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Abstract

Purpose The extracellular region (EC) of the vascular
endothelial growth factor (VEGF) receptor-2 (VEGFR-2)
contains seven immunoglobulin-like (Ig-like) domains that
are required for specific ligand binding and receptor
dimerization. Studies of domain 47 deletions and substi-
tutions provided insights into the interaction between
receptors in the absence of VEGF. In this study, we
investigated the effect of domain 4 in ligand-independent
VEGFR-2 dimerization and activation in human vascular
endothelial cells and human breast cancer cells.

Methods To confirm the role of domain 4 in ligand-inde-
pendent receptor dimerization and activation, two VEGFR-
2 fragments with and without domain 4, KFP1 and KFP2,
were generated by recombinant DNA technology. We
measured the affinity of KFP1 and KFP2 with VEGFR-2,
and the roles of KFP1 and FKP2 in dimerization and
phosphorylation of VEGFR-2. We also evaluated the effect
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of KFP1 and FKP2 on cell proliferation and migration in
HUVECs and in human breast cancer cells.

Results We showed that KFP1 did not affect the interac-
tion of VEGFR-2 and VEGF but bound VEGFR-2 in the
absence of VEGF. Furthermore, cross-linking and cross-
linking immunoblotting demonstrated that KFP1 could
form a complex with VEGFR-2, which resulted in
VEGFR-2 dimerization in the absence of VEGF. Impor-
tantly, we found that the KDR fragment with domain 4
induced phosphorylation of VEGFR-2, as well as phos-
phorylation of downstream receptor kinases in HUVECs
and VEGFR-2-positive breast cancer cells. Consistent with
these results, this ligand-independent activation of
VEGFR-2 also promoted downstream signaling and cell
proliferation and migration.

Conclusions The domain 4 of VEGFR-2 plays an impor-
tant role in the interaction between VEGFR receptors in the
absence of VEGF.

Keywords VEGFR-2 - Domain 4 - Dimerization -
Activation - HUVECs - Breast cancer cells

Abbreviations

VEGF Vascular endothelial growth factor
VEGFR-2 Vascular endothelial growth factor receptor-2
KDR Kinase insert domain receptor

RTK Receptor tyrosine kinase

ERK Extracellular signal-regulated kinase
PLCy Phospholipase Cy

PDGFR Platelet-derived growth factor receptor
EGFR Epidermal growth factor receptor
FGFR Fibroblast growth factor receptor
SCFR Stem cell factor receptor

ECM Endothelial cell medium

ELISA Enzyme-linked immunosorbent assay
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Introduction

Human vascular endothelial growth factor (VEGF), also
known as VEGF-A, belongs to the growth factor family.
The binding of VEGF to its receptors, VEGFR-1 (Flt-1),
VEGFR-2 (KDR), and VEGFR-3 (Flt-4), triggers receptor-
associated tyrosine kinase receptor (RTK) activity and
regulates the formation of blood and lymphatic vessels.
Among these three receptors, VEGFR-2 plays key roles in
mediating VEGF-induced endothelial cell proliferation,
migration, and angiogenesis. Importantly, VEGR-2 directly
regulates the pathogenesis of several tumors including
breast cancer [l, 2]. VEGF/VEGFR-2 promotes breast
cancer cell proliferation, invasion, and survival in an
essential autocrine manner [3-5]. In addition to increased
expression in breast cancer cell lines or human tumors,
VEGFR-2 expression and activation are related to the
disease stage, recurrence, and metastasis, indicating that
VEGFR-2 may serve as a specific biomarker in breast
cancer [5-8].

VEGFR-2 contains an extracellular (EC) domain com-
posed of seven immunoglobulin-like (Ig-like) domains, a
single transmembrane (TM) region, and an intracellular
(IC) split tyrosine kinase [9-11]. The extracellular Ig-like
domains 2 and 3 of VEGFR-2 have been identified as the
ligand-binding region [12—14], and the Ig-like domains 4—7
are required for receptor dimerization [15-18].

