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Vascular endothelial growth factors (VEGFs) signal via their cognate
receptor tyrosine kinases designated VEGFR1-3. We report that the
docking protein fibroblast growth factor receptor substrate 2
(FRS2a) plays a critical role in cell signaling via these receptors. In
vitro FRS2« regulates VEGF-A and VEGF-C-dependent activation of
extracellular signal-regulated receptor kinase signaling and blood
and lymphatic endothelial cells migration and proliferation. In vivo
endothelial-specific deletion of FRS2« results in the profound im-
pairment of postnatal vascular development and adult angiogene-
sis, lymphangiogenesis, and arteriogenesis. We conclude that FRS2a
is a previously unidentified component of VEGF receptors signaling.
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receptor kinase inhibition

ascular endothelial growth factors (VEGFs) are key regu-

lators of blood and lymphatic vessel development and ho-
meostasis. The absence of VEGF-A during development results
in a complete failure of blood vasculature formation (1), whereas
VEGF-C knockout abolishes lymphangiogenesis (2). Both VEGF-
A and VEGF-C play equally critical roles in postnatal formation
and maintenance of various blood and lymphatic vessel beds
(3-6). The two VEGFs signal via, respectively, the two receptor
tyrosine kinases (RTK) VEGFR2 and VEGFR3 with the former
primarily expressed in the arterial and venous vasculature and
the latter in the lymphatic vasculature in adult tissues (7). The
other VEGF receptor, VEGFRI, is thought to function largely
as a “decoy” receptor in endothelial cells but can transmit signaling
in mononuclear cells (7).

All VEGF receptors share a number of structural similarities
including an extracellular ligand binding domain, a single trans-
membrane region, and a cytoplasmic domain containing a tyrosine
kinase domain with an insert region. Receptor activation requires
ligand-induced dimerization that results in autophosphorylation of
cytoplasmic tyrosines that serve as binding sites for various sig-
naling proteins. In the case of VEGF-A receptor, VEGFR2 phos-
phorylation of Y'®*Y'%* is required for maximal VEGFR2 kinase
activity that leads to phosphorylation of Y'!”* (a phospholipase Cy1
binding site also required for ERK activation) and Y**' (a TSAd
binding site leading to Src activation) among others (7). VEGF-C
signals via VEGFR3 in a similar manner.

In the course of studying fibroblast growth factor (FGF) sig-
naling, we noticed that an endothelial knockdown or deletion
of a scaffold protein FRS2a, known to be involved in FGF and
neural growth factor (NGF) receptor signaling (8-10), also
affects VEGF signaling. FRS2a is a docking protein that con-
tains an N-terminal myristylation site, a PTB domain, and a large
C-terminal tail that contains four binding sites for the SH2 do-
main of the adaptor protein Grb2 and two binding sites for the
SH2 domain of the tyrosine phosphatase Shp2 (11). Tyrosine
phosphorylation of FRS2a at these binding sites leads to acti-
vation of MAPK signaling (12).

In this study, we found that FRS2a plays a central role in
regulation of VEGF signaling in blood and lymphatic endo-
thelial cells. Its deletion profoundly reduced VEGEF signaling in
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vitro and in vivo and resulted in impairment of postnatal vascular
development and adult angiogenesis, lymphangiogenesis, and
arteriogenesis.

Results

A knockdown of FRS2a expression in HUVEC resulted in
a profound decrease in VEGFR2 phosphorylation following
VEGF-A 45 treatment as demonstrated by immunoblotting of
ligand-stimulated cell lysates with phosphotyrosine-specific
antibodies or with phosphorylation site-specific antibodies (Fig.
1 A and B). These results were confirmed in studies by using
expression of a dominant-negative FRS2a mutant FRS2a°F that
has all six tyrosines normally phosphorylated by FGF receptors
replaced with phenylalanines (13) !gFig. 1C). In addition, re-
ducing FRS2a expression or FRS2a°" overexpression profoundly
inhibited VEGF-A5-induced ERK signaling (Fig. 1 B and C).
The observed inhibition of VEGF signaling following FRS2a
knockdown resulted in profound reduction of VEGF-driven
HUVEC proliferation, migration, and matrigel cords forma-
tion (Fig. 1 D and E).

