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Endothelial Cell-specific Chemotaxis Receptor (ECSCR)
Enhances Vascular Endothelial Growth Factor (VEGF)
Receptor-2/Kinase Insert Domain Receptor (KDR) Activation
and Promotes Proteolysis of Internalized KDR™
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Background: ECSCR is required for full KDR activation, but the mechanism is unknown.

Results: ECSCR and KDR show both basal and VEGF-stimulated association.

Conclusion: ECSCR modulates KDR activation and proteolysis of internalized KDR.

Significance: ECSCR expression in vascular anomalies such as infantile hemangioma has implications for VEGF signaling in
those tissues. In contrast, ECSCR levels are not increased in lung squamous cell carcinoma.

The endothelial cell-specific chemotaxis receptor (ECSCR) is a
cell-surface protein selectively expressed by endothelial cells (ECs),
with roles in EC migration, apoptosis and proliferation. Our previ-
ous study (Verma, A., Bhattacharya, R., Remadevi, I, Li, K., Pra-
manik, K., Samant, G. V., Horswill, M., Chun, C. Z., Zhao, B., Wang,
E., Miao, R. Q., Mukhopadhyay, D., Ramchandran, R., and Wilkin-
son, G. A. (2010) Blood 115, 4614 -4622) showed that loss of
ECSCR in primary ECs reduced tyrosine phosphorylation of vascu-
lar endothelial growth factor (VEGF) receptor 2/kinase insert
domain receptor (KDR) but not VEGF receptor 1/FLT1. Here, we
show that ECSCR biochemically associates with KDR but not FLT1
and that the predicted ECSCR cytoplasmic and transmembrane
regions can each confer association with KDR. Stimulation with
VEGEF, ¢ rapidly and transiently increases ECSCR-KDR complex
formation, a process blocked by the KDR tyrosine kinase inhibitor
compound SU5416 or inhibitors of endosomal acidification. Triple
labeling experiments show VEGF-stimulated KDR*/ECSCR*
intracellular co-localization. Silencing of ECSCR disrupts VEGF-
induced KDR activation and AKT and ERK phosphorylation
and impairs VEGF-stimulated KDR degradation. In zebrafish, ecscr
interacts with kdrl during intersomitic vessel sprouting. Human
placenta and infantile hemangioma samples highly express ECSCR
protein, suggesting a role for ECSCR-KDR interaction in these
tissues.

Vascular endothelial growth factor (VEGF) and its receptors
are key regulators of endothelial cell biology, influencing differ-
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entiation, survival, proliferation, and migration of endothelial
cells. VEGF is produced in isoforms of varying amino acid chain
lengths, of which the two most abundant isoforms, VEGF,,;
and VEGF, ., show distinct binding and biological activities. At
least part of this difference can be explained by their relative
activity toward the VEGF co-receptor neuropilin-1 (NRP1)2.
VEGF, ¢, but not VEGF,,, binding to VEGF receptor-2 (also
known as KDR) promotes stable complex formation with the
coreceptor NRP1 (Refs. 2 and 3).

Recent studies have shed light on the intricate routing of
internalized KDR following VEGF stimulation (reviewed in
Refs. 4 and 5). In resting cells, a substantial fraction of KDR
receptor resides in intracellular pools in exchange with the cell
surface (6). VEGF stimulation results in KDR internalization
and trafficking, toward recycling endosomes identified by the
small GTPase RAB11, or toward a degradative pathway marked
by the small GTPase RAB7. NRP1 engagement by VEGF is a key
influence on KDR intracellular routing (7) and VEGF isoforms
that do not bind NRP-1 favor routing of KDR toward proteoly-
sis (7). VEGF stimulation also elicits KDR ubiquitination (8)
and increases KDR association with hepatocyte growth factor-
regulated substrate (HRS; 9), a component of the ESCRT (endo-
somal sorting complex required for transport), which recog-
nizes and sorts internalized ubiquitinated receptors (reviewed
in Ref. 10).

Endothelial cell-specific chemotaxis receptor (ECSCR), also
known as ECSM2 and apoptosis regulator through modulating
IAP expression (ARIA), was initially identified (11, 12) as a
novel mRNA preferentially expressed in endothelial cells,
which encoded a cell-surface single-transmembrane domain

2 The abbreviations used are: NRP1, neuropilin-1; EC, endothelial cell; ECSCR,
endothelial cell-specific chemotaxis receptor; KDR, kinase insert domain
receptor; HRS, hepatocyte growth factor-regulated substrate; ISV, inter-
somitic vessel; HUVEC, human umbilical vein endothelial cell; PAE, porcine
aortic endothelial; MO, morpholino.
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glycoprotein (13) with highly conserved transmembrane and
cytoplasmic sequences. The cytoplasmic domain interacts with
the actin-binding protein filamin-A (11), the proteasome (14),
and phosphatase and tensin homologue (15), whereas the bind-
ing properties of the transmembrane region are unknown.
ECSCR function has been implicated in cell migration, angio-
genesis, and apoptosis (reviewed in Ref. 16).