It is generally believed that VEGFR-2 is monomeric in
the absence of ligand and follows the conventional model of
ligand-induced dimerization and activation. However, a
recent report suggested that VEGFR-2 can form a dimer in
the absence of VEGF and that the dimer is phosphorylated
[19]. Although ligand-independent dimerization of VEGFR-
2 has not been extensively investigated, previous reports
have shown that other growth factor receptors, including
PDGFR, EGFR, FGFR, and TrkA, can form dimers in the
absence of ligands [20-25]. Furthermore, membrane-prox-
imal regions, such as the Ig-like domain 4, are involved in
the ligand-independent dimerization of the PDGFR. The
interaction of stem cell factor (SCF) with its receptor KIT
also showed that KIT dimerization can be inhibited by a
monoclonal antibody targeting the Ig-like domain 4 or
through the use of an Ig-like domain 4-deleted receptor,
indicating that SCF-induced KIT dimerization depends on
the presence of the fourth Ig-like domain [26]. Similarly,
the Ig-like domains 4 and 7 of VEGFR-2 are involved in the
ligand-independent dimerization and stabilize VEGFR-2
dimers in the absence of VEGF [19, 27-29]. However, the
contributions of the three VEGFR-2 domains showed that
the EC domain inhibits dimerization, while the TM domain
and IC domain enhance dimerization and phosphorylation
in the absence of VEGF [30]. In particular, the specific
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interaction between the IC domains regulates VEGFR-2
dimerization in the absence of ligand. With the deletion of
Ig-like domains 4—7, VEGFR-2 activation is observed in the
absence of VEGF binding [27].

However, the Ig-like domain 4-mediated VEGFR-2
dimerization is still unclear, and the Ig-like domain
4-mediated ligand-independent receptor activation has yet
to be demonstrated in HUVECs and some VEGFR-2-pos-
itive tumor cells. Here, we generated recombinant KDR
fragments with or without the Ig-like domain 4 and
investigated their effects in mediating ligand-independent
VEGFR-2 dimerization in human vascular endothelial
cells, as well as in human breast cancer cells.

Results

Production of KDR fragments and functional
validation

The KDR fragments KFP1 and KFP2 were separately fused to
the Fc domain of human IgG1 (Fig. 1a), which is a commonly
used strategy to facilitate separation or purification of proteins.
KFP1 and KFP2 were purified from the culture supernatant
using Protein A affinity chromatography. Purified KFP1 has
an apparent molecular mass of ~72 and ~ 145 kDa as a
monomer and a dimer under reducing and non-reducing
conditions, respectively. The apparent molecular mass of
KFP2 was ~55 and ~ 110 kDa as a monomer and a dimer
(Fig. 1b) under reducing and non-reducing conditions,
respectively. To functionally validate purified KFP1 and
KFP2, we characterized their binding to VEGF,¢5 using
ELISA. As expected, KFP1 displayed a similar binding
affinity to KFP2 (Fig. 1c), indicating that the Ig-like domains
2 and 3 mediated ligand binding, and the addition of Ig-like
domain 4 does not affect the ligand-binding affinity.

Ig-like domain 4 mediates VEGFR-2 dimerization
in the absence of ligand

To investigate the VEGFR-2 dimerization mediated by Ig-like
domain 4, we used cross-linking experiments examining KDR
fragment-mediated dimer formation in the absence of VEGF.
KFP1 cross-linking revealed two bands corresponding to
monomer (145 kDa) and dimer (290 kDa) (Fig. 2a), indicat-
ing that the cross-linked KFP1 dimer can be formed in the
absence of ligand. However, no dimers were detected in the
cross-linked reaction for KFP2 itself (Fig. 2b) and for the
interaction between KFP2 and KFP1 (data not shown).