Whereas VEGFR?2 is the major VEGF receptor in blood en-
dothelial cells, VEGFR3 is the major receptor in the lymphatic
endothelium. A knockdown of FRS2a in human dermal lym-
phatic endothelial cells (HDLEC) resulted in a significant re-
duction of VEGFR3 activation in response to VEGF-C treatment
(Fig. 24) and a reduction in VEGF-C-induced ERK1/2 activation
(Fig. 2B, Upper). Expression of a dominant-negative FRS2a mu-
tant FRS20°F in HDLEC showed a similar effect (Fig. 2B, Lower).

As in the case of HUVEC, this phenomenon translated in
reduced proliferation and migration of HDLEC in response to
VEGF-C (Fig. 2C). Finally, VEGFR1 activation by PIGF in
HUVEC was also inhibited by FRS2a knockdown (Fig. 2D). The
decreased signaling response to VEGF-A was independent of
the isoform used. Stimulation of HUVEC with VEGF-A,; that
signals via VEGFR2 but, unlike VEGF-A 45, does not require
binding to neuropilin-1, resulted in similarly decreased VEGFR2

Significance

Regulation of vascular endothelial growth factor (VEGF) sig-
naling plays a central role in a range of biological processes
from embryonic and perinatal vascular development to main-
tenance of the mature adult vasculature to regulation of vari-
ous organs function. We report that the intracellular docking
protein FRS2«a, not hitherto known to be involved in VEGF
signaling, plays a critical role in regulation of this process.
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Fig. 1. FRS2a knockdown in HUVEC inhibits VEGF-Ass—dependent signaling. (A) Control and FRS2a knockdown HUVEC were serum starved overnight and
treated with VEGF-Aqgs (50 ng/mL) as indicated. Cell lysates were immunoprecipitated (IP) with an anti-VEGFR2 antibody and immunoblotted with anti-
p-Tyrosine antibody. The same blot was stripped and blotted with anti-VEGFR2. Input lysates were blotted with anti-VEGFR2 and anti-FRS2a antibodies.
(B) Control and FRS2a knockdown HUVEC were serum starved overnight and treated with VEGF-A;45 (50 ng/mL) as indicated. Cell lysates were blotted with
p-VEGFR2, VEGFR2, p-ERK, ERK, and FRS2a antibodies. (C) Control and FRS2a-6F (Flag) overexpressed HUVEC were serum starved overnight and treated with
VEGF-Aqgs (50 ng/mL). Cell lysates were blotted with p-VEGFR2, VEGFR2, p-ERK, ERK, and Flag (FRS2a) antibodies. (D) Control and FRS2a knockdown HUVEC
were serum starved overnight. Cell proliferation (Left) and cell migration (Right) in response to VEGF-A;es (50 ng/mL) profiles are shown as detected by
xCELLigence. Approximately 1000 cells (for cell proliferation) or 25,000 cells (for cell migration) were loaded per well in duplicate (***P < 0.01 compared with
control). (E) In vitro Matrigel: The extent of cords branching was assessed in control and FRS2a knockdown HUVEC placed on growth factor-depleted Matrigel
and exposed to VEGF-A4gs (50 ng/mL). Data in A-C and E are based three independent experiments; data in D are based on two independent experiments.

activation (Fig. S14) as was the response to VEGF-C (Fig. S1B).
To demonstrate that this response to VEGF following FRS2a
knockdown is specific to receptors interacting with FRS2a,
HUVEC and HDLEC were treated with EGF. The experiment
presented in Fig. S1 C and D showed that FRS2a knockdown
had no effect on EGF-induced ERK activation.

Because the VEGF-ERK pathway plays an important role in
postnatal vascular development and adult angiogenesis and
arteriogenesis, we next investigated whether any vascular ab-
normalities are present in Frs2a mutant mice. As previously
reported, homozygous Frs2a4F mutants (Frs2o*"* deficient in
Grb-2 binding) are viable (14), whereas homozygous Frs2a?""?"
mutants (deficient in Shp-2 binding) exhibit a profound decrease
in ERK activity and die during embryonic development (15).
Because it is difficult to distinguish whether developmental defects
in Frs2a?"?F mutants are due to abnormalities of VEGF or FGF
signaling, we concentrated on adult Frs2a*"* mice.

