With
Cranial Hemorrhages

Observing blood flow by bright field microscopy or
visualizing fluorescently labeled red blood cells in
Tg(gatal:dsRed) embryos revealed that KRASE™
expression in the endothelium resulted in AV shunts
between the DA and the CV (Figure 5A and 5B). Quan-
tification revealed that 47+4.5% of embryos injected
with kdrl:EGFP-KRAS®"?" developed shunts in the dis-
tal axial vasculature at 48 hpf (Figure 5C). In contrast,
embryos injected with kdr:EYFP-KRAS" did not have a
significant increase in the number of shunts (Figure 5C;
Online Figure VIIIC). AV shunts were also prevalentin Tg
(kdr:LifeAct-GFP) embryos expressing BFP-KRASG!2
under the control of kdrl regulatory elements, and this
was accompanied by a breakdown of the normal separa-
tion between the DA and posterior cardinal vein, and a
disruption of actin polymerization (Figure 5D).
Endothelial-specific expression of KRAS®™?V in
zebrafish was associated with cranial hemorrhages in
19.7+4.6% of embryos, as visualized by cranial blood
pooling by bright field imaging (not shown) or confocal
microscopy in Tg(gatal:dsRed) embryos (Figure 5E and
5F). In contrast, expression of KRASYT did not induce
this phenotype (Figure 5F; Online Figure VIIIC). Exami-
nation of vascular morphology revealed that KRAS®'?Y
expression led to a malformed cerebral vasculature,

Figure 1 Continued. C, Representative phase microscopy images of the dorsal surface of the brain at P21 show no cerebral hemorrhages

in either ibEC-Kras®'?° mice (n=0/7) or control littermates (n=0/14; quantification not shown). Scale bar=500 pm. D, Representative phase
microscopy images of the dorsal surface of the brain at 8 wks. Scale bar=500 pm. E, Quantification of the incidence of hemorrhage at 8 wk

of age in both control (n=0/35) and ibEC-Kras®'?” mice (n=1/19). Fisher exact test; P=0.373. F, Representative dorsal surface view, olfactory
bulb at the top and cerebellum at the bottom, via direct fluorescence microscopy of an 8-week-old adult mouse brain following perfusion with
fluorescent lectin. Arteriovenous shunts, or fusions, between cerebral arteries (red letter a) and veins (blue letter v), as well as venous dilation
(white arrow) and tortuosity (asterisk) are evident in ibEC-Kras®'?° animals but not the control littermates at 8 wk of age. Magnified areas (yellow
boxes) are shown in the panels to the right. Far right panels are flattened reconstructions of volume rendered images of the cortical vasculature
following CLARITY clearing and lightsheet confocal microscopy. Scale bar=500 pm for first 2 (left to right) upper and lower panels for wild-type
and mutant brain images (with yellow dashed boxes), and = 100 pm for upper and lower far right magnified images. G, Quantification of the
incidence of brain arteriovenous malformation (bAVM) at 8 wk of age. Fisher exact test; P=4.6x 1075, COS indicates confluence of sinus veins;
MCA, middle cerebral artery; SSS, superior sagittal sinus vein; and TS, transverse sinus vein.
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Figure 2. Pan-endothelial expression of active KRAS (Kirsten rat sarcoma viral oncogene homologue) in adult mice induces
brain arteriovenous malformations.

A, Representative model for induction of pan-endothelial mutant KRAS activity in adult mice. B, No survival defects were observed in KRAS
mutant mice or control animals up to 8 and 36 wk following induction. €, No evidence of hemorrhage was detected at 8 wk post-treatment in
adult KRAS mutant or control animal brains. Representative phase microscopy images of the dorsal and ventral surfaces of the brain are shown.
Scale bar=500 pm. D, Quantification of the incidence of cranial hemorrhage 8 wk after initiating tamoxifen treatment at 2 to 4 mo of age. E,
Representative whole mount epifluorescent views following perfusion of fluorescent-conjugated tomato lectin reveal the presence of brain
arteriovenous malformations (bAVMs; white arrow) just distal to the olfactory bulb (i) and in the cortex just proximal to the cerebellum (Eii and
Eiii). a=artery, v=vein. Scale bar=500 pm for far-left panels, and Ei and Eii, and scale bar=100 pm for Eiii. F, Quantification of bAVM incidence
8 wk post tamoxifen induction. Fisher exact test; P=0.002. G, Quantification of the incidence of bAVM at 36 wk post-tamoxifen induction. The
sample size was too small for statistical analysis.
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Figure 3. Expression of active KRAS (Kirsten rat sarcoma viral oncogene homologue) in the endothelium of embryonic
zebrafish alters cellular morphology.