In another cross-linked reaction system, the addition of
KFP1 to HUVECsS resulted in the formation of two cross-
linked products that were recognized by anti-VEGFR-2
antibody or anti-human IgG Fc antibody (Fig. 2¢ and d).
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Based on the relative molecular mass corresponding to the
molecular mass of ~360 and ~ 580 kDa, respectively, the
low-molecular weight cross-linked product should be a
VEGFR-2 complex resulting from the receptor-receptor
interaction. The high-molecular weight cross-linked pro-
duct is favored by the KFP1-VEGFR-2 complex formation
(Fig. 2c and d, lane 2). Under the same conditions, the
cross-linked products were not detected in HUVECsS trea-
ted by KFP2 (Fig. 2c and d, lane 3). These results indicate
that KFP1, a KDR fragment with an Ig-like domain 4, can
mediate ligand-independent dimerization of itself, as well
as VEGFR-2 dimerization. In contrast, KFP2 without an
Ig-like domain 4 did not. Apparently, the Ig-like domain 4
mediated the receptor—receptor interaction.

KDR fragments bind to VEGFR-2

VEGFR-2 dimer formation mediated by KFP1 suggested
that the Ig-like domain 4 may bind to VEGFR-2. We
therefore examined the binding of KDR fragments to
VEGFR-2 in the absence of ligand. Using biolayer inter-
ferometry, we first analyzed the binding ability of KDR
fragments to membrane VEGFR-2 of HUVECs in the
absence of VEGF. As expected, KFP1 could bind to
membrane VEGFR-2, whereas the binding of KFP2 was
not observed for VEGFR-2 (Fig. 3a and b).

To determine the binding affinity of KFP1 for VEGFR-
2, biotin-linked recombinant VEGFR-2 (thVEGFR-2) was
used to load streptavidin (SA) biosensor probes, and the
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Fig. 2 KDR fragment proteins induce the dimerization of VEGFR-2
in the absence of ligand: a self-dimerization of KFP1 with BS® agent;
b elf-dimerization of KFP2 with BS> agent; ¢ and d dimerization of
VEGFR-2 of HUVECs induced by KDR fragment proteins. HUVECs
were treated with KFP1 or KFP2 for 2 h. The cells were cross-linked
with bis(sulfosuccinimdyl) suberate (BS?), and the cell lysates were
immunoblotted with anti-VEGFR-2 antibody (c¢) or anti-human IgG
Fc antibody (d)

interaction with KFP1 or KPF2 was detected in the absence
of VEGF. The dynamic association and dissociation curves
for the binding of KDR fragments with VEGFR-2 are
presented in Fig. 3c. The affinity constants from KDR
fragments to VEGFR-2 are listed in Table 1. KFP1 dis-
plays a Kp of ~123 nM, whereas that of KFP2 was
approximately 41200 nM, indicating that KFP1 is capable
of binding to VEGFR-2.

Ig-like domain 4 mediates the phosphorylation
of VEGFR-2 and activation of downstream kinases
in the absence of ligand

To investigate whether Ig-like domain 4 mediates the
phosphorylation of VEGFR-2 as well as the activation of
the downstream kinases, serum-starved HUVECs were
treated with 1.5 puM KFP1 in the absence of VEGF for
0-120 min. VEGFR-2 phosphorylation was determined by
a Phosphorylation Assay Kit with a phosphotyrosine-
specific antibody. As shown in Fig. 4, KFP1 induced
phosphorylation of VEGFR-2 in the absence of VEGF. The
phosphorylation of VEGFR-2 was observed after ~ 15 -
min, peaking within 60 min (Fig. 4a). The VEGFR-2
phosphorylation was blocked by a specific antibody against
the VEGFR-2 ectodomain (Fig. 4b). KFPIl-mediated
VEGFR-2 phosphorylation also indicated the activation of
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downstream kinases in the absence of ligand. We therefore
tested two kinases: phospholipase Cy (PLCy) and the
extracellular signal-regulated kinase (ERK1/2). As shown
in Fig. 4c, d, serum-starved HUVECs were treated with
1.5 uM KFP1 in the absence of VEGF for 60 and 120 min,
and significantly increased phosphorylation of PLCy and
ERK1/2 was observed, indicating that the downstream
kinase activity of VEGFR-2 was also mediated by Ig-like
domain 4.