In our previous work (1), we showed that ECs silenced for
ECSCR manifest reduced VEGF-induced migration and
reduced tyrosine phosphorylation of KDR but not of VEGF
receptor 1 (FLT1). However, the mechanism by which ECSCR
influences KDR activation, and the sequence determinants of
this function are unknown. In this work, we provide evidence
that ECSCR associates biochemically with KDR and that lack of
ECSCR impairs VEGF-stimulated KDR activation, signaling,
and proteolysis. These data suggest two distinct roles for KDR/
ECSCR association: in resting cells, basal association increases
KDR activation, whereas a delayed association in stimulated
cells enhances KDR degradation.

EXPERIMENTAL PROCEDURES

Antisera and Reagents—Anti-V5 and anti-Myc-tag antisera
were from Invitrogen. The antibodies to FLT1, NRP1, mouse
anti-KDR, and phospho-KDR (Tyr®>') were from Santa Cruz
Biotechnology. Antibodies against RAB7 and RAB11, phospho-
KDR (Tyr''”®), rabbit anti-KDR, total and phospho-p42/44
ERK, and total and (phospho-Ser*”®) AKT were from Cell Sig-
naling. Anti-HRS was from Enzo Life Sciences. Alexa Fluor
633-coupled Ulex-1 lectin, recognizing human endothelial
cells, was from Invitrogen.

KDR kinase inhibitor III SU5416 was from Calbiochem. Src
family kinase inhibitor PP2 was from Tocris. Chloroquine
diphosphate and bafilomycin Al were from Sigma. VEGF, 4
and VEGF,,; were from Peprotech. Polyclonal anti-ECSCR
antiserum was raised in rabbits immunized using a GST fusion
with the human ECSCR C terminus as an antigen. Biochemistry
assays, including immunoprecipitation and Western blot were
performed as described (1) with the exception that the base
buffer used was radioimmune precipitation assay buffer
(Sigma) to improve stringency of co-immunoprecipitation.
siRNAs targeting ECSCR were from Qiagen (SI04328177) and
from Sigma (SASI_Hs02_00313147).

ECSCR Structure/Function Constructs—Recombinant con-
structs were designed based on human ECSCR (GenBank™
accession no. NP_001071161) and human endomucin (EMCN)
(GenBank™ accession no. NP_001153166), with chimeric
constructs conforming to annotated transmembrane region
boundaries. ECSCR-AC specifies the ECSCR sequence up to
residue Glu'®®.

Zebrafish—All zebrafish studies were performed under the
Medical College of Wisconsin institutional guidelines (Animal
Protocol 312-06-2). Kdrl:eGFP transgenic fish (17) were
crossed, and eggs were injected with morpholinos against ecscr
(MO3; 1) and/or kdrl (ATG MO; 18). Fish were scored for inter-
somitic vessel sprouting at 22 hours post-fertilization (hpf).
Additive effects on intersomitic vessel (ISV) sprouting follow-
ing injection of MO mixtures were evaluated as described (19).
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Human Patient Samples—Research on human patient sam-
ples was performed according to Medical College of Wiscon-
sin-approved Institutional Review Board protocols, and
informed consent was obtained in accordance with the Decla-
ration of Helsinki. Tissue array CVD481 was obtained from
U. S. Biomax.

Cell Culture—Endothelial cells were maintained on tissue
culture plastic unless indicated otherwise. HUVECs were pur-
chased from Lonza and cultured in endothelial basal medium-2
plus endothelial supplements (Lonza) for four to six passages.
Porcine aortic endothelial (PAE) cells and transduced lines
were maintained in F11 + penicillin/streptomycin/glutamine
plus 10% FBS. Transfection of both cell types was performed by
lipofection for biochemistry. For immunocytochemistry,
HUVECs were microporated using the Neon transfection sys-
tem (Invitrogen). siRNA transfection of HUVEC cells was per-
formed at 80% confluence using oligofectamine reagent (Invit-
rogen) (20).

Motility of KDR-PAE Cells—Cell migration was measured in
Boyden chambers with 8-um pore inserts. Cells were tran-
siently transfected with indicated constructs, resuspended in
serum-free media, and starved for 1-2 h before the assay. Boy-
den chambers were placed over a lower chamber containing or
purified VEGF,4; (25 ng/ml) in endothelial basal medium.
Upper chambers were seeded at a density of 2 X 10 cells per
well in 500 pl of serum-free media. Cells were allowed to
migrate for 5 hat 37 °Cin 5% CO,. Migration experiments were
repeated in their entirety at least twice.

Cell Fractionation and Differential Centrifugation—Serum-
starved or VEGF stimulated HUVECs were monolayers washed
with ice-cold PBS and collected by scraping. Cells were resus-
pended in hypotonic buffer (20 mm Tris-HCI, pH. 8.0, contain-
ing 10 mm KCl, 0.2 mm MgCl,, and protease and phosphatase
inhibitors), and lysed by passing through a 26-gauge needle.
Lysates were clarified thrice by centrifugation at 300 X g for 10
min. Clarified lysates were subjected to centrifugation at 1000
X g for 10 min to pellet nucleus and plasma membrane (low-
speed pellet; fraction 1). The low speed supernatant was sub-
jected to medium speed centrifugation at 30,000 X g for 30 min
to enrich for endosomes (medium speed pellet; fraction 2).
Finally, other membranes were pelleted by ultracentrifugation
at 100,000 X gfor 1 h (fraction 3), with the supernatant (fraction
4) enriched in cytosol. 30 ug of protein fractions were resolved
on 4-20% gradient SDS-PAGE followed by immunoblotting.
Prep quality was monitored by blotting fractions for mem-
brane-associated Na* /K" ATPase and for cytosolic GAPDH.