A, Schematic of mosaic analysis of KRAS expression in the endothelium. Wild-type KRAS (KRAS"T) or mutant KRAS (KRASE'? or KRASE!?P)
were expressed under the control of an endothelial-specific promoter, kdrl. B, Representative image of a Tg(kdrimCherry) embryo injected with a
kdrtEYFP-KRAS"T construct. No changes in cellular phenotype were noted. 52 h post-fertilization (hpf). (Continued)
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including larger diameter vessels and abnormal connec-
tions between vessels (Figure 5G).

KRAS Signaling Does Not Alter AV Identity, but
Activates Angiogenic Signaling

To determine whether expression of mutant KRAS
affected AV identity, we examined the activity of fluores-
cent arterial reporters in vivo. The Tg(DI4:GFP) reporter
line has high activity in arterial ISVs and the DA of the
developing embryo. We did not observe an increase in
the already robust reporter activity in ISVs or the DA in
embryos expressing KRASE™ in the endothelium (Online
Figure IXA). However, we found that DIi4 reporter activ-
ity was elevated in shunts between the DA and poste-
rior cardinal vein and expression was observed in some
KRASE™-expressing venous cells (Online Figure IXA).
However, when we examined Notch activity—a critical
determinant of AV identity—using the transgenic Notch
reporter line Tg(Tp1:GFP), only modest levels of Notch
signaling were evident in shunts and no expression was
detected in KRASS™V-expressing venous cells (Online
Figure IXB). This suggests that expression of active KRAS
may not dramatically alter AV identity. As we previously
demonstrated that the DII4:GFP reporter is regulated by
VEGF signaling and requires a single, intact ETS transcrip-
tion factor DNA binding sequence, and is largely Notch-
independent, we assessed whether ETS reporter activity
was altered by KRAS expression. To do so, we generated a
novel ETS reporter line by concatemerizing the ETS B-site
of the murine DI4 intron 3 enhancer (8X)."® Reporter
activity was detected in ECs of some of the sprouting 1SVs
and the DA at 24 hpf. At later developmental stages (ie,
48 and 72 hpf), low levels of reporter activity remained
confined to the DA and select ISVs (Online Figure IXC).
ETS reporter activity was induced in KRAS®™V-expressing
cells, including within shunts and in venous cells, and was
also elevated in neighboring, transgene-negative cells
(Online Figure IXD).

Activated KRAS Enhances EC Permeability In
Vitro in a MEK-Dependent Manner

Our previous study revealed that KRAS-driven downreg-
ulation of VE-Cadherin at cell-cell junctions in cultured
ECs required MEK activity? To further explore the role
of KRAS in EC permeability and integrity, we performed