Ig-like domain 4-mediated HUVEC proliferation
and migration in the absence of ligand

Endothelial cell proliferation and migration play a central
role in angiogenesis, and the VEGFR-2-mediated signaling
pathway has an important function. We next examined
whether Ig-like domain 4 mediates HUVEC proliferation
and migration. HUVEC viability was measured by the
CCK-8 method. In the absence of VEGF, KFP1 dose-de-
pendently stimulated HUVEC proliferation, whereas KFP2
had no effect on HUVEC proliferation (Fig. 5a). In addi-
tion, HUVEC mobility was assessed in a modified Boyden
chamber assay. Following KFP1 treatment, HUVEC
migration significantly increased, but KFP2 had no effect
on migration (Fig. 5c). More importantly, the cell prolif-
eration and migration stimulated by KFP1 in the absence of
ligand were blocked by a specific antibody against the
VEGFR-2 ectodomain (Fig. 5b and d).

Ig-like domain 4-mediated ligand-independent
activation promotes proliferation, migration,
and invasion in VEGFR-2-positive breast cancer
cells

VEGFR-2 is not exclusively expressed in vascular
endothelial cells; it is prominently expressed in breast cancer
cells, including estrogen receptor-positive or receptor-neg-
ative breast cancer. To determine the role of KFP1 with Ig-
like domain 4 on the proliferation of breast cancer cells, we
first tested the basal level of VEGFR-2 expression in six
cultured cell lines. We showed that three lines, MDA-MB-
231, MDA-MB-435, and HCC1937, had high VEGFR-2
expression (in Supplementary material). We used these lines
to test the effect of KFP1 on cell proliferation in VEGFR-2-
positive cell lines and showed that KFP1 significantly
stimulated cell proliferation at 48 h in the absence of VEGF
(p < 0.05) (Fig. 6a). In contrast, cell proliferation was not
observed in three VEGFR-2-negative cell lines (Fig. 6b). In
VEGFR-2-positive breast cancer cell lines, the proliferation
stimulated by KFP1 was blocked by a specific antibody
against the VEGFR-2 ectodomain (Fig. 6c¢).

We next tested the effect of KFP1 on cell migration in
VEGFR-2-positive cell lines. Consistent with the effect
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Fig. 3 VEGFR-2 binding affinity of KDR fragment proteins. a Bio- measurement of KDR fragment proteins with thVEGFR-2 using
layer interferometry binding assay to KFP1 or KFP2 and membrane ForteBio. Curves of data indicate the wavelength shift corresponding
VEGFR-2. KDR fragment proteins were loaded to AHC biosensor to phases of association and dissociation. KDR fragment proteins
probes, and their binding with membrane VEGFR-2 from membrane binding to 50 pg/ml biotin-thVEGFR-2 on an SA biosensor chip.
proteins of HUVECs was detected. b Binding assay of KFP1 and From top, the protein concentrations are 5000 nM (dark blue),
membrane VEGFR-2 by biolayer interferometry. KFP1 was loaded to 2500 nM (red), 1000 nM (light blue), 500 nM (green), 250 nM
AHC biosensor probes, and its interaction with the membrane (orange), 100 nM (purple), and 50 nM (marine blue). The curves can
proteins of HUVECs (MP) or membrane proteins of HUVECs be used to determine the Kp, K,,,, and K¢ of KDR fragment proteins;
depleted of VEGFR-2 by immunoprecipitation with anti-VEGFR-2 see Table 1