RESULTS

ECSCR Biochemically Associates with KDR—Because our
earlier data (1) indicated that loss of ECSCR affected VEGF-
stimulated KDR tyrosine phosphorylation, we asked whether
these two proteins associate biochemically (Fig. 1). We co-
transfected HEK293 cells with KDR and either tagged ECSCR
(ECSCR-FL) or a truncation mutant lacking most of the con-
served cytoplasmic domain (ECSCR-AC; sequence details
given in “Experimental Procedures”). Anti-tag immunoprecipi-
tation (IP) showed robust association of endogenous KDR with
ECSCR-FL and -AC (Fig. 1A). Reverse IP also showed both FL
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FIGURE 1. Mutually selective association of KDR with ECSCR. A, HUVECs were transfected with tagged ECSCR full-length (ECSCR-FL) or cytoplasmic-
truncated (ECSCR-AC) constructs. Cell lysates were subjected to anti-tag immunoprecipitation and probed by anti-endogenous KDR Western blot. KDR is
detected in both immunoprecipitates but not in control. B, KDR is also detected in HUVECs immunoprecipitated with anti-endogenous ECSCR but not control
antiserum. C, PAE cells transduced with wild-type KDR or a chimeric receptor containing CSF-1R extracellular sequences (see text) both co-IP with ECSCR or with
ECSCR-AC. D, in transduced PAE lines, neither FLT1 nor chimeric CSF-1R/FLT receptor show co-IP with ECSCR. cont, control.

and AC ECSCR in anti-KDR immunoprecipitates (data not
shown). To address whether endogenous ECSCR can associate
with endogenous KDR, we raised and affinity-purified antise-
rum against the conserved carboxyterminal portion of human
ECSCR. Immunoprecipitates using anti-endogenous ECSCR,
but not control antiserum, co-precipitated endogenous KDR
from HUVEC lysates (Fig. 1B).

To understand the degree of selectivity of ECSCR-KDR
interaction, and to begin to map the sequence determinants by
which ECSCR and KDR interact, we analyzed chimeric recep-
tor molecules in a PAE cell transfection system. PAE cells
express very low levels of VEGF binding co-receptors (21) and
can be used to study VEGF receptors in relative isolation. We
transfected ECSCR and derivative constructs into PAE lines
singly transduced with KDR; with VEGF receptor 1 (FLT1); or
with chimeric CKR or CTR constructs (containing CSF-1R
extracellular domain and KDR or FLT1 transmembrane and
cytoplasmic domains, respectively; Ref. 22). Anti-tag IP of
ECSCR-FL or -AC in PAE lines co-precipitated KDR and CKR
chimeric receptor (Fig. 1C). In contrast, we did not detect asso-
ciation of ECSCR-FL or -AC with FLT1 or with chimeric CTR
(Fig. 1D). As CKR but not CTR was detected in ECSCR immu-
noprecipitates, we infer that the CSF-1R extracellular domain,
shared by the CTR and CKR chimeras, did not contribute
detectably to association between ECSCR and CKR. We have
not detected binding between recombinant soluble ECSCR
extracellular domain and KDR (data not shown). Taken
together, these observations suggest that the extracellular
domains of ECSCR and KDR are dispensable for their interac-
tion in transfected cells.