KRAS Mutations Cause Arteriovenous Malformations

a transwell leak assay in cultured human umbilical vein
ECs. KRAS®™? expression enhanced EC permeabil-
ity by ~2-fold compared with ECs electroporated with
a control plasmid (Figure BA). Importantly, permeability
was reduced by treatment of KRAS®'?V-expressing cells
with 2 different MEK inhibitors, SL327 or U0126, for
18 hours before the addition of the FITC tracer, but was
not affected by addition of the PI3K inhibitor (PI3Ki),
LY294002 (Figure 6A), despite significant inhibition of
pAKT levels (Online Figure XA). To further determine the
requirement for PI3K and MEK kinase activity down-
stream of precocious KRAS activation in ECs, we per-
formed transcriptional profiling in human umbilical vein
ECs electroporated with empty vector or KRASE'?Y, fol-
lowed by treatment with LY294002, UO126 or vehicle
control. In total, KRAS®'?" expression upregulated 460
genes and downregulated 236 genes (log,-fold change
>0.5 or <—0.5 and adjusted P-value <0.1; Figure 6B).
Gene ontology analysis showed that KRAS®'?Y expres-
sion upregulated processes such as angiogenesis, cell
cycle, regulation of MAP kinase activity, and RNA pro-
cessing, among others (Figure 6B and 6C). Conversely,
KRASE™" expression led to downregulation of such pro-
cesses as cytokine production, response to stress, and
immune responses (Figure 6B and 6C). Further analysis
of KRAS-expressing cells treated with PISK inhibitors
or MEK inhibitors identified 147 KRAS-induced, MEK-
dependent targets that fell into such categories as blood
vessel development, regulation of cell migration, and
RNA processing (Figure 6D and 6E). Critically, KRAS-
induced processes that required MEK activity—such as
angiogenesis and cell migration—were not affected by
PI3Ki (Figure 6F and 6G). Remarkably, PI3Ki only down-
regulated 21 unique targets, with just a single GO term
emerging (Figure 6E). Additional analyses of this dataset
can be found in Online Figures Xl through XIII. Collec-
tively, these results demonstrate that a subset of specific
phenotypic and molecular changes induced by KRASE™Y
expression in ECs require MEK, but not PI3K.

Inhibition of MEK Activity, but Not PI3K
Signaling, Rescues Vascular Defects in
KRAS®'2P-Expressing Embryos

To assess the importance of the MEK signaling pathway
for shunt formation, embryos were treated with 1 yM of

Figure 3 Continued. C, Representative images of Tg(kdrtmCherry) embryos injected with a kdrfEGFP-KRAS®'?V construct. Arrows indicate
ectopic sprouting, while arrowheads indicate vessels with enlarged vessel diameter. Ci; 48 hpf, Cii and Ciii; 52 hpf. D, Representative images of
Tg(kdrlLifeAct-GFP) embryos injected with a kdriEEGFP-KRASS™?V construct or an uninjected control (UIC). Arrows indicate ectopic sprouts. 36
hpf. E, Representative image of a Tg(gataT:dsRed) embryo injected with a kdrfEGFP-KRAS®'?" construct or an UIC. Arrows indicate expanded,
blood-filled lumens in intersomitic vessels (ISVs) expressing KRAS®™2'. 64 hpf. Quantification of ectopic sprouting (F) or expanded vessel
diameter (G) phenotypes in ISVs containing cells expressing the kdrKRASYT or kdrtKRAS®'?Y transgene (+) or in transgene-negative (—) ISVs
or in ISVs in UIC embryos at 48 hpf. Shown is the meantSEM of the percentage of embryos with the indicated phenotype across multiple
experiments. The total number of ISVs assessed is shown below. Kruskal-Wallis test with Dunn multiple comparisons test. Scale bar=50 pym for
B, C; 30 pm for D, E.
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Figure 4. Active KRAS (Kirsten rat sarcoma viral oncogene homologue) expression increases the size of endothelial cells and

expands vessel diameter.

A Representative composite brightfield/fluorescent images of a Tg (fli1:nls-GFP; kdrtLifeActGFP) embryo injected with kdrkScarlet-KRAS®12Y

showing altered vessel morphology and expanded lumen (outlined from brightfield image of blood flow). Endothelial cell (EC) nuclei are indicated
by arrows. Widths of intersomitic vessels (ISVs) with nontransgenic and KRAS®'?-positive cells are indicated with red bars. 48 hpf. Scale bar=20
pm. B, Quantification of average diameter of ISVs containing cells expressing the kditKRASWT or kdrtKRAS®™2" transgene (+) or in transgene-
negative (—) ISVs or in ISVs in uninjected control (UIC) embryos. Kruskal-Wallis test with Dunn multiple comparisons test. €, Quantification of the
number of EC nuclei in ISVs in Tg (fliTa:nls-GFP) embryos containing cells expressing the kdrtKRAS®'?" transgene (+) or in transgene-negative
(—) 1SVs. Unpaired Mann-Whitney U test; P=0.055. D, Quantification of ISV cell area (ie, total ISV area divided by the number of fli1anls-GFP
nuclei) in ISVs containing cells expressing the kdritKRAS®'? transgene (+) or in transgene-negative (—) ISVs. Unpaired Mann-Whitney U test.
Representative images (E) and quantification (F) of human umbilical vein endothelial cells electroporated with control or KRAS®'?¥ constructs,
together with a LifeAct-GFP construct. Scale bar=40 pm. Unpaired Mann-Whitney U test.