antibody (MP (—VEGFR2)) was assessed. ¢ Kinetic affinity

of KFP1 on cell proliferation, KFP1 significantly increased =~ KFP2 without Ig-like domain 4, to investigate the ligand-
VEGFR-2-positive cell migration at 24 h in the absence of ~ independent VEGFR-2 activation. Activation was due to a
VEGF (p < 0.05). However, no cell migration was  direct interaction of Ig-like domain 4 with VEGFR-2.
observed in VEGFR-2-negative cell lines (Fig. 6d and e). First, we confirmed that domain 4 mediates VEGFR-2
Finally, we tested the effect of KFP1 on cell invasion in ~ dimerization in the absence of ligand and that this depends
VEGFR-2-positive cell lines. As expected, KFP1 also  on domain 4 binding with VEGFR-2. In the absence of
increased VEGFR-2-positive cell invasion at 24 h in the = VEGF,¢5, KFP1 was shown to bind either membrane
absence of VEGF (p <0.05). No cell invasion was  VEGFR-2 or thVEGFR-2, and the binding affinity of KFP2
observed in VEGFR-2-negative cell lines (Fig. 6f and g). to VEGFR-2 was not observed. In the cross-linked reaction
system with HUVECs, a complex of KFP1-VEGFR-2 was
formed in the absence of VEGF,¢5 (Fig. 2c and d, lane 2),
Discussion and the cross-linked products were not detected in
HUVEC:s treated by KFP2 (Fig. 2c and d, lane 3). Unex-
Several research teams have shown that the Ig-like domains  pectedly, KFP1 self-cross-linking revealed dimer forma-
4 and 7 of VEGFR-2 are involved in the ligand-independent  tion in the absence of VEGF,gs, indicating that the Ig-like
dimerization via stabilization of VEGFR-2 dimers in the = domain 4 is likely to be the determinant factor in the
absence of VEGF [19, 28]. Our results also clearly  process of dimer formation. This hypothesis is supported
demonstrated that the Ig-like domain 4 is required for the by electron microscopy analysis showing that VEGFR-2
ligand-independent dimerization and activation. We gener-  ECD monomers are always held together at both ends and
ated two KDR fragments, KFP1 with Ig-like domain 4 and  form a predimerized unliganded domain, and the crossover
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Table 1 Affinity constant of KDR fragment protein binding to
VEGFR-2

Kp M) Ko, (1/Ms) Kais (1/5)
KFP1 123 1.18 & 0.02 x 10° 1.45 4+ 0.04 x 107*
KFP2 41,200 2.72 + 0.05 x 10° 1.12 £ 0.02 x 1072

Kon s the association rate constant; it is the rate of complex formation
of KDR fragment protein and VEGFR-2, which has the unit M~'s ™",
Ko¢r is the dissociation rate constant; it is the rate of decay of com-
plexes of KDR fragment protein and VEGFR-2, which has the unit
s~!. Kp is the affinity constant; it is the rate of association equal to the
rate of dissociation, which has the unit of M

events of the ECD monomers often take place in the Ig-like
domain 4 [30].

Second, we confirmed that domain 4 mediates the acti-
vation of VEGFR-2 and its downstream molecules in the
absence of ligand. In cultured HUVECs, KFP1 induces
phosphorylation of VEGFR-2 in the absence of VEGF g5,
and the phosphorylation stimulated by KFP1 is observed
within 15 min. In the same experimental conditions, KFP1
also induced phosphorylation of the downstream molecules
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Fig. 4 Phosphorylation of VEGFR-2 and activation of downstream
kinases in HUVECs induced by KDR fragment proteins. a HUVECs
were serum-starved for 16 h and stimulated for the indicated times
with 1.5 pM KDR fragment proteins. b Serum-starved HUVECs were
stimulated for 1 h with the indicated concentrations of KFP1 in the
presence or absence of specific antibody against the VEGFR-2
ectodomain and then used in VEGFR-2-phosphorylated and total
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ERK1/2 and PLCy in HUVECs. In contrast, we did not
observe any phosphorylation of VEGFR-2 and its down-
stream molecules after treatment with KFP2, indicating
that domain 4 is required for the ligand-independent acti-
vation of VEGFR-2 in HUVECs. Surprisingly, the domain
4-mediated ligand-independent VEGFR-2 activation can
also promote HUVEC proliferation and migration; the
domain 4-mediated HUVEC proliferation and migration
were decreased by antibodies against the VEGFR-2 ecto-
domain. Proliferation and migration of endothelial cells in
response to VEGF play an important role in angiogenesis
associated with pathologies such as atherosclerosis, dia-
betes, and tumor development [31-35]. Many studies have
shown that VEGF induces sustained ERK1/2 or PLCy
activation in malignant tumor cells and results in cell
proliferation and migration [36, 37]. However, it is unclear
whether Ig-like domain 4-mediated HUVEC proliferation
and migration is observed in tumor cells.