Frs2a™F knock-in mice are born at the appropriate Mende-
lian frequency but are significantly smaller than their wild-type
littermates (Fig. S2 A and B). Examination of heart, lung, and
liver vasculature demonstrated comparably normal vascular ar-
chitecture, and expression levels of VE-cadherin and VEGFR2
mRNAs were similar to wild-type mice (Fig. S2C), thereby sug-
gesting comparable endothelial cell mass and normal develop-
mental angiogenesis.

VEGF-A is an important driver of arteriogenesis (16). To
examine the effect of this mutation on arteriogenesis, we used
a hindlimb ischemia femoral artery ligation model. Laser-Doppler
analysis of the distal limb blood flow, expressed as a ratio of flow
in the ischemic to normal limb, demonstrated a significantly im-
paired recovery in Frs2a®* mutants (Fig. S3 4 and B). In ad-
dition, mutant mice demonstrated more severe tissue damage as
judged by clinical scores (Fig. S3C). Because growth of new ar-
terial vasculature is the principal mechanism leading to the res-
toration of distal blood flow in this model, we next performed
micro-computed tomography (micro-CT) analysis of the arterial
hindlimb vasculature 14 d after the initial surgery. In agreement
with the finding of impaired distal blood flow recovery, micro-
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CT demonstrated decreased arteriogenesis in Frs2a*"* mice
compared with top controls (Fig. S3 D and E). Thus, Frs2a®"*"
mutation is associated with normal vascular development but
reduced adult angiogenesis and arteriogenesis.

To test whether vascular responses to VEGF are also affected,
we used in vivo Matrigel and ear angiogenesis models. Implanta-
tion of Matrigel plugs with VEGF-A 45 or injection of VEGF-A44
adenovirus led to extensive angiogenesis in control animals,
whereas the response to VEGF-A was significantly reduced in
Frs20* mutants (Fig. S3 F and G). To confirm the relevance of
our findings in Frs2a™”*" knock-in animals, we generated mice
with endothelial-specific inducible deletion of Frs2a (use Frs2a™'~
to describe endothelial cell-specific knockout) by using Cdh5-
CreERT?2 and PDGF-BB-CreERT2 mouse lines.

We first studied adult angiogenesis. Injection of the Ad-
VEGF-A ¢4 virus into mouse ear pads induces intense local an-
giogenesis. This response was significantly reduced in Frs2o™/~
mice compared with control littermates (Fig. 3 A and B). Im-
plantation of VEGF-A,¢; impregnated Matrigel pellets into
Frs20~'~ also resulted in a significantly reduced angiogenic re-
sponse compared with implantations in littermate controls (Fig. 3
C and D). Finally, similar results were obtained with VEGF-A 44
and VEGF-C corneal implants (Fig. 3 E-H).

To test the effect of endothelial Frs2a deletion on arterio-
genesis, we used a hindlimb ischemia model. Ligation of the right
common femoral artery leads to nearly 90% reduction in the
blood flow to the ipsilateral paw as demonstrated by laser-Doppler
flow imaging (Fig. 4 A and B). Although control mice recovered
blood flow 14 d later, Frs2o~ demonstrated a significantly re-
duced flow restoration and a significantly increased loss of tis-
sues in the ischemic foot (Fig. 4 A-C). In addition, examination
of capillary growth in the ischemic part of the foot demonstrated
reduced angiogenesis in Frs2a~'~ mice (Fig. 4 D and E).