the MEK inhibitor, SL327, or an equivalent amount of vehi-
cle (ie, DMSO) at 28 hpf, before the formation of observ-
able shunts, and the prevalence of AV shunts was later
assessed at 48 hpf. Importantly, this dose of SL327 does
not impair ISV formation (data not shown) but does lower
PERK levels (Online Figure XB). We found that SL327
treatment reduced the proportion of KRAS®'?-injected
embryos that had shunts between the DA and posterior
cardinal vein, demonstrating that KRAS-mediated shunt
formation requires MEK activity (Online Figure XC).

736 August 28, 2020

Next, we sought to determine whether MEK activ-
ity was required to maintain established AV shunts.
Zebrafish injected with kdr:EGFP-KRASE™Y were
screened for the presence of AV shunts at =36 hpf
and then embryos were treated with 1 yM SL327 or
an equivalent amount of vehicle control (ie, DMSO),
and the presence of shunts was assessed 24 hours
later (=60 hpf). While #19% of embryos exposed to
DMSO for 24 hours had reversal of established shunts,
treatment with SL327 rescued this defect in *66% of

Circulation Research. 2020;127:727-743. DOI: 10.1161/CIRCRESAHA.119.316500
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Figure 5. Active KRAS (Kirsten rat sarcoma viral oncogene homologue) expression in the endothelium drives the formation of

arteriovenous shunts and cranial hemorrhage.

A, Representative image of an arteriovenous (AV) shunt (indicated by arrow) between the dorsal aorta (DA) and the cardinal vein (CV) in a
Tg(gata:dsRed) zebrafish embryo injected with kdrfEGFP-KRASE'?Y, but not in uninjected controls (UIC). Scale bar=100 um. 60 hpf. B,
Representative image of an AV shunt between the DA (A) and posterior CV (V) in the trunk of a Tg(gatal:dsRed) embryo injected with kdrtEGFP-
KRASE™', but not in UIC. Blood flow is indicated by arrows. Note that EGFP-KRAS®'?V-expressing cells are present at the location of the

shunt. Scale bar=30 um. 64 hpf. C, Quantification of AV shunts and no blood flow phenotypes in the trunk of embryos injected with kdrtEYFP-
KRASYT, kdrfEGFP-KRAS®'?Y or UIC, as assessed under bright field imaging at 48 hpf. Data are mean£SEM of the percentages of phenotypes
from multiple independent experiments. The total number of embryos analyzed are indicated above. One-way ANOVA with Tukey's multiple
comparisons test. D, Representative images of Tg (kdrtLifeAct-GFP) embryos injected with a kditBFP-KRAS®? construct or UIC demonstrating
an AV shunt and altered actin polymerization. Scale bar=20 pm. 72 hpf. E, Representative image of a cranial hemorrhage in a Tg (gata7:dsRed)
embryo injected with kdrilEGFP-KRASE™Y but not in UIC. Scale bar=90 um. 48 hpf. F, Quantification of cranial hemorrhages in embryos injected
with kdrlEYFP-KRAS"T, kdrtEGFP-KRASE'?Y or UIC, as assessed under bright field at 48 hpf. Data are mean+SEM of the percentages of
phenotypes from multiple independent experiments. The total number of embryos analyzed are indicated above. One-way ANOVA with Tukey's
multiple comparisons test. G, Representative images of cranial blood vessels in Tg (kdrtEGFP) embryos injected with kdrkmScarlet-KRAS®™" and
in UIC. The arrow indicates an abnormal vascular connection with large lumen and the arrowhead indicates a vessel with an expanded lumen.

Scale bar=50 um. 54 hpf.

embryos (Figure 7A and 7B). To determine the speci-
ficity of this response, we treated embryos with estab-
lished KRAS®™?V-induced shunts at 36 hpf with the
PI3Ki, LY294002, at a dose (10 pM) that inhibits pAKT
levels but does not affect blood flow (Online Figure XD
and XE), and assessed shunts 24 hours later (Online
Figure XF; Figure 7B). No change in shunt frequency
was observed with this treatment.