VEGFR-2 is not exclusively expressed in vascular
endothelial cells; there is also a prominent expression in
some cancer cells [38—45]. In breast cancer, VEGF and
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for 16 h and stimulated with 1.5 uM KFP1 for 2 h, and phosphory-
lated and total ERKs were determined by Western blot analysis.
#p < 0.05, compared with control “0”; *p < 0.05, compared with
group control “—mAB”
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Fig. 5 KDR fragment proteins induce the proliferation and migration
of endothelial cells in the absence of VEGF. a HUVECs were serum-
starved for 16 h and then treated for 96 h with various concentrations
of KDR fragment proteins. b Serum-starved HUVECs were stimu-
lated with 1.5 pM KFP1 in the presence or absence of specific
antibody against VEGFR-2 ectodomain. Cell proliferation was
measured by the CCK-8 method and normalized to PBS controls.
¢ HUVECs were placed in the upper compartment of the Boyden
chamber and allowed to migrate towards basal media containing 0.1%
FBS with or without a series of KDR fragment proteins. The

VEGFR-2 are co-expressed on the breast tumor epithelia
[46], and increased VEGF or VEGFR2 expression on breast
tumor cells correlates with decreased survival [47]. In
addition, VEGFR-2 was significantly increased in HER2"
breast cancer [48]. Overexpression of VEGFR-2 may pro-
vide a model of ligand-independent receptor activation in
breast cancer cells. Finally, similar results were also
observed in human VEGFR2-positive breast cancer cells.
KFP1 with domain 4 stimulated cell proliferation and
migration in the absence of VEGF¢s. In contrast, cell pro-
liferation and migration was not observed in three VEGFR-
2-negative breast cancer cell lines. Additionally, in VEGFR-
2-positive breast cancer cell lines, the proliferation and
migration stimulated by KFP1 was also blocked by a
specific antibody against the VEGFR-2 ectodomain.
Although KFP1 mediates proliferation and migration in
cultured VEGFR-2-positive breast cancer cells, whether
molecules with domain 4 have a negative effect on VEGFR-
2-positive tumor remains to be determined. However, the
interaction of KFP1 with VEGF,¢5 showed that the binding
affinity of KFP1 is unaffected by the addition of the Ig-like
domain 4 (Fig. 1c), and even the dynamic dissociation from
VEGF,45 is slower than that of KFP2. This delayed

~_~

=2

~
W

200 -
. | —mAB *
180 A B +mAB
3
S 160
S 140 1
s
& 120 A
°
80
control KFP1
(d) #
250 -
—_ i B -mAB *
e 225 = +mAB
2 200 A
<
& 175 4
S 150 A
g 125 1
S 100
75
50 - : ,
control KFP1

percentage of total migration was calculated as (Fsympie — Fgiank)/
(FBasal — FBiank) X 100, where Fpau is the fluorescence in the
absence of KDR fragment proteins, Fgympie is the fluorescence in the
presence of KDR fragment proteins, and Fg,,k is the fluorescence
with no cells. d HUVEC migration was assessed in the absence and
presence of specific antibody against VEGFR-2 ectodomain with
1.5 uM KFP1. Fold migration was calculated as the ratio Fgympie/
Fgasa. Data are the mean = SEM from three independent experi-
ments. *p < 0.05, vs. PBS control “0”; *p < 0.05, vs. group control
“—mAB”