We next compared ECSCR to a similarly sized endothelial
glycoprotein, EMCN with respect to KDR co-IP (Fig. 2). In
transfected HEK293 cells, ECSCR but not EMCN immunopre-
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FIGURE 2. Structure/function comparison of ECSCR and EMCN for KDR
association. A, schematic (not to scale) of constructs tested for co-immuno-
precipitation with KDR. ECSCR-derived sequences are indicated with white
rectangles; EMCN-derived sequences are indicated with gray rectangles.
Annotated transmembrane regions are indicated by vertical dashed lines. B,
ECSCR, but not EMCN, co-immunoprecipitates with KDR, whereas chimeric
constructs EM/EC and EC/EM both associate with KDR. C, TMswap construct
substituting ECSCR transmembrane region into EMCN confers KDR associa-
tion. D, ECSCR overexpression impairs Boyden chamber migration of KDR/
PAE relative to EMCN control. KDR/PAE cells were transfected with indicated
constructs, starved, seeded into the top chamber of Transwell inserts and
allowed to migrate in response to 20 ng/ml VEGF for 4 h. ECSCR- or TMswap-
overexpressing cells showed reduced VEGF-stimulated Transwell migration
compared with EMCN control. Results presented are the average of four inde-
pendent experiments. ¥, p < 0.05, Student’s t test.
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cipitated with KDR (Fig. 2B). To better understand which
regions of ECSCR mediate association with KDR, we generated
recombinant constructs specifying chimeric proteins com-
posed of ECSCR- and EMCN-derived sequences (schematically
shown in Fig. 24; see “Experimental Procedures” for details).
We assayed the ECSCR extracellular and transmembrane
domains combined with EMCN cytoplasmic tail (EC/EM) or,
conversely, the EMCN extracellular and transmembrane
domains with ECSCR cytoplasmic tail (EM/EC) for co-immu-
noprecipitation with KDR. Both EC/EM and EM/EC co-immu-
noprecipitated with KDR in this assay, indicating that more
than one region of ECSCR can contribute to co-IP in this trans-
fection system (Fig. 2C). To test whether ECSCR transmem-
brane sequences are sufficient for KDR co-IP, we expressed a
chimeric EMCN-derived protein containing only the ECSCR
transmembrane domain (TMswap; Fig. 24). TMswap also
immunoprecipitated with KDR (Fig. 2C). Finally, to test the
functional consequences of KDR-ECSCR association for cellu-
lar responses to VEGF, we performed Boyden chamber analysis
of KDR/PAE cells overexpressing control EMCN, ECSCR, or
the TMswap (Fig. 2D). Overexpression of ECSCR or TMswap
significantly reduced KDR/PAE migration toward VEGF rela-
tive to EMCN. Taken together, these findings show that ECSCR
and KDR have a mutually selective biochemical association,
and that sequences near or within the transmembrane domain
of both KDR and ECSCR can contribute to this interaction. The
data also support the possibility of ECSCR cytoplasmic
sequences contributing to KDR association.

VEGF Stimulation Transiently Increases ECSCR-KDR
Interaction—W e next investigated whether VEGF stimulation
affected ECSCR association with KDR. HUVECs were serum-
starved overnight and then stimulated with VEGF, . (25 ng/ml)
for intervals ranging from 0 to 30 min (Fig. 3 and supplemental
Fig. 1). Endogenous ECSCR/KDR co-immunoprecipitation was
weak in starved cells and was strongly enhanced following 10
min of VEGF stimulation (Fig. 3A4). Association levels returned
to basal levels following 30 min (supplemental Fig. 14). The
time course of co-immunoprecipitation appeared to lag behind
that of receptor activation, as assayed by KDR phosphorylation
on tyrosine 951 (Ref. 23 and supplemental Fig. 14). VEGF-stim-
ulated co-IP was completely blocked by SU5416 (supplemental
Fig. 1A). Stimulation with VEGF,,, provoked only a modest
increase in ECSCR/KDR co-IP despite robust receptor activa-
tion (Fig. 3B). VEGF, (;-enhanced co-IP of endogenous ECSCR
and KDR was observed in a second cell type, the immortalized
endothelioma line bEND.3 (supplemental Fig. 1B).

To test whether VEGF stimulated ECSCR/KDR co-IP
required intracellular trafficking, we used the endosomal mat-
uration inhibitors bafilomycin-A1 and chloroquine (Fig. 3C) as
well as NH,CI (data not shown). Intriguingly, these inhibitors
blocked the VEGF-stimulated increase in ECSCR/KDR co-IP,
suggesting that sorting of internalized KDR and/or ECSCR was
required for enhanced complex formation.

Intracellular ECSCR and KDR Co-localize in VEGF-stimu-
lated HUVECs—Where in VEGF-stimulated cells do ECSCR
and KDR interact? In differential centrifugation experiments,
we observed that endogenous ECSCR and KDR are detected in
serum-starved and VEGF-stimulated cells in both low-speed
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FIGURE 3. Dynamic endogenous ECSCR-KDR association following VEGF
stimulation. Serum-starved HUVECs were treated with inhibitors then stim-
ulated with VEGF as indicated. Cell lysates were analyzed by Western blot for
total or activated KDR (as phosphotyrosine 951), orimmunoprecipitated with
anti-endogenous ECSCR and blotted with anti-endogenous KDR. Results pre-
sented are representative of at least three independent experiments. A,
ECSCR-KDR co-IP is seen following 10 min of VEGF, ¢ stimulation. No ECSCR
signal is seen in control immunoprecipitates. B, stimulation with VEGF,,, (25
ng/ml, 10 min) only elicits weak co-IP despite robust receptor activation. C,
co-immunoprecipitation is blocked by the inhibitors of endosome acidifica-
tion bafilomycin-A1 (BfIA) or chloroquine (CHQ). 0’, 0 min; 2, 2 min; 5, 5 min;
10, 10 min; Unstim, unstimulated.