We next determined if MEK inhibition could also
reverse KRAS-induced morphological changes in ISVs.
Embryos carrying a Tg(kdriLifeAct-GFP) reporter that

Circulation Research. 2020;127:727-743. DOI: 10.1161/CIRCRESAHA.119.316500

were injected with kdrtmScarlet-KRAS®™ displayed
enhanced ectopic EC sprouting compared with unin-
jected controls at #36 hpf (Figure 7C). Embryos were
then treated with DMSO or SL327 and the same
embryos were imaged again later at ~60 hpf. Ectopic
sprouts were still present in kdrtKRASE'?-expressing
embryos treated with DMSO, while vascular morphol-
ogy appeared to be normalized in SL327-treated
embryos (Figure 7C).

Finally, we sought to determine whether inhibi-
tion of MEK activity could prevent the formation
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Figure 6. KRAS®'?Y (Kirsten rat sarcoma viral oncogene homologue)-signaling disrupts endothelial cell (EC) barrier and alters
gene regulatory networks in a MEK (mitogen-activated protein kinase kinase 1)-dependent manner.

A, EC barrier was assessed using a transwell leak assay with a FITC-Dextran tracer in HUVECs expressing KRAS®'2VAMEK inhibition (MEKI)
with SL327 or U0126 or PI3K inhibition (PI3Ki) with LY294002 or control cells (ie, empty vector). VEGF treatment was included as a positive
control for EC permeability. n=9 for control, KRAS®'? and KRASE'?+SL327; n=3 for KRAS®'?Y+U0126 and KRASE'?+L1Y294002; (Continued)
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of cranial hemorrhages in kdrfKRAS®'?V-injected
embryos. Indeed, addition of SL327 at =28 hpf
reduced the percentage of embryos that developed
hemorrhage by 48 hpf compared with control embryos
(Figure 7D and 7E).

DISCUSSION

AVMs in the brain vasculature are a significant source
of morbidity and mortality in children and young
adults®? New therapies, particularly pharmacological
approaches, are desperately needed as existing surgi-
cal interventions pose significant risks to patients.® It
is now apparent that somatic mutations that lead to
constitutive activation of the KRAS-MEK pathway are
the most common known genetic cause of sporadic
bAVMs and occur in the majority of such lesions.®™
Yet, the mechanisms whereby this signaling pathway
can promote abnormal connections between arteries
and veins is poorly understood. Here, we have devel-
oped the first animal models of this disease and find
that expression of active KRAS (G12V or G12D) in
the endothelium is sufficient to drive the formation of
bAVMs in mice and zebrafish. Furthermore, we dem-
onstrate in zebrafish that inhibition of MEK can block
and even reverse AV shunts. These models will serve
as valuable platforms to uncover the molecular mecha-
nisms involved in sporadic bAVM pathogenesis and to
develop novel therapies. Critically, the lesions observed
in our animal models are analogous to human bAVM
pathology, providing strong evidence that activating
KRAS mutations are causative of the disease and that
MEK inhibition may be a feasible approach for treat-
ment of patients with bAVMs.

While these same KRAS mutations promote pro-
liferation of tumorigenic cells, we demonstrate that
expression of activated KRAS in the endothelium does
not affect proliferation but instead leads to striking
changes in EC phenotype. These phenotypes include
ectopic sprouting, increased cell size, disorganization
of cell shape, expansion of lumen diameter, and abnor-
mal connections between arteries and veins. While we
observed AV shunts, establishment of AV identity did

KRAS Mutations Cause Arteriovenous Malformations

not appear to be altered. Instead, we find increased
activation of ETS reporter activity in KRAS-express-
ing cells and in neighboring ECs in vivo. Given the
critical role of ETS factors in regulating angiogenesis,
coupled with our previous observation of a VEGF-like
transcriptional signature in KRAS expressing cells,?
and our finding of ectopic sprouting in vivo upon
KRAS expression, we suggest that alterations in pro-
trusive and migratory behavior plays a significant,
or even causative role in the formation of abnormal
connections between arteries and veins. In contrast
to other AVM mouse models (eg, Hereditary Hemor-
rhagic Telangiectasia),®'*3¢ injury or external angio-
genic stimuli are not required for AVM formation in
adult vessels as KRAS signaling may provide the
angiogenic and remodeling cues. Stochastic aberrant
connections between arteries and veins or additional
physiological cues that remain to be uncovered may
contribute to the focal nature of bAVMs in our mouse
model (despite widespread expression of mutant
KRAS in all ECs).