VEGF-A signaling plays a critical role in postnatal de-
velopment of retinal vasculature. To examine the role of Frs2a in
this process, Cdh5-CreERT2 or PDGF-BB-CreERT2 was acti-
vated at postnatal day 1 (P1). When examined 5 d later at P6,
Frs20”'~ mice demonstrated a profound reduction in the retinal
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Fig. 2. FRS2a knockdown in HDLEC inhibits VEGF-C-dependent signaling.
(A) Control and FRS2a knockdown HDLEC were serum starved overnight and
treated with VEGF-C (50 ng/mL) for the indicated times. Cell lysates were
immunoprecipitated (IP) with an anti-VEGFR3 antibody and immunoblotted
with anti—p-Tyrosine antibody. The same blot was stripped and blotted with
anti-VEGFR3. Input lysates were blotted with anti-VEGFR3 and anti-FRS2a
antibodies. (B Upper) Control and FRS2a knockdown HDLEC were serum
starved overnight and treated with VEGF-C (50 ng/mL). Cell lysates were
blotted with p-ERK, ERK, and FRS2a antibodies. (B Lower) Control and
FRS2a6F (Flag) overexpressed HDLEC were serum starved overnight and
treated with VEGF-C (50 ng/mL). Cell lysates were blotted with p-ERK, ERK,
and FRS2a antibodies. (C) Control and FRS2a knockdown HDLEC were serum
starved overnight. Cell proliferation (Upper) and cell migration (Lower) in
response to VEGF-C (50 ng/mL) profiles, detected by xCELLigence. Approxi-
mately 1,000 cells (for cell proliferation) or 25,000 cells (for cell migration)
were loaded per well in duplicate (***P < 0.01 compared with control). (D)
Control and FRS2a knockdown HUVEC were serum starved overnight and
treated with PIGF-1 (50 ng/mL). Cell lysates were immunoprecipitated (IP)
with an anti-VEGFR1 antibody and immunoblotted with anti—-p-Tyrosine
antibody. The same blot was stripped and blotted with anti-VEGFR1. Input
lysates were blotted with anti-VEGFR1 and anti-FRS2a antibodies. Data
shown in A, B, and D are based on three independent experiments; data in C
are based on two independent experiments.

vascular coverage (Fig. 5 A-D) In addition to retina vasculature
abnormalities, Frs2a™~ mice showed a ~50% reduction in the
number of diaphragm lymphatic vessels (Fig. 5 E and F). To-
gether these results demonstrate the critical role played by
FRS2a in mediation of VEGF signaling in vivo.

Discussion

The findings in this study identify FRS2a as a unique regulator and
important intracellular signaling via VEGFRs. As demonstrated in
the case of VEGFR2 and VEGFR3, the absence of FRS2« leads
to impaired activation of VEGF-A- and VEGF-C-induced sig-
naling in, respectively, blood and lymphatic endothelial cells. In
vivo this phenotype translates to profound impairment of angio-
genesis and arteriogenesis (VEGF-A—dependent processes) and
lymphangiogenesis (VEGF-C-dependent process).

FRS2a involvement in VEGF signaling is highly unexpected
because VEGFR?2 lacks obvious canonical FRS2a binding sites.
Numerous proteins have been proposed to function downstream
of VEGFR2 transmitting its intracellular signals including
TSAd, PLCy, and Grb2 among others (7). T-cell-specific adapter
molecule (TSAd) binds to the VEGFR2 Y*! site. TSAd is critical
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for actin reorganization in cell culture models and activation of Src
but is not essential for mouse development (17, 18). Grb2 binds to
the VEGFR2 Y'?'? site, but its role is uncertain because mouse
VEGFR2 Y'?'? mutants have no discernible defects (19). PLCy
binds to the Y''7 site and activates MAPK signaling. Mice
carrying a VEGFR2 Y1175F mutation die between embryonic
day (E) 8.5 and E9.5 with endothelial and hematopoietic defects,
similar to those seen in Vegfr2~'~ mice (19). Given these consid-
erations, it will be important to determine the precise mechanism
of FRS2a-dependent regulation of VEGF signaling.

Such a critical involvement of FRS2a in VEGF signaling
points to a new role for this molecule. To date, FRS2a has been
implicated in biological activities regulated by FGF and NGF
including cell proliferation and migration, outgrowth of neuritis,
and development of various organs and tissues (11, 20). Frs2a ™/~
mice die at E7.0-E7.5 because of multiple developmental prob-
lems including abnormal anterior-posterior axis formation, failure
of development of the extraembryonic ectoderm, cerebral cortex,
eye, carotid body, cardiac outflow tract, prostate, limbs and skel-
eton, and widespread vascular abnormalities (21).