and high-speed pellets (enriched in plasma membrane and
endosome material, respectively). However, we did not observe
a correlation between subcellular fraction localization of
ECSCR and KDR following VEGF stimulation (supplemental
Fig. 2). We therefore attempted to identify the subcellular locus
of interaction using immunocytochemical approaches (Fig. 4).
We treated HUVECs overexpressing tagged ECSCR with
VEGF, ¢, or VEGF, ., plus SU5416 as above. Cells were then
fixed and immunostained for anti-tag, anti-KDR, and anti-
NRP1 (Fig. 4 A-C). Untreated cells did not show noticeable
co-localization of these three antigens (Fig. 44). However, fol-
lowing 10 min of stimulation with VEGF, 45, HUVECs displayed
prominent NRP1/ECSCR/KDR co-localization in perinuclear
vesicle-like structures. This co-localization was not detected in
cells treated with VEGF plus SU5416 (Fig. 4C), corresponding
with the co-immunoprecipitation results obtained with endog-
enous proteins. To further identify the cellular locus of ECSCR/
KDR co-localization, we immunostained VEGF-treated cells
using markers for intracellular compartments. The perinuclear
immunoreactivity for ECSCR/KDR in VEGEF-stimulated cells
was partially immunopositive for HRS, a component of the
ESCRT complex implicated in trafficking of ubiquitinated acti-
vated receptors (10). ECSCR/KDR co-localizing structures
were frequently adjacent to, but did not coincide with, the deg-
radative pathway marker RAB7, and they did not overlap with
the recycling vesicle marker RAB11 (supplemental Fig. 3).
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FIGURE 4. KDR-ECSCR intracellular co-localization following VEGF stimulation. HUVECs were microporated with ECSCR-FL, serum-starved, and then
stimulated with VEGF or VEGF plus inhibitor as indicated. Cells were fixed and examined by confocal immunocytochemistry for ECSCR (as anti-tag), KDR, and
either NRP1 or HRS. Results presented are representative of at least 10 cells from two independent microporations. Areas enclosed by dashed boxes in the larger
panels are shown in single-channel breakouts below. A, serum-starved cell immunostained for NRP1 (green), ECSCR-FL (red), and KDR (blue) shows minimal
co-localization of all three antigens. Scale bar for all large panels, 10 mm. B, after 10 min of VEGF stimulation, corresponding to maximum co-IP in biochemical
experiments, NRP1/ECSCR/KDR triple co-localization is detected in perinuclear structures with vesicular appearance. C, NRP1/ECSCR/KDR triple co-localization
is not detected when KDR activation is inhibited using SU5416. D, KDR/ECSCR double-immunopositive perinuclear vesicles show partial co-localization with

the ESCRT-0 component HRS.

The co-localization of KDR and ECSCR with HRS prompted
us to ask whether ECSCR might contribute to the proteolysis of
activated KDR. We therefore stimulated control or ECSCR-
silenced HUVECs with VEGF, 4 and measured total KDR pro-
tein. Prolonged VEGF,, stimulation of control cells elicited
reduction of total KDR protein (9). In contrast, ECSCR-silenced
cells showed attenuated proteolysis of KDR, with normalized
KDR levels in ECSCR-silenced cells significantly elevated rela-
tive to control following 10 and 30 min of VEGF stimulation
(Fig. 54; quantified in Fig. 5B). Both total KDR (Fig. 5B) and
surface KDR (Fig. 5D) were elevated following 10 min of VEGF
stimulation.

We next investigated whether ECSCR overexpression would
promote proteolysis of activated KDR. Surprisingly, HUVECs
transfected with ECSCR-FL showed increased resting KDR
protein levels (Fig. 5C). ELISA quantification showed an ~40%
KDR protein increase in HUVECs overexpressing ECSCR-FL
relative to control (data not shown). Quantitative real-time
PCR measurements of KDR mRNA levels did not show signifi-
cant differences following ECSCR transfection (data not

APRIL 12,2013 -VOLUME 288+-NUMBER 15

shown). Because KDR in resting cells recycles between endo-
somes and the surface, we asked whether surface availability of
KDR was affected by ECSCR overexpression. We treated
HUVECs with the non-permeant biotinylation reagent Sulfo-
NHS-biotin and subjected lysates to avidin pulldown and anti-
KDR Western blot. HUVECs transfected with ECSCR showed a
30% increase in surface KDR (Fig. 5C, top, and data not shown).
We also saw increased KDR protein levels in cells overexpress-
ing the TMswap construct, suggesting that ECSCR protein-
protein interactions affect KDR turnover in resting cells (data
not shown). VEGF stimulation of ECSCR-FL overexpressing
HUVECs did not show an increase in normalized KDR
phosphorylation.

