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Abstract

Somatic mutations in NRAS drive the pathogenesis of melanoma and other cancers but their role in vascular anomalies and
specifically human endothelial cells is unclear. The goals of this study were to determine whether the somatic-activating
NRASR mytation in human endothelial cells induces abnormal angiogenesis and to develop in vitro and in vivo models
to identify disease-causing pathways and test inhibitors. Here, we used mutant NRAS®'® and wild-type NRAS (NRASWT)
expressing human endothelial cells in in vitro and in vivo angiogenesis models. These studies demonstrated that expression
of NRAS®™R in human endothelial cells caused a shift to an abnormal spindle-shaped morphology, increased proliferation,
and migration. NRASQ®'R endothelial cells had increased phosphorylation of ERK compared to NRASWT cells indicating
hyperactivation of MAPK/ERK pathways. NRAS?®'R mutant endothelial cells generated abnormal enlarged vascular chan-
nels in a 3D fibrin gel model and in vivo, in xenografts in nude mice. These studies demonstrate that NRAS®'R can drive
abnormal angiogenesis in human endothelial cells. Treatment with MAP kinase inhibitor U0126 prevented the change to a
spindle-shaped morphology in NRAS?!R endothelial cells, whereas mTOR inhibitor rapamycin did not.

Keywords Vascular Anomaly - Vascular Malformation - RASopathies - Lymphatic anomaly - Kaposiform
lymphangiomatosis

Introduction

Mutations that activate RAS/MEK/ERK or inactivate sup-
pressors of this important pathway are commonly found in a
variety of cancer types and are now being targeted for cancer
therapy [1]. The activating NRAS?®'R mutation is common
in difficult to treat melanomas [2]. Recently, somatic NRAS
mutations have begun to be identified in various vascular
anomalies [3]. Notably, 10% of patients with pyogenic
granuloma (PG), a vascular neoplasm, have non-inherited
NRAS!R mutation [4]. In other types of PG, KRAS and
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HRAS-activating mutations have been found [4, 5] leading
to the possibility that hyperactive RAS/MAPK signaling is
a common mechanism. The NRAS2!R mutation has also
been found in patients with kaposiform lymphangiomato-
sis (KLA)[6] suggesting that RAS/MAPK/ERK may be an
important pathway in this aggressive lymphatic malforma-
tion characterized by overgrowth of dysfunctional vessels
and spindled endothelial cells. A recent case study also iden-
tified a somatic mutation in Casitas B-lineage lymphoma
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«Fig. 1 Morphology of human endothelial progenitor cells (EPC)-
expressing NRASYT and NRASQ®'R, Panel A: Representative images
of EPC monolayer with no Doxycycline (No Dox) and 24 and 48 h
after addition of Doxycycline to the cell culture media. n=4 inde-
pendent experiments. Scale bar=200 pm Panel B and C: Circularity
index measurements for EPC-expressing NRASYT and NRASQ®'R in
No Dox and Dox-containing media at 24 and 48 h. In B, measure-
ments for each cell is shown. One-way Anova followed by Tukey’s
test for multiple comparisons. In C, data points are mean + SD; n=4
independent experiments. Two-way Anova followed by Bonferroni
test for multiple comparisons, p values are at 24 and 48 h

(CBL) proto-oncogene in one KLA patient who was effec-
tively treated with a MEK inhibitor [7].

Hence, an emerging concept is that dysfunctional RAS
signaling in endothelial cells may play a role in different
types of vascular anomalies. However, while the pathways
and effectors downstream of NRAS?!® in melanoma have
been identified, the pathways that this mutation activates in
endothelial cells are still largely unexplored. To address this
question, we generated lentiviral constructs with doxycy-
cline-regulated NRAS®'® or NRAS wild type (NRASWT).
Each construct was introduced into human endothelial
progenitor cells (EPC). EPCs isolated from human cord
blood are excellent for modeling angiogenesis in vitro and
in vivo[8]. NRAS®™® and NRASW T-expressing EPC were
characterized in vitro and in vivo. Changes in EPC mor-
phology, proliferation, migration, and downstream signal-
ing pathways were assessed. Vascular morphogenesis was
compared in a 3D in vitro angiogenesis model. A xenograft
model was generated by taking NRAS?'R and NRASWT
EPC enrobed in Matrigel® and injecting the cells under the
skin of nude mice fed a doxycycline-containing diet. In a
proof-of-concept study, inhibitors of the MAP Kinase and
mTOR signaling pathways were tested to determine if they
blocked changes in cell morphology.