The current study provides the first evidence that vascular
defects seen in these mice may be due to the impairment of
VEGF signaling. Frs2o®""?" knock-in mice die during embryonic
development with embryos showing profound growth retardation
and extensive edema. As we demonstrate in this study, Frs2o*F14F
knock-in mice also reveal a number of angiogenic and arterio-
genic defects including decreased responsiveness to VEGF
stimulation in vivo. However, because it is difficult to conclu-
sively tease out VEGF-dependent abnormalities in mice lines
with global disruption of FRS2a expression, we studied vascular
defects in mice with endothelial-specific deletion of Frs2a initi-
ated after birth.

Injection of Ad-VEGF-A in the ear of these mice or insertion
of a VEGF-A-containing Matrigel plug led to a markedly muted
angiogenic response than seen in littermate controls. Similarly,
the early postnatal development of the retina vasculature, a pro-
cess that is largely VEGF driven, was also dramatically impaired in
Frs2a™'~ mice. Finally, a study of arteriogenesis using a hindlimb
ischemia model also demonstrated a profound retardation of ar-
terial network formation that is comparable to that seen in other
genetic mice models with impaired VEGF-dependent activation
of MAPK signaling (16, 22). Taken together, these data point to
a critical role played by endothelial FRS2a in vascular devel-
opment, angiogenesis, lymphangiogenesis, and arteriogenesis. The
precise mechanism responsible for FRS2a-dependent reg-
ulation of VEGF receptor signaling remains uncertain and is the
subject of ongoing studies. It should be noted that although FRS2a
phosphorylation by VEGF in EC has been reported (23), no func-
tional significance of this event has been suggested and FRS2a in-
volvement in VEGF signaling is not typically considered (7).

In the vascular system, VEGF and FGF play central, if
somewhat different, roles in the regulation of vascular development
and maintenance of vascular homeostasis. The unexpected role of
FRS2a in VEGEFR signaling has profound biological implications
because the fact that a single molecule affects both VEGF and
FGF signaling pathways is critically important, not only for our
understanding of VEGF biology per se, but also for under-
standing of VEGF/FGF (or, potentially other RTK) cross-talk
and the development of drugs designed to selectively (or jointly)
affect VEGF and FGF signaling. The latter, in turn, is crucial to
the development of therapeutic interventions aimed at both
stimulation and inhibition of blood vessel growth.

In summary, in this study we showed that FRS2a binds to and
regulates signaling of all three VEGF receptors. This result places
this molecule at the center of VEGF and endothelial cell biology.
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Fig. 3. Impaired angiogenesis in Frs2a™'~ mice. (A) Wild-type and Frs2a~~ mice were treated with 1 x 10° pfu of Ad-LacZ or Ad-VEGF-Ag,4 virus. VEGF-A-
induced angiogenesis was recorded at day 7 by using a stereomicroscope and fluorescent scope. (B) Mouse ears were sectioned, and the number of vessels was
counted (**P < 0.01 compared with control) (n = 4 mice per group). (C and D) Matrigel mixed with either PBS or VEGF-A;¢5 (50 ng/mL) were placed s.c. in wild-
type or Frs2a~"~ mice. On day 7, matrigel plugs were sectioned, and the number of vessels was counted (*P < 0.05 compared with control) (n = 6 mice per
group). (E-H) Hydron pellet containing VEGF-Aqe, or VEGF-C was implanted into the cornea of wild-type and Frs2a™'~ mice. Angiogenesis was assessed by
stereo microscopy at day 7 following implantation (E and G) (asterisk marks the position of the implanted pellet). Vascular density was quantified in Fand H

(*P < 0.05; **P < 0.01 compared with control) (n = 6 mice per group).

Materials and Methods

Growth Factors. All recombinant human growth factors including EGF (Sigma
E9644; for in vitro stimulation), VEGF-Ags (R&D Systems 293-VE-010; for in
vitro stimulation), VEGF-Aq,1 (R&D Systems 4644-VS-010; for in vitro stimu-
lation), VEGF-C (R&D Systems 2179-VC-025; for in vitro stimulation), VEGF-C
(R&D Systems 2179-VC-025/CF; for in vivo corneal angiogenesis assay), PIGF-1
(Peprotech 100-06; for in vitro stimulation), and recombinant mouse VEGF-A;¢,4
(R&D Systems 493-MV-005/CF; for in vivo corneal angiogenesis assay) were
reconstituted in 0.1% BSA/PBS.