ECSCR Silencing Affects KDR Activation and AKT and ERK
Phosphorylation—Receptor internalization and intracellular
routing qualitatively alters signaling output (5). We therefore
asked whether ECSCR silencing would affect downstream sig-
nals activated by VEGF signaling (Fig. 64). HUVECs were
transfected with control or ECSCR-silencing siRNAs, serum-
starved, and stimulated with VEGF,4; for varying intervals.
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FIGURE 5. Knockdown of ECSCR reduces VEGF-stimulated KDR proteolysis, whereas overexpression of ECSCR results in increased total and surface
KDR protein. A, HUVECs were transfected with control or ECSCR silencing siRNA and then subjected to extended VEGF stimulation. Total KDR and KDR
phospho-Tyr®>" were monitored by Western blot. ECSCR-deficient cells show increased KDR levels at 10 and 30 min, suggesting a reduced rate of VEGF-
stimulated KDR degradation. B, densitometric quantification of KDR protein levels. Averaged KDR levels normalized to actin and to KDR signal in unstimulated
cells, from at least four separate experiments employing two separate ECSCR targeting siRNAs. C, HUVECs transfected with ECSCR-FL display increased total
KDR relative to control. This increase also is reflected in surface-biotinylatable KDR (top panel). D, ECSCR-silenced cells show significantly increased surface KDR
relative to control. Flow cytometric analysis of surface KDR in control and ECSCR-silenced cells in serum-starved and VEGF-stimulated pools. Results represent
the average of three independent experiments. *, p < 0.05, Student’s t test. Ctrl, control; Unstim, unstimulated.
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ceous kdrl targeting during zebrafish intersomitic vessel sprouting. A, Western blot analysis of KDR activation and AKT and ERK phosphorylation following
VEGF stimulation of control and ECSCR-silenced HUVECs. Inactivation of ECSCR results in receptor hypoactivity, delay of ERK phosphorylation peak, and
reduced basal and VEGF-stimulated AKT phosphorylation. Results are representative of three independent experiments employing two separate ECSCR siRNAs
and are quantified in supplemental Fig. 3. B, whole mount photomicrographs of kdrl:GFP transgenic zebrafish embryos following injection of the indicated
morpholinos. Injection of ecscr targeting morpholino, or 1.4 ng of kdrl-targeting morpholino, does not impair ISV sprouting. However, injection of both
together results in visibly delayed sprouting in 88% of embryos relative to controls (ctrl).

Cells lysates were analyzed for phosphorylation of KDR anddown- ~ VEGF-induced KDR phosphorylation on tyrosine 951 and showed
stream signaling proteins AKT and ERK. Consistent our earlier a trend toward reduced phosphorylation on tyrosine 1175, at 5
observations (1), ECSCR-silenced HUVECs showed reduced min (Fig. 64; quantification in supplemental Fig. 4). Extending
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TABLE 1

Intersomitic vessel sprouting phenotypes in ECSCR loss of function
zebrafish

FIk1:GFP transgenic zebrafish were injected with morpholinos as indicated and
scored at 22 hpf for intersomitic vessel sprouting by an observer blind to injection
conditions. Results presented are total number scored and number and percentage
of embryos with visibly delayed intersomitic vessel sprouting. (Significant differ-
ences of observed distributions are indicated as follows: ***, p < 0.001 versus ECSCR
MO injected.)

No. No. Percent
Injection scored abnormal abnormal
Control MO 26 0 0.00
kdrl (6.4 ng) 44 44 100.00%**
kdrl (3.2 ng) 16 8 50.00***
kdrl (1.4 ng) 12 2 16.67
kdrl (1.4 ng) + 75 66 88.00***
ecscr (6.4 ng)
kdrl (1.4 ng) + 12 1 8.33
c¢MO (6.4 ng)
ecscr (6.4 ng) 25 1 4.00

the observation of KDR hypoactivity, we also observed reduc-
tions in phosphorylation of Akt (Ser*”®) and ERK (p42/44).
Anti-phospho-Akt showed reduced signals in basal and VEGE-
stimulated cells. Anti-phospho-ERK analysis showed delayed
and blunted peak signal.

Ecscr Morpholino Exacerbates ISV Sprouting Angiogenesis
Delay in Zebrafish Injected with Subefficaceous Dose of kdrl
Targeting Morpholino—To determine whether ecscr interacts
with VEGF receptors in zebrafish, we evaluated ISV sprouting,
which requires full function of the VEGF receptor kdri (18, 24).
At 22 hpf, 100% of Tg(kdrl:EGFP) zebrafish injected with 6.4 ng
of kdrl MO showed delayed ISV sprouting relative to control
(Ref. 18 and Table 1). We next injected successively lower dos-
ages of kdrl MO and determined that injection of 1.4 ng
resulted in minimal incidence of ISV sprouting delay (Table 1).
We thus chose this dosage as a sensitizing dosage to be evalu-
ated in combination with ecscr MO. We coinjected 1.4 ng of
kdrl MO along with 6.4 ng, an inactivating dosage, of ecscr MO
(1) or control MO, and compared the ISV system in each sam-
ple (Table 1 and Fig. 6B). ISVs of embryos singly injected with
6.4 ng of ecscr MO or with the sensitizing dosage 1.4 ng of kdr/
MO had completed their dorsal trajectory and begun bifurca-
tion. In contrast, embryos injected with full dosage, 6.4 ng of
kdrl MO, or coinjected with 1.4 ng of kdrl MO plus 6.4 ng of
ecscr MO, showed delay of ISV extension (Table 1 and Fig. 6B).
Embryos coinjected with 1.4 ng of kdrl MO plus control MO
resembled control groups (Fig. 6B).