A characteristic feature of AVMs are their expanded
vascular lumens. Of note, a recent immunohistochem-
istry study demonstrated that KRASS'? tended to
be expressed in ECs of dilated vessels in bAVMs.*
This matches our observation in zebrafish and mouse
models that active KRAS-expressing vessels feature
a distinctly large diameter. The mechanisms respon-
sible for the expanded lumen are not yet clear, but
we provide evidence that active KRAS signaling leads
to enhanced EC size. Identification of the pathways
activated downstream of KRAS would help determine
the mechanisms underlying KRAS-induced alterations
in cell shape and lumen diameter. Given the involve-
ment of blood flow in mediating morphogenic defects
in distinct types of vascular malformations,3% it will
also be of interest to determine how KRAS-dependent
increases in lumen diameter are involved in disease
pathogenesis and whether KRAS-mutant cells have
abnormal responses to flow.

Although multiple RAS family members are expressed
in ECs (ie, KRAS, NRAS, HRAS), it remains unclear why
sporadic bAVMs involve activating mutations exclusively
in KRAS. Furthermore, mutations in negative regulators

Figure 6 Continued. n=6 for VEGF. One-way ANOVA with Tukey's multiple comparisons test. For simplicity, not all significant comparisons
are indicated. PI3Ki was not able to rescue KRAS-dependent leak; P=0.9999. B, Volcano-plot of differentially expressed genes in HUVECs
expressing KRASS™?Y compared with empty vector control. Associated select GO terms (with enrichment score below and number of genes to
the right) for genes up-regulated by KRAS®'? are shown in red, while those downregulated are shown in blue. C, Heat maps of differentially
expressed transcripts detected by RNA-seq in 2 representative GO categories are shown (n=3 biological replicates). D, A Venn diagram shows
the overlap between genes that are differentially up-regulated in HUVECs expressing KRAS®'2Y compared with empty vector control following
treatment with vehicle (DMSO), PI3Ki (LY294002), or MEKi (U01236). A small subset of KRAS®'?¥ upregulated targets (460 total genes)

are uniquely affected by PI3Ki (21 genes), although MEKi affects a larger cohort of these KRAS-induced transcripts (147 genes). Significant
genes in the Venn diagram were included if they displayed a Benjamini-Hochberg adjusted P-value of <0.1 and a log2 (fold change) >0.5. E,
Associated select GO terms of MEKi- and PI3Ki-sensitive genes. F and G, Heat maps of differentially expressed transcripts detected by RNA-
seq in 2 representative GO categories. KRAS®'?~induced transcripts in these GO categories are not downregulated following PI3Ki but are
decreased following MEKI. See Online Table Il for gene list of KRAS-induced, MEK-dependent and PI3K-dependent transcripts, along with a full

list of linked Gene Ontology categories.
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Figure 7. MEK (mitogen-activated protein kinase kinase 1) inhibition can rescue phenotypes caused by active KRAS (Kirsten rat
sarcoma viral oncogene homologue) signaling in endothelial cells.

A, Representative images of Tg(gatal:dsRed) embryos, that were either uninjected (ie, UIC) or were injected with kditEGFP-KRAS®'2Y. Embryos
were imaged at 36 hpf to identify embryos with AV shunts, at which point these embryos were exposed to either DMSO or 1 uM of the MEK
inhibitor, SL327. The same embryos were imaged at 60 hpf. Scale bar=40 pm. B, Quantification of phenotypes after 24 h of SL327 (1 pM),
LY294002 (PI3K inhibitor, 10 pM), or vehicle (ie, DMSO) treatment. All KRAS®'?Y embryos had shunts at the beginning of treatment. Data

are meantSEM of the percentages of phenotypes from 5 (SL327) or 4 (LY294002) independent experiments. The SL327 and LY294002
treatments were performed in different experiments and data are combined in one graph for visualization purposes, but analysis was done
separately. The total number of embryos analyzed are indicated below. One-way ANOVA with Tukey's multiple comparison test. For simplicity,