Generation of Lentiviruses. FRS2a shRNA lentiviral constructs were purchased
from Open Biosystem. The generation and production of FRS2« lentivirus
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Wild-type
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was described (24). For the production of FRS2a6F, 10 pg of pLVX-IRES-puro
carrying the Frs2a®" cDNA expression cassette, 5 ug of pMDLg/PRRE, 2.5 g of
RSV-REV, and 3 ug of pMD.2G were cotransfected into 293T cells by using
FUGENE 6. Forty-eight hours later, the medium was harvested, cleared by
0.45-pm filter, mixed with polybrene (Sigma), and applied to cells. After
6 h of incubation, the virus-containing medium was replaced with
fresh medium.

Antibodies Used for Immunodetection of Proteins The following antibodies
were used for immunoblotting (IB), immunoprecipitation (IP), or immuno-
histochemistry (IHC): CD31 (ab28364, Abcam; IHC), CD31 (553370, BD Phar-
mingen; EC isolation), p-ERK (M8159, Sigma; IB), FLAG (F1804, Sigma; IB),
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Fig. 4. Impaired arteriogenesis in Frs2a™'~ mice.
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fields per section (3 sections per mouse; n = 4 for
each strain). *P < 0.05, wild-type vs. Frs2a~'".
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diaphragms from wild-type and Frs2a
vessels (E and F).

Postnatal angiogenesis and lymphangiogenesis defects in Frs2a
e

FRS2a (H-91, Santa Cruz; IB), p44/p42 MAP Kinase (9102, Cell Signaling;
IB), Phosphotyrosine, clone 4G10 (05-321, Millipore; IB), Phosphotyrosine
(PY20) (sc-508, Santa Cruz; IB), B-tubulin (T7816, Sigma; IB), VEGFR2 (2479,
Cell Signaling; IB), VEGFR2 (5168, Cell Signaling; IP), p-VEGFR2 Tyr-801
(VP2921, ECM Biosciences; IB), p-VEGFR2 Tyr-951 (4991, Cell Signaling; IB), p-
VEGFR2 Tyr-1054/1059 (441047G, Invitrogen; IB), p-VEGFR2 Tyr-1175 (2478,
Cell Signaling; IB), and p-VEGFR2 Tyr-1214 (44-1052, Invitrogen; IB).

Cell Culture and Reagents. Cell lines and culture condition. Primary human en-
dothelial cell culture: HUVEC (human umbilical vein endothelial cells, passage
5-10; Lonza) and HDLEC (human dermal lymphatic endothelial cells, passage
5-10; Lonza) were cultured in EBM-2 supplemented with EGM-2-MV bullet
kit (Lonza). Culture vessels were coated with 0.1% gelatin (G6144; Sigma) for
30 min at 37 °C immediately before cell seeding. For different growth factor
treatment, cells were serum starved overnight and treated with 50 ng/mL
EGF, VEGF-A+¢5, VEGF-A,,4, VEGF-C, or PIGF for different time points.
Primary mouse endothelial cell isolation. Primary mouse endothelial cells were
isolated from the heart, lung, and liver by using rat anti-mouse CD31 antibody
(clone MEC13.3, Pharmingen; 553370) and Dynabeads (catalog no. 110.35;
Invitrogen) as described (25).

Cell Lysis, Immunoprecipitation, and Western Blot Analysis. To obtain cell
lysates, the cells were washed with cold PBS and lysed for 10 min on ice in
a hypotonic HNTG lysis buffer (20 mM Hepes at pH 7.4, 150 mM NacCl, 10%
(vol/vol) glycerol, 1% Triton X-100, 1.5 mM MgCl,, 1.0 mM EGTA) containing
protease inhibitor mixture (11-697-498-001; Roche), and phosphatase in-
hibitor mixture (04-906-837-001; Roche). The lysates were centrifuged at
15,871 x g at 4 °C for 15 min. The immunoprecipitation and Western blot
analysis procedure were described (25).