ECSCR Expression in Human Placenta and Proliferative
Stage Infantile Hemangioma— Although the tissue distribution
of ECSCR mRNA has been extensively characterized (1, 11, 14,
25, 26), the distribution of ECSCR protein in vivo is largely
unknown. To investigate this and to identify the potential in
vivo significance of the ECSCR-KDR interaction, we utilized
our anti-ECSCR antiserum to screen a human cardiovascular
disease tissue array for ECSCR protein expression (results pre-
sented in supplemental Table 1 and supplemental Fig. 5).
Strong ECSCR immunoreactivity was detected in healthy tissue
samples from major vessels, myocardium, placenta, and spleen.
Strong expression was also seen in several disease samples,
including liver hemangioma, carotid body paraganglioma, nasal
cavity angioleiomyoma, and skin ulcer granulation tissue. We
selected human placenta for further analysis (Fig. 7). In pla-
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FIGURE 7. ECSCR protein distribution in human placenta and infantile
hemangioma. A and B, double labeled confocal photomicrograph of sec-
tions of human placental basal plate (A) and myometrium (B) labeled with
anti-ECSCR (green) and anti-PECAM-1 (red). Prominent ECSCR immunoreac-
tivity is detected on placental bed extravillous trophoblasts and on the myo-
metrium vasculature. Scale bar for A and B, 5 um. C and D, marker analysis of
ECSCR immunoreactivity in human placenta. Survey double labeled confocal
photomicrograph of human placenta near the fetal-maternal interface. Pla-
centa is stained with anti-ECSCR (green) and anti-cytokeratin 7, a marker for
epithelial cells including trophoblasts (cytokeratin 7; CK7; C); and with anti-
ECSCR and anti-CD34, a marker for microvessels (D). ECSCRimmunoreactivity
is seen on CK7 ", CD34 " invasive trophoblasts (arrows). Scale bar for Cand D,
100 wm. E, Western blot analysis of ECSCR, hemangioma EC marker GLUT-1,
and B-actin reference in tissue lysates of early-stage and proliferative stage
infantile hemangioma. ECSCR protein levels are strongly elevated in biopsies
from proliferative stage hemangioma. F, triple-labeled confocal photomicro-
graph of a section through a proliferative stage hemangioma, labeled for
ECSCR (green), GLUT-1 (red), and for the general endothelial marker Ulex-1
lectin (blue). ECSCR positivity is seen on vessels immunopositive for Glut-1"
(arrowheads) as well as microvessels negative for Glut-1. ECSCR immunoreac-
tivity is also seen in the perivascular tissue (white bracket) of a non-diseased
artery.

centa, we detected strong ECSCR immunoreactivity in extravil-
lar trophoblasts within the basal plate (Fig. 7A) and microves-
sels within the myometrium (Fig. 7B). Marker analysis
confirmed that ECSCR™ cells in the basal plate were positive for
the invasive trophoblast marker cytokeratin 7 (Fig. 7C) and neg-
ative for the microvascular antigen CD34 (Fig. 7D). Because
placental trophoblasts and endothelial cells of vascular tumor
hemangioma share markers and possibly a common develop-
mental origin (27), we next investigated whether ECSCR pro-
tein expression was altered in biopsies from patients with infan-
tile hemangioma. Western blot analysis showed elevated
ECSCR protein in proliferating phase hemangioma samples rel-
ative to early stage (Fig. 7C). Immunostaining of hemangioma
cryostat sections showed ECSCR immunoreactivity over both
pathological, Glut-1-positive vasculature (28) and adjacent
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normal vasculature (Fig. 7D). We also observed ECSCR immu-
noreactivity in the perivascular tissue surrounding the normal
artery, which may reflect previously reported vascular smooth
muscle cell expression (14). Finally, we confirmed strong KDR
co-expression with ECSCR on the characteristic plump endo-
thelial cells lining tumor microvessels (supplemental Fig. 5H).
Taken together, these results suggest dysregulation of ECSCR
in during the proliferative phase of this disorder.

ECSCR Message and Endothelial Protein Is Reduced in Lung
Solid Tumors—To examine changes in ECSCR in disease, we
examined ECSCR message and protein expression in lung, a
highly vascularized tissue expressing high levels of ECSCR
mRNA in the healthy state (25). Quantitative PCR measure-
ments showed that ECSCR transcript was strongly reduced in
squamous cell carcinoma and adenocarcinoma biopsies rela-
tive to healthy lung (supplemental Fig. 6A). Similarly, protein
samples from lung squamous cell carcinoma in mice following
treatment with with N-nitroso-tris-chloroethylurea (reviewed
in Ref. 29) showed consistent reduction in ECSCR protein, even
when normalized to PECAM-1 endothelial reference. Anti-EC-
SCR immunostain comparison of healthy lung and lung squa-
mous cell carcinoma tissue showed that ECSCR is present on
multiple cell types, including microvessels in healthy lung. In
contrast, ECSCR immunoreactivity is almost undetectable in
tumor microvessels in disease samples (supplemental Fig. 6D).

DISCUSSION

We have show mutually selective biochemical association
between ECSCR and KDR and identified the transmembrane
and cytoplasmic regions of ECSCR and KDR as important for
this association in transfected cells. Endogenous ECSCR/KDR
association is increased by VEGF, o5 stimulation, with complex
formation observed at 10 min, and basal levels seen after 30
min. The time course of VEGF-stimulated ECSCR-KDR com-
plex formation; the sensitivity of the effect to bafilomycin-A
and chloroquine; the location of ECSCR™/KDR ™ immunoreac-
tivity in vesicles marked by HRS; and the phenotype of ECSCR
silenced cells all suggest that ECSCR interacts transiently with
activated KDR in an internal cellular compartment. The obser-
vations that ECSCR-KDR colP is detected following stimula-
tion with VEGF165, not VEGF121, and that ECSCR-KDR co-
localizes with NRP1, both suggest a role for NRP1 in the
stimulated ECSCR-KDR complex formation. The nature of the
NRP1 role remains obscure but could involve formation of a
multiprotein complex or differential routing of KDR via NRP1
cytoplasmic interactors (5).