Materials & methods
Generation of lentiviral constructs

DNA sequences-encoding NRAS®®!R and NRASWT were
subcloned into lentiviral vector pCW from Addgene (see
Supplemental Fig. S1 for construct maps). The lentiviral
constructs were packaged into viral particles and viral titer
determined.

Cell culture, transduction and selection

Human endothelial progenitor cells (EPC) isolated from
human cord blood were obtained from StemBiosys (CELLvo
EPC). EPCs were plated onto fibronectin-coated plates
and cultured in endothelial growth medium (EGM2) with

20% fetal bovine serum (FBS) (Lonza) and 1% penicil-
lin—streptomycin—glutamine. Viral particles containing
pCW-NRAS®R or pCW-NRASWT were added to the EPC
at a multiplicity of infection of 1. Hexadimethrine bromide
(8 pg/ml) was also added to the media to increase the effi-
ciency of infection. After 24 h, the media were replaced with
puromycin-containing (0.5 pg /ml) media to select for cells
that had taken up the constructs. The cells were cultured for
10 days in puromycin-containing medium and frozen back
for future use. Doxycycline (Dox) was added to the media
to induce NRAS®'R or NRASWT expression (1-2 pg/ml).
For inhibitor studies, U0126 (10 pM) or rapamycin (15 nM),
or vehicle (0.05% DMSO) was added and cell morphology
(Circularity index) of the cells was measured at 48 h.

Cell morphology, proliferation & migration

Morphology of NRAS?'R and NRASWT EPC was photo-
graphed before (No Dox) and 24 and 48 h after addition of
Dox. Circularity index of the cells, which is equal to 1 when
cells are spheric and O when cell shape is spindled, was
measured using ImagelJ [9]. For proliferation analysis, cells
were plated onto fibronectin-coated 96-well plates at 6000
cells per well with > 8 replicates. Cell growth was monitored
for 3 days using an IncuCyte® ZOOM Live Cell Imaging
System (Essen BioScience). Percentage of cell confluence
was calculated to determine the cell growth rate. SRB assay
was also used to assess cell proliferation. For the migration
assay, cells were seeded at 1 X 10° cells/cm? into an Ibidi
Culture-Insert 2 Well system (Ibidi) and allowed to grow to
confluency. The cells were pretreated with 2 mM hydrox-
yurea (Sigma) for 4 h to inhibit proliferation before creat-
ing the gap—The culture insert was gently removed using
sterile tweezers, leaving a cell-free gap of approximatively
500 pm width, and medium was replaced with fresh medium
containing 2 mM hydroxyurea. Images of the cell-free gap
were captured at 0, 2, 4, 6, and 8 h using an EVOS-imaging
system (Invitrogen). The cell-free area was measured over
time using ImageJ software, and the value was expressed as
percentage of the initial cell-free area (% gap closure area).