Matrigel Cord Formation Assay. Twenty-four-well plates were coated with
growth factor-reduced Matrigel (354230; BD Biosciences) and allowed to
solidify for 30 min at 37 °C. Cells were trypsinized, seeded on Matrigel-
coated plates at a density of 6 x 10% cells per well in EBM-2 medium with
0.5% FBS with and without VEGF-A, and incubated for 6 h at 37 °C. Pho-
tomicrographs were taken at 100x magnification.

xCELLigence Real-Time Cell Analysis: Cell Proliferation and Cell Migration. Cell
proliferation and cell migration experiments were carried out by using the
xCELLigence Real-Time Cell Analysis (RTCA) DP instrument (Roche Diag-
nostics) in a humidified incubator at 37 °C and 5% (vol/vol) CO,.

Cell proliferation experiments were performed by using modified 16-well
plates (E-plate; Roche Diagnostics). Initially, 100 pL of cell-free growth me-
dium [20% (vol/vol) FBS] was added to the wells. After leaving the devices at
room temperature for 30 min, the background impedance for each well was
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mice. (A-D) P6 retinas from wild-type and Frs2a~'~ littermate mice. (E and F) P6
littermate mice. a’ and b’ panels show higher magnification of the angiogenic front (A-D) and diaphragm lymphatic

measured. One hundred microliters of the cell suspension with or without
growth factor was then seeded into the wells (1,000 cells per well). Plates
were locked in the RTCA DP device in the incubator and the impedance
value of each well was automatically monitored by the xCELLigence system
and expressed as a cell index value (Cl). CI was monitored every 15 min for
300 times. Two replicates of each cell concentration were used in each test.
Water was added to the space surrounding the wells of the E-plate to avoid
interference from evaporation.

Cell migration experiments were performed by using modified 16-well
plates (CIM-16; Roche Diagnostics) with each well consisting of an upper and
a lower chamber separated by a microporous membrane containing ran-
domly distributed 8-um pores.

Initially, 160 pL and 30 pL of media was added to the lower and upper
chambers, respectively, and the CIM-16 plate was locked in the RTCA DP
device at 37 °C and 5% (vol/vol) CO, during 60 min to obtain equilibrium
according to the manufacturer’s guidelines. After this incubation period,
a measurement step was performed as a background signal, generated by
cell-free media. To initiate an experiment, 100 pL of the cell suspension was
then seeded into the wells (10,000 cells per well). After cell addition, CIM-16
plates were incubated during 30 min at room temperature in the laminar
flow hood to allow the cells to settle onto the membrane according to the
manufacturer’s guidelines.

To prevent interference from evaporation during the experiments, me-
dium was added to the entire empty space surrounding the wells on the
CIM-16 plates. Each condition was performed in duplicate with a programmed
signal detection schedule of each 5 or 15 min during 5 h of incubation. All data
have been recorded by the supplied RTCA software (vs. 1.2.1).

RNA Isolation, Quantitative Real-Time PCR, and Gene Expression Profiling. RNA
was isolated using RNeasy plus Mini Kit (74134, Qiagen) and converted to
cDNA using iScript cDNA synthesis kit (170-8891, Bio-Rad). Quantitative real-
time PCR was performed using Bio-Rad CFX94 by mixing equal amount of
cDNAs, iQ SYBR Green Supermix (170-8882; Bio-Rad), and gene specific pri-
mers (QIAGEN). All reactions were done in a 25-uL reaction volume in du-
plicate. Data were normalized to an endogenous control p-actin. Values are
expressed as fold change in comparison with control.

Generation of Mice. The Frs2a*"F mice (26) were provided by V. P. Eswarakumar,
Yale University, New Haven, CT. Frs2a*'°* mice were described (27). Cdh5-
CreERT2 (28) (gift from R. H. Adams, Max Planck Institute, Munster, Ger-
many) and PDGF-BB-CreERT2 (29) (gift from M. Fruttiger, University College
London, London) transgenic mice were first bred with mT/mG [B6,129(Cg)-
Gt(ROSA)26S0rtmH(ACTB-tdTomato,-EGFP)LUo/y] (JAX SN:007676) mice to gen-
erate endothelial cell-specific reporter mice then crossed with Frs2a/¥/fox
mice. To induce Cre recombination for adult angiogenesis and arteriogenesis
assay, P6 pups were pipette fed with 0.05 mg/g tamoxifen solution (20 mg/mL
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stock solution in corn oil) every other day 10 times. To induce Cre re-
combination for P6 retina vasculature and diaphragm, P1 pups were pipette
fed with 0.05 mg/g tamoxifen solution (20 mg/mL stock solution in corn oil) for
five consecutive days. Cross-breeding of these lines with the mT/mG reporter
line was used to assess the effectiveness of Cre-driven recombination. For PCR
genotyping analysis, the primers used were as follows:

Frs2a4F (5-AGAATGGTGGCACAAACCAATAATCC-3' and 5-CAATTCTTAA-
CACCCACAAGGCCG-3), Frs2a™fox (5 .GAGTGTGCTGTGATTGGAAGGCAG-3’
and 5-GGCACGAGTGTCTGCAGACACATG-3'), mT/mG (5-CTCTGCTGCCTCCTG-
GCTTCT-3, 5-CGAGGCGGATCACAAGCAATA-3', and 5-TCAATGGGCGGGGG-
TCGTT-3’), Cdh5-CreERT2 (5'-GCCTGCATTACCGGTCGATGCAACGA-3/,
and 5-GTGGCAGATGGCGCGGCAACACCATT-3'), and PDGF-BB-CreERT2 (5'-
CCAGCCGCCGTCGCAACTC-3’, and 5'-GCCGCCGGGATCACTCTC G-3)

Animal Models for Examination of Arteriogenesis and Angiogenesis. All
experiments were performed under protocols approved by Yale University
Institutional Animal Care and Use Committees.

Mouse ear angiogenesis assay. Adenovirus-encoding VEGF-A4 (1 x 10° pfu) or
LacZ control virus (1 x 10° pfu) was intradermally injected into mice ear skin.
In vivo matrigel plug assay. Growth factor reduced Matrigel (354230; BD Bio-
sciences) were premixed with VEGF-Ag5 (PHC9391, Invitrogen) and heparin
(20 U/mL). The samples were injected into the s.c. tissues of 10-wk-old mice.
Once the mice were killed, the recovered Matrigel plugs were fixed in
10% (vol/vol) formalin.

Mouse corneal micropocket assay. Micropellets containing VEGF-Ag, (493-
MV-005/CF; R&D), or VEGF-C (2179-VC-025/CF; R&D) together with the slow-
release polymer (sucralfate and hydron polymer) were implanted into
micropockets of mouse corneas (n = 8 per group). At day 7 after implanta-
tion, corneal neovascularization was examined and photographed.
Hindlimb ischemia model and laser Doppler blood flow analysis. Mouse hindlimb
ischemia was induced as described (16). For the laser Doppler blood flow
analysis, hind limb blood flow was measured on preoperative day and
postoperative days 0, 3, 7, and 14 by using a laser Doppler blood flow
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analyzer (Moor LDI; Moor Instruments). Blood flow was quantitatively
assessed as changes in the laser images by using different color pixels. To
avoid mouse-to-mouse and experiment-to-experiment variations, hind limb
blood flow was expressed as the ratio of left (ischemic) to right (non-
ischemic) laser-Doppler signal.

Micro-CT angiography. Micro-CT angiography and analysis were carried out as
described (30).

Briefly, 2D micro-CT images were acquired with a GE eXplore Locus SP
scanner (GE Healthcare), using 360 views with angular increment of 0.5
degree and 24-um isotropic resolution at a voltage of 60 kVp and 100 mAs
tube current. Micro-CT data were transferred via Microview software (ver-
sion 2.2; GE Healthcare) to the Advanced Workstation (version 4.4; GE
Healthcare) for vascular segmentation. National Institutes of Health Imagel)
was used to analyze vascular tree. Data are expressed as a vascular segment
number, representing the total number of vessels of specified diameter
counted in 200 z sections for calf in 3D micro-CT images.

Statistical Analysis. Statistical analysis was performed by using GraphPad
Prism software v.5. Photoshop CS5 software was used for image processing
in compliance with general guidelines for image processing. All data are
presented as mean + SD, and two group comparisons were done with

a two-tailed Student t test. A value of P < 0.05 was taken as statistically
significant.
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