dissociation may be beneficial for the design of pharma-
ceutical molecules. In fact, a new pharmaceutical molecule
with domain 4, conbercept (KH902), has an inhibitory effect
on VEGF-mediated HUVEC proliferation and migration and
antiangiogenic effects in age-related macular degeneration
[49-51] and proliferative diabetic retinopathy [52, 53].

In conclusion, we showed that the Ig-like domain 4 is
indispensable for VEGFR-2 dimerization and activation. In
addition to ligand-independent VEGFR-2 activation,
receptor—receptor interactions by the Ig-like domain 4
likely occur in the presence of ligand. Our data shed new
light on the function of domain 4 in ligand-independent
VEGFR-2 activation. Furthermore, we showed that domain
4-induced VEGFR-2 dimerization promotes downstream
signaling and function in VEGFR-2-positive cells.

Materials and methods
Cell lines and cell culture
The breast cancer cell lines MCF-7 (THB-22), T-47D

(THB-133), ZR-75-30 (CRL-1504), MDA-MB-435 (THB-
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«Fig. 6 KDR fragment proteins induce the proliferation, migration,
and invasion of breast cancer cells in the absence of VEGF. VEGFR-
2-positive (a) or VEGFR-2-negative (b) breast cancer cells were
treated for 48 h with various concentrations of KDR fragment
proteins after being serum-starved for 16 h. Serum-starved VEGFR-
2-positive breast cancer cells were stimulated with 1.5 pM KFP1 in
the presence or absence of specific antibody against VEGFR-2
ectodomain (c). Cell proliferation was measured by the CCK-8
method and normalized to PBS controls. VEGFR-2-positive (d) or
VEGFR-2-negative (e) breast cancer cells were placed in the upper
compartment of the Boyden chamber and allowed to migrate towards
the basal media containing 0.1% FBS with 1.5 uM KDR fragment
proteins for 24 h, and the migrated cells were shown by indirect
immunofluorescence and quantified with fluorescence. The percent-
age of total migration was calculated as (Fsampie — Fgiank)/(Fpasal — -
Fgiank) X 100, where Fp,q, is the fluorescence in the absence of KDR
fragment proteins, Fgample 18 the fluorescence in the presence of KDR
fragment proteins, and Fg,, is the fluorescence with no cells.
VEGFR-2-positive (g) or VEGFR-2-negative (f) breast cancer cells
were placed in the upper compartment of the invasion chamber and
allowed to invade towards the basal media containing 0.1% FBS with
1.5 uM KDR fragment proteins for 24 h, and the invaded cells were
shown by indirect immunofluorescence and quantified with fluores-
cence. The percentage of total invasion was calculated as (Fsam.
ple = FBlank)/(Fpasat — Faiank) X 100, where Fgyqq is the fluorescence
in the absence of KDR fragment proteins, Fgumple is the fluorescence
in the presence of KDR fragment proteins, and Fpgp, is the
fluorescence with no cells. Values and error bars represent the value
and standard error of the mean from three independent experiments.
*p < 0.05, vs. PBS control “07; #p < 0.05, vs. group control
“—mAB”

129), MDA-MB-231 (THB-26), and HCC1937 (CRL-
2336) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). These cells were
grown in RPMI 1640 (Thermo Fisher Scientific formerly
Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin. Primary human umbilical vein endothelial
cells (HUVECs) were ordered from Cascade (Carlsbad,
CA, USA) and cultured in endothelial cell medium (ECM,
ScienCell, San Diego, CA, USA) with endothelial cell
growth supplements (ECGS) and 5% fetal calf serum
(FBS), as provided by the manufacturers.