Western blot analysis of signaling pathways

Cell lysates were prepared after 2, 7, and 14 days of Dox
treatment or from no Dox control plates. 30 pg of protein
was loaded onto a 4-12% Bis/Tris polyacrylamide gel. After
separation of the proteins by electrophoresis, the proteins
were transferred to a PVDF membrane by western trans-
fer. The membranes were blocked in 5% nonfat dry milk
overnight at 4 °C. Primary antibodies against NRASQ6!R
(227658, 1:400; Abcam), NRAS (77392, 1:1000; Abcam),
phospho-ERK (4370, 1:2000; Cell Signaling), ERK (9102,
1:1000; Cell Signaling), phospho-AKT (Ser473)(4060,
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Fig.2 Signaling pathways and angiogenic properties of human
endothelial progenitor cells (EPC) expressing NRASYT and
NRASQ®R Panel A: Cell lysates were analyzed 2, 7 and 14 days
after doxycycline (Dox) was added to the cell culture media. Anti-
bodies specific to the mutated form of NRAS (NRAS®!R), wild-type
NRAS (total), phospho-ERK, phospho-AKT Ser473, total ERK, total
AKT, and actin were used. Representative blot of n=3 independ-
ent repeats. Panel B: Proliferation of endothelial cells was measured
using an Incucyte® system in endothelial basal medium (EBM2) con-
taining 20% fetal bovine serum (FBS). Data points are mean + SD;
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n=238 wells. Two-way Anova followed by Bonferroni test for multiple
comparisons. P value <0.0001 for times >36 h. Panel C: Representa-
tive images of migration of endothelial cells at r/=0 and r=10 h after
the wound was made. Scale bar: 200 pm. Panel D: Migration area of
endothelial cells was measured every 2 h from O to 10 h after creat-
ing the gap. Percentage gap closure was determined. Data points are
mean + SD; shown is one representative of n=2 independent experi-
ments with 3—4 wells analyzed. Two-way Anova followed by Bonfer-
roni test for multiple comparisons. P value <0.05 at 6, 8, 10 h
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1:2000; Cell Signaling), AKT (9272, 1:1000; Cell Signal-
ing), phospho-S6 Ser 235/236 (4858, Cell Signaling), S6
(2217, Cell Signaling), and actin (C4, 1:10,000; Seven Hills
Bioreagents) were added for 1 h. After washing 5 times in
TBST for 5 min, secondary antibodies (anti-rabbit, anti-
goat, anti-mouse; Calbiochem) were added for 1 h at room
temperature. Blots were washed, and Millipore Immobilon
was used for the chemiluminescent detection. Images of
blots were obtained using the LAS 4000 imaging system
(Fujifilm).

3D lumen formation assay

3D lumen formation assay was performed as previously
described [10]. Briefly, Cytodex® 3 microcarrier beads
(Sigma) were incubated with NRASQR or NRASYT EPC
at a concentration of 400 cells/ bead for 4 h at 37 °C. The
following day, coated beads were resuspended in 2 mg/mL
of fibrinogen (Sigma) solution containing 0.15 U/mL of
aprotinin (Sigma) at a concentration of 500 beads/ml. Then
0.625 U/mL of thrombin (Sigma) and 0.5 ml beads/fibrino-
gen suspension were added per well of a 24-well plate and
incubated at 37 °C for 20 min to allow fibrin clotting. The
gels were overlaid with human dermal fibroblasts at 2 x 10*
cells/well and cultured in EBM2 supplemented with 20%
FBS and with or without 2ug/mL doxycycline. Medium was
replaced every other day. Images were acquired at indicated
time points using the EVOS cell-imaging system (Invitro-
gen), and the vascular area was analyzed with Fiji (Image J)
software [11]. Immunofluorescent staining on fibrin gels was
performed upon overnight fixation in 4% paraformaldehyde
at 4 °C. Fibrin gels were incubated overnight at 4 °C with
biotinylated UEA-1 (20 pg/ml, Vector Laboratories) fol-
lowed by incubation with Texas Red® Streptavidin (Vector
Laboratories; 5 pg/ml) for 4 h at room temperature. Nuclei
were visualized with DAPI (4',6-diamidino-2-phenylindole).
Z-stack images were acquired on a Nikon A1R laser-scan-
ning confocal microscope, and surface reconstruction of
vascular structures was performed using Imaris Imaging
Analysis software (Bitplane).

Generation of mouse xenograft model & evaluation
of vascular growth

All animal experiments were approved by the Institutional
Animal Care and Use Committee at Cincinnati Children’s
Hospital in an Association for Assessment and Accredita-
tion of Laboratory Animal Care-approved facility. Following
expansion in tissue culture, 2.5 X 10° human EPCs express-
ing NRASQ'R or NRASWT were exposed to doxycycline for
48 h (no doxycycline as control) and suspended in 200 pL
Matrigel® (Corning) and subcutaneously injected into both
flanks of 6 to 7-week-old male athymic nu/nu male mice

(Envigo). Lesions were dissected and weighed 8 days later,
then fixed in 4% paraformaldehyde, and paraffin embedded.
Paraffin Sects. (5 pm) were stained with hematoxylin and
eosin (H&E). Five random images per section were cap-
tured using an EVOS microscope (Life Technologies), and
vascular area (% of field area) was quantified using ImageJ
software as previously reported [12].