The relationship between basal co-immunoprecipitation
seen in resting cells and the strong increase seen following
VEGF stimulation remains uncertain at this point. Because
early KDR signaling is impaired in ECSCR silenced cells, we
speculate that basal ECSCR/KDR complexes are located at or
near the cell surface, where ECSCR enhances KDR activation
with short latency. In contrast, VEGF-elicited ECSCR-KDR
complexes form slowly compared with KDR tyrosine phospho-
rylation are blocked by inhibitors of receptor activation or
endosomal acidification. We would speculate that these com-
plexes act to promote KDR degradation upstream of RAB7 and
possibly RAB11 compartments. By comparison, complex for-
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mation between KDR and NRP1 is also detected soon after
VEGF stimulation but is sustained for much longer periods (30)
with this complex preferentially directed toward the RAB11
slow recycling pathway. In our earlier analysis of freely growing
HUVECs (1), we saw co-localization of KDR and ECSCR at the
surface of protrusive lamellar processes. We would speculate
that this basal cell-surface association is disrupted following
VEGF stimulation and then followed by internalization and
intracellular reassociation. Alternatively, separate subcellular
pools of ECSCR could bind KDR independent of ECSCR
trafficking.

Together with the structure/function analysis performed in
resting cells, these observations shed light on the selective
impact on tyrosine phosphorylation of KDR but not FLT1 in
ECSCR-silenced cells (1) and suggest a broad mechanism for
ECSCR to modulate KDR-dependent cellular responses. Addi-
tional work would be required to understand the relationship
between basal and VEGF-dependent ECSCR-KDR complexes
and the internalization route(s) taken by the two component
proteins prior to enhanced complex formation.

KDR, the Hub of a Versatile Cell-surface Protein Network—It
is becoming increasingly clear that KDR surface availability,
activation, and trafficking are all affected by cell-surface mole-
cules not directly implicated with the growth factor binding site
(reviewed in Ref. 31). ECSCR joins this group along with the
junctional protein VE-cadherin (32), the seven-transmembrane
domain protein dopamine type 2 receptor (33), and the Eph
receptor ligand ephrin-B2 (34, 35). Our screen of ECSCR pro-
tein distribution showed vascular ECSCR in a number of nor-
mal and disease tissues. Of interest, ECSCR was highly
expressed by extravillous trophoblasts in placenta. KDR is
prominently expressed by placental trophoblasts throughout
pregnancy (36), and dysregulation of VEGF signaling is impli-
cated in the etiology of numerous vascular anomalies including
infantile hemangioma (37). We found prominent ECSCR pro-
tein expression in both these contexts, suggesting that the
ECSCR-KDR protein module may be dysregulated in this dis-
ease. In other contexts, such as lung solid tumors, ECSCR pro-
tein levels appear to be very low. ECSCR may interact differen-
tially with diverse cell-surface proteins to elicit vascular bed-
specific KDR endothelial responses and could be used as drug
targets to influence KDR activation in select endothelial cells.

Distinct Impact of ECSCR Silencing and Overexpression—
The precise impact of ECSCR gain or loss of function may depend
on context in a manner that remains poorly understood (reviewed
in Ref. 16). For example, loss of ECSCR has resulted in differential
impact on EC migration, depending on stimulus, cell type, and
assay conditions (1, 11, 13, 14). Our earlier (1) and current obser-
vations indicate that loss and gain of ECSCR can both result in
decreased VEGF-dependent migration. Although both experi-
mental manipulations impaired migration, gain and loss of func-
tion of ECSCR resulted in distinct effects upon KDR protein levels.
ECSCR-silenced cells consistently showed reduced VEGE-stimu-
lated KDR proteolysis of KDR, whereas ECSCR overexpressing
cells showed increased basal KDR protein but no appreciable
reduction in VEGF-stimulated proteolysis (Fig. 5 and data not
shown). One scenario encompassing both sets of biochemical data
and resultant migratory phenotypes would emphasize the impor-
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tance of internalization processes in a directional migratory
response. Receptor trafficking influences the targets and duration
of downstream signaling (38), and the reduced KDR signaling cou-
pled with delayed proteolysis seen in ECSCR-deficient cells may
explain the impairment of migration in those cells. Conversely, the
increased surface presentation of KDR seen in ECSCR overex-
pressing cells could result in cell hypersensitivity, blunting direc-
tionality of the migratory response (39).

In conclusion, we have clarified the mechanism by which
ECSCR affects KDR activation and VEGF responses in ECs.
ECSCR forms a complex with the VEGF-stimulated receptor,
affecting KDR tyrosine phosphorylation, proteolysis, and acti-
vation of downstream signals. ECSCR protein expression in
proliferating stage human infantile hemangioma has potential
implications for control of this neoplasm.
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