not all significant comparisons are indicated. PISK was not able to rescue established shunts; P=0.816. See Online Figure X for more data on
LY294002 treatment. C, Representative images of Tg(kdrtLifeAct-GFP) embryos injected with kdrfmScarlet-KRAS®'?¥ or UIC. Images were
taken at 36 hpf and embryos were treated with 1 uM SL327 or DMSO control and imaging was then repeated on the same embryos at 60 hpf.
kdrtmScarlet-KRASS™?-injected embryos had ectopic sprouts (indicated by arrows) and these continued to be present at 60 hpf in embryos
exposed to DMSO, but this phenotype was normalized by treatment with SL327. Scale bar=20 pm. D, Hemorrhage phenotype in Tg(gata7:dsRed)
embryos treated with DMSO or 1 uM SL327 from 28 to 48 hpf. Hemorrhages are indicated by arrows. Scale bar=200 pm. E, Quantification of
the percentage of embryos with cranial hemorrhage (mean£SEM) from 6 independent experiments. The total number of embryos analyzed are
indicated below. Statistical significance was determined by one-way ANOVA with Tukey multiple comparison test.

of RAS signaling (eg, RASA1/p120-RasGAP) are asso-
ciated with capillary-malformation arteriovenous malfor-
mation (CM-AVM1) in humans® and a subset of these
patients present with intracranial AVMs,*® and while
mouse models present with vascular and lymphatic
defects,*'™*° they did not feature bAVMs. Interestingly,
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activating NRAS variants have been observed in a highly
aggressive vascular malformation of the lymphatics,
known as lymphangiomatosis,*®*” and HRAS gain of
function variants have been observed in ECs isolated from
a patient with an extracranial AVM.*® A recent transgenic
mouse model in which active HRAS was expressed in
the postnatal endothelium showed that the abnormal and
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sustained activation of the RAS pathway can drive vas-
cular defects, including dilation of capillary vessels and
diffuse hemorrhage in the brain, but not other organs.*
It is notable, however, that these phenotypes seem to be
distinct from those observed following KRAS activation
in the endothelium, as no bAVMs were noted. This points
to unique roles for RAS proteins in vessel morphogen-
esis and homeostasis, which requires further exploration.
As KRAS is difficult to target pharmacologically,
most therapies for treating KRAS-mutant cancers have
focused on targeting downstream signaling molecules,
including MEK.®*-%* We are encouraged by our finding
that inhibition of MEK signaling can reverse already-
established AV shunts in KRAS-expressing zebrafish. It
will be important to determine whether advanced lesions
in the mouse brain—which feature a tangled nidus—can
be reversed through inhibiting effectors that act down-
stream of KRAS signaling. If the abnormal vessel archi-
tecture that we observed requires continual KRAS activity
and MEK/ERK signaling, similar to addiction to KRAS
signaling in cancer®® then pharmacological blockade of
these downstream effectors may offer hope to patients
suffering from sporadic bAVM. Indeed, recent studies
using animal models of venous and lymphatic malforma-
tions and small pilot studies in humans have shown that
pharmacological blockade of aberrant signaling path-
ways may be a feasible therapeutic approach for man-
aging vascular malformations.'®%6%" However, whether
MEK inhibition can reverse advanced cerebrovascular
lesions in humans, which may have been present for
decades and have undergone extensive remodeling due
to chronic responses to altered blood flow and inflamma-
tion, remains to be seen. Notably, a recent case report of
efficacy of MEK inhibitor therapy (trametinib) in reducing
the size and vessel caliber of a skin AVM that contained
activating MAP2K1 mutations, provides some optimism.*®
Taken together, we demonstrate that KRAS gain of
function mutations in ECs can drive abnormal vascular
morphology and AVMs in mouse and zebrafish models
and that these lesions can be reversed by inhibiting
MEK signaling. Furthermore, unlike other genetic ani-
mal models, expression of active KRAS in adult ECs
is sufficient to induce bAVM formation. These findings
provide new insight into sporadic bAVMs and offer hope
that therapeutic approaches can be utilized to negate
KRAS-mediated alterations in vessel morphology.
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