Immunohistochemistry

Paraffin sections of the xenografts were stained with UEA I
(Ulex europaeus Agglutinin I;1:100, Vector Laboratories).
This was followed by peroxidase-conjugated secondary anti-
body and staining with diaminobenzidine peroxidase (horse-
radish peroxidase) substrate (Vector Laboratories). Slides
were counterstained using hematoxylin (Vector Laborato-
ries). Images were captured using a Nikon microscope.

Immunofluorescence staining for VE-cadherin

Immunofluorescence staining was performed with an anti-
body to VE-cadherin (555661, 1:50; BD Pharmingen) was
performed on fixed monolayers incubated overnight at 4C.
Secondary antibody was Alexa Fluor 488 anti-mouse labeled
IgG (A21121, 1:200, Invitrogen). Slides were covered with
a coverslip with Prolong Gold with DAPI (Invitrogen), and
images were acquired on Nikon AR laser-scanning confo-
cal microscope.

Statistical analysis

Data are expressed as mean + standard deviation (SD)
and analyzed by Welch’s ¢ test or parametric one-way
ANOVA after normal distribution, and equal variance was
assessed. One-way ANOVA with post hoc (Tukey or Fisher)
test was used for multiple comparisons. For data with cor-
related observations, a repeated measures two-way ANOVA
was used, followed by post hoc (Bonferroni) test. All calcu-
lations were performed using GraphPad Prism. Differences
were considered significant for P value <0.05.

Results

Expression of NRAS?®'R in human endothelial
cells induces altered morphology and hyperactive
MAPK pathway

Lentiviral constructs were generated with doxycycline-
inducible expression of mutant NRAS?® or NRASWT as a
control (Supplemental Fig. S1). Each construct was trans-
duced into EPC. EPCs were grown in endothelial growth
medium, and morphology was analyzed 24 h and 48 h after
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doxycycline was added to the medium. Cell shape in EPC-  circularity index which equals 1 when cells are spheric and

expressing NRAS!R overtly changed from the typical 0 when cell shape is spindled. The circularity index was
endothelial cobblestone-like morphology to an elongated/  significantly lower (p <0.0001 at both 24 and 48 h) in EPC-
spindled shape (Fig. 1A and Supplemental Fig. S2). The  expressing NRAS?®'R compared to NRASYT (Fig. 1B).
morphological change was analyzed by measuring the  Furthermore, in EPC-expressing NRASQC!R  the circularity
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«Fig.3 Human endothelial progenitor cells (EPC)-expressing
NRASQR form enlarged vascular structures in a 3D lumen forma-
tion assay. Panel A: Imaris-generated 3D structural models of vas-
cular channels formed by human EPC-expressing NRASWT and
NRASQR stained for Ulex europaeus agglutinin-I (UEA) on day
7. Scale Bars=200 pp. Panel B: Experimental protocol schematic
(top), Doxycycline was added 48 h prior starting the 3D lumen for-
mation assay. Representative 2D images of vascular structures (bot-
tom, left) and quantification of vascular area (normalized by bead
number) at day 7 (bottom, right). Data points are mean + SD; n=3
independent experiments. Welch’s t test. Panel C: Experimental
protocol schematic, Doxycycline was not added until day 10 (top).
Representative 2D images of vascular structures (bottom, left) and
quantification of vascular area at days 10, 13, and 21 (bottom, right).
Data points are mean + SD; n=3 independent experiments. Two-
way Anova followed by Bonferroni test for multiple comparisons. P
value <0.0001 at day 21. Scale Bars in Panel B and C=100 pp

index decreased at 24 h and 48 h, when compared to no Dox
(t=0h) (Fig. 1C).

Next, to confirm expression of NRAS®®'R and NRASWT,
we performed immunoblotting with an antibody specific
for the mutant NRAS?®'® and an antibody that detects
both NRASYT and NRASQ!R hereafter referred to as
total NRAS. Upon doxycycline administration for 2, 7, and
14 days, NRASQ!R expression was elevated, and ERK and
AKT (Ser473) were phosphorylated (Fig. 2A). The prolifera-
tive and migratory capacity of EPC expressing the mutant
NRASR or NRASWT were measured. Using an Incucyte®
system, NRAS!R EPC (with doxycycline) showed a higher
proliferation rate than NRASYT EPC (on doxycycline) and
no dox NRASQ®R EPC (Fig. 2B). Proliferation was also
measured using SRB (Sulforhodamine B) assay, and similar
results were seen (Supplemental Fig. S3). Cell migration was
measured with a gap closure assay upon removal of an insert
that generates a gap in the cell monolayer. EPC-expressing
NRASQR (treated with doxycycline) migrated faster and
closed the gap faster than NRAS™T (with and without doxy-
cycline) (Fig. 2C, D). These data show that EPC-expressing
NRASQR developed an abnormal morphology, increased
p-ERK, enhanced proliferation, and migration compared to
NRASWT cells.
Expression of NRAS2%'® in human endothelial cells
induces formation of dilated vascular channels
in a 3D fibrin gel lumen formation assay

To investigate the vasculogenic potential of EPC-expressing
NRASR we employed an in vitro 3D (three-dimensional)
fibrin gel system [10] that we previously employed to mimic
venous malformation morphogenesis [13]. When control
NRASYT human EPC-coated beads were embedded in
fibrin gels topped with fibroblasts, they formed longitudi-
nal lumenized vessels (Fig. 3A). Conversely, EPC-express-
ing NRAS®®R formed dilated hollow vascular structures
(Fig. 3A and Supplemental Video S1-2).

To further determine the consequences of the NRASQ®!R
expression on the lumen formation, we pretreated cell
monolayer with doxycycline for 48 h prior embedding the
cells in the 3D fibrin gel, and doxycycline was added to
the medium on top of the gel. At day 7, analysis revealed
that NRASQ'R EPC formed dilated vascular channels and
showed significantly increased vascular area compared to
NRASYT (»p <0.0001) (Fig. 3B).

To model changes in lumen morphogenesis in a normal
vessel — upon expression of NRAS®R we performed the
3D lumen formation assay with NRAS?!R and control
NRASYT EPC without exposing cells to doxycycline. By
day 10 without doxycycline administration, lumens formed
as in normal EPC (Fig. 3C). After day 10, doxycycline
was added to the gel and correlated analysis at days 13
and 21 revealed vascular area expansion due to NRASQ6!R
expression, while area did not change with expression of
NRASWT. These data show that EPC-expressing NRASQ0!R
in the 3D fibrin gel can phenocopy dilated vascular lesions
as detected in vascular anomaly patients with hyperactive
NRAS mutations.

Generation of a murine xenograft model
for vascular anomalies with human endothelial
mutant NRAS?®'R cells

Human EPC-expressing NRASYT or NRASU!R were
expanded in doxycycline-containing cell culture medium,
suspended in 200pul of Matrigel® and subcutaneously
injected into immune-deficient mice fed with doxycycline-
containing chow (Fig. 4A). We evaluated if they could
recapitulate the histological features of vascular anomalies
with hyperactive NRAS mutations. Murine lesion xenograft
explants (plugs) containing doxycycline-treated NRAS IR
EPC were visibly vascularized on day 8 and their weight was
significantly (p < 0.05) higher compared to the other exper-
imental control groups (Fig. 4B). Hematoxylin and eosin
staining of xenograft sections revealed numerous dilated
vascular channels in mice injected with EPC-expressing
NRAS!R on Dox, while EPC-expressing NRASWT (treated
with doxycycline), NRAS®'® and NRASWT not on Dox
generated only minimal vascularization (Fig. 4C). The vas-
cular area in doxycycline-treated NRASQ®'R EPC-xenograft
lesions was significantly higher than control EPC xenografts
(p<0.05) (Fig. 4C), and in general, vessels were bigger in
size compared to the control groups (Supplemental Fig. S4).
Lesional ectatic channels in the xenografts showed bind-
ing to the endothelial human-specific lectin Ulex europaeus
agglutinin-1 (UEAI) (Fig. 4D). This confirms that vascu-
lar channels in the xenografts were mostly generated by
the human EPC rather than invading mouse vessels. All
together, these results show that NRASQ®'R expression
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«Fig.4 Human endothelial progenitor cells (EPC)-expressing
NRASR form enlarged and perfused vascular structures in a
murine xenograft model. Panel A: Experimental protocol showing
time of cell injection and Doxycycline treatment period, and time
of harvest of xenograft plugs. Panel B: Pictures and graph of weight
measurements of the xenograft plugs after removal from mice at day
8. Data points are mean + SD; n=2-6 mice with 2 plugs. One-way
Anova followed by Fisher test for multiple comparisons. Panel C:
Histology of xenograft plugs after removal from mice at day 8. Tis-
sue sections were stained with hematoxylin and eosin. Graph shows
vascular area measured from histology. One-way Anova followed by
Fisher test for multiple comparisons. Panel D: Immunostaining of
xenograft plug sections for Ulex europaeus agglutinin-I (UEA) that is
expressed by human endothelial cells and not mouse endothelial cells.
Scale bars=1 cm in B, 100 pm in C and D

induces formation of enlarged vessels using this xenograft
model.

Treatment of mutant NRAS?'R endothelial cells
with MAPK/ERK and mTOR inhibitors

A proof-of-concept study was performed to verify that
NRASR EPC could be used to determine the role of sign-
aling pathways and to test drugs. First, we verified that the
MAPK/ERK inhibitor U0126 at 10 uM prevented the phos-
phorylation of ERK and that mTOR inhibitor rapamycin at
15 nM reduced phosphorylation of S6. These two drugs were
effective on both NRAS?!R and NRASWYT EPC (Fig. 5A).
Next, measurement of the cell shape was performed with
doxycycline and U0126 or rapamycin for 48 h. Analysis
of cell circularity index showed that U0126 prevented the
shift to a spindle-shaped morphology in the NRASQ®IR
EPC, whereas mTOR inhibitor rapamycin did not (Fig. 5B,
C). These results show that NRAS?!R expression induces
cell shape change towards a spindle morphology and that
MAPK/ERK inhibition is effective at preventing this change.
This would suggest MAPK/ERK pathway is involved in the
cell shape change in the NRAS mutant cells.

Discussion

Somatic-activating mutations in RAS or loss-of-function
mutations in genes that suppress RAS signaling are common
in tumors [1] and have now been identified in patients with
vascular anomalies [3—5]. While the NRASQ®'R mutation
has been found in tissue from PG and KL A patients [4, 6], its
role in the pathogenesis of these diseases is unclear. Whether
the mutation by itself is sufficient to drive the disease or
additional mutations or environmental factors are needed
is unknown. Our results show that NRASQ®'R expression
in human endothelial cells induces abnormal cell morphol-
ogy and increases the rate of proliferation and migration
in vitro. Our in vitro angiogenesis model lends further

support as NRAS?!R_expressing endothelial cells formed
enlarged abnormal structures compared to NRAS™T cells.
Furthermore, in a xenograft model, NRAS®IR endothelial
cells formed enlarged channels with increased vascular area
and size.

Our studies showed that expression of NRAS?'® induced
a spindle-shaped endothelial cell morphology that is seen
in the histopathology of KLLA patients [14]. Changes in cell
morphology to acquire elongations or spindled shape have
also been reported in endothelial cells-expressing PIK3CA
or TEK constitutive active mutations [15] modeling venous
malformation and in a SMAD4 loss-of-function murine
model of arteriovenous malformations [16]. It is possible
that these morphological changes are a pre-requisite for the
formation of vascular malformations with dilated vascular
channels. NRAS?!R endothelial cells had enhanced prolif-
eration and migration, as was MAPK/ERK and PI3 Kinase/
AKT pathway activation. These are not unexpected given
the role of these key signaling pathways in cell morphology,
division, and migration. In a 3D in vitro angiogenesis model,
NRAS@!R endothelial cells formed abnormally large chan-
nels compared to NRASWT cells which formed narrow-hol-
lowed longitudinal channels. Of note, a recent study showed
abnormal morphogenesis and failure to form elongated
tubes in endothelial cells-expressing mutant HRASV!? [17].
A similar in vitro 3D model for venous malformation was
successfully used to establish the efficacy of PI3K/mTOR
inhibitors in preventing lumen formation and enlargement
[18]. These 3D systems could be employed in the future as
a tool to study the mechanisms leading to malformed vascu-
lar lumens and to screen for drugs that could normalize the
NRAS@R phenotype.

When injected under the skin of nude mice the NRASQ'R
endothelial cells formed enlarged bloody channels not unlike
the pathology of lesions in PG and KLA patients [14]. While
animal models for vascular anomalies with the NRASQ0!R
mutation have not been reported yet, other groups have
recently modeled in mouse vascular anomalies associated
with KRAS activating mutations [19, 20]. Somatic-activat-
ing mutations in KRAS have been found in patients with
brain arteriovenous malformations and targeted endothelial
expression of KRASC!?P in mice generated a mouse model
with pathology similar to the patients [19]. The KRAS®!?Y
mutation has been found in Gorham-Stout Disease (GSD),
where ectopic overgrowth of lymphatic vessels into the
bones is associated with bone loss—this was modeled using
Prox1-Cre®®™? mice to target KRAS®'?Y and mimicked
many key features of human GSD [20].

Although signaling of the RAS family members is similar
because of the highly conserved effector domains, the speci-
ficity of the different isoforms is just starting to be explored
in the vascular endothelium. Clearly, RAS signaling is
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Fig.5 Treatment of endothelial progenitor cells (EPC) expressing
NRAS®'® with MAPK/ERK and mTOR inhibitors. Panel A: West-
ern blot analysis of phospho-ERK, ERK, phospho-S6, S6, and actin
48 h hours after addition of doxycycline and either vehicle (DMSO
control), MAPK/ERK inhibitor U0126 (U; 10 uM), or rapamycin
(R; 15 nM). Panel B: Representative images of EPC monolayers
with no Doxycycline (No Dox), plus Doxycycline, and either vehi-
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cle (DMSO control), MAPK/ERK inhibitor U0126 (10 pM), or
rapamycin (15 nM). Scale bar=200 pm. Panel C: Circularity index
measurements for EPC-expressing NRASWT and NRAS®'R in Dox-
containing media at 48 h and DMSO control (-), MAPK/ERK inhibi-
tor U0126 (U; 10 pM), or rapamycin (R; 15 nM). Data are expressed
in % change relative to No Dox control. One-way Anova followed by
Tukey’s test for multiple comparisons. ns: p>0.05
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implicated in the manifestation of vascular anomalies, and
as such it will be a critical area for future discovery.

The mTOR inhibitory drug rapamycin has become a
standard therapy for many patients with complex vascu-
lar anomalies; however, it often only produces a partial
response and patients can rebound if therapy is withdrawn
[21]. Hence, there is a great need for new therapeutic agents
to be developed. Pre-clinical models for vascular anomalies
are vital to identify new targets and test treatments. There-
fore, in a proof-of-concept study, we evaluated whether a
well-known MAPK/ERK inhibitor (U0126) or rapamy-
cin prevented the shift to a spindle-shaped morphology
in the NRAS®'R mutant cells. The study clearly showed
that U0126 prevented the spindle morphology shift in the
mutant cells whereas rapamycin did not. A MEK inhibitor
was effective in a recent KLA patient with a somatic muta-
tion in Casitas B-lineage lymphoma (CBL) proto-oncogene
[7]. In the future, these NRAS®®'® EPC models should prove
useful to identify new therapeutic targets. Testing drug com-
binations will also be important as this may allow for lower
doses to be used with improved efficacy and reduced side
effects compared to one agent alone. In one KL A patient,
multimodal therapy was much more effective than single
treatment [22].

In summary, NRAS?!R expression in human endothelial
cells recapitulated many of the key characteristics seen in
the lesions of vascular anomaly patients with RAS muta-
tions. This provides support for NRASQ'R a5 a key driver in
the etiology of vascular anomalies. The in vitro and in vivo
models reported can be used to gain a better understand-
ing of the pathways driving the pathogenesis of mutant
NRAS-induced diseases. These models should also facili-
tate pre-clinical testing of new treatments and combinational
therapies.
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