Reagents and antibodies

Streptavidin (SA) and Anti-human IgG Fc Capture (AHC)
biosensor tips were purchased from Pall Life Sciences
(New York City, NY, USA). ELISA reagents and kits were
obtained from R&D SYSTEMS (In Minneapolis, MN,
USA). Bis-(sulfosuccinimidyl) suberate (BS3) was pur-
chased from Thermo Fisher Scientific. Anti-VEGFR-2
antibodies were purchased from Cell Signaling Technol-
ogy, Inc. (Danvers, MA, USA) and R&D SYSTEMS. Anti-
ERK or PLCy antibodies were ordered from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). The BioCoat

Cell Migration Chamber Plate was purchased from BD
Biosciences (Franklin Lakes, NJ, USA). The cell invasion
Chamber Plate was obtained from Merck Millipore (Bos-
ton, MA, USA).

KDR fragment protein production

The KDR protein fragments used in this study are as fol-
lows: KFP1 was created by fusing the second, third, and
fourth domains of VEGFR-2/KDR to the constant region
(Fc) of human IgG1l; KFP2 was engineered by fusing the
second and third domains of VEGFR-2/KDR to the con-
stant region (Fc) of human IgGl. The gene constructs,
protein expression, and purification are described in the
Supplementary materials.

Binding kinetics and affinity assays

Biolayer Interferometry (BLI), a label-free technology, was
used for measuring the binding kinetics of protein frag-
ments to VEGFR-2. Kinetics measurements were moni-
tored in real time on a ForteBio Octet QK® instrument
(Pall, NY, USA) equipped with Streptavidin (SA) biosen-
sor tips. Assays were performed at 30 °C in solid black
96-well plates. Recombinant human VEGFR-2 Fc chimera
protein (R&D System, MN, USA) in PBS buffer and NHS-
LCLC-biotin were mixed at a mass concentration of 1:1 for
1 h at room temperature, and then excess NHS-LCLC-bi-
otin was dialyzed using a PD-10 desalination column.
Biotin—VEGFR-2 was used to load SA biosensor probes,
which were then used to measure the association with KDR
fragments (50-5000 nM); complexes were then allowed to
dissociate in PBS buffer. Data analysis and curve fitting
were carried out using Octet software, version 7.0.
Experimental data were fitted with the binding equations
describing a 1:1 interaction and plotted to produce a cali-
bration curve to determine the kinetic parameters. Fur-
thermore, binding affinity of KDR fragments with
membrane proteins was analyzed by BLI. KDR fragment
proteins were used to load AHC biosensor probes, which
were then used to measure the association with membrane
proteins of HUVECs, which showed high expression levels
of VEGFR-2/KDR protein.

Cross-linking and cross-linking immunoblotting

Cross-linking of KDR fragments with itself was conducted
by (BS?), a water-soluble, homobifunctional N-hydroxy-
succinimide ester, in a conjugation buffer containing
20 mM sodium phosphate, pH 7.5, with 0.15 M NaCl. BS®
was directly added at a final concentration of 2 mM. The
reaction was quenched using 1 M Tris—HCI, pH 7.5, at a
final concentration of 20 mM and incubated for 15 min at
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room temperature. The cross-linked reaction mixtures were
verified by SDS polyacrylamide gel electrophoresis.

HUVECs were cultured in 150-mm dishes to subcon-
fluency and serum-starved overnight. After treatment with
KDR fragments for 30 min at 4 °C and then 2 h at 37 °C,
the cells were collected in PBS. BS® was added to a final
concentration of 2.5 mM and incubated on ice for 2 h. The
quenching solution was then added and incubated for
15 min on ice. VEGFR-2 dimerization was analyzed by
immunoblotting.

Immunoprecipitation and Western blotting

Cells were then lysed for 2 h in ice-cold buffer (20 mM
Tris—HCI, pH 7.5, 50 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA, 100 mM sodium fluoride,
1 mM activated sodium orthovanadate, 10 pg/ml aprotinin,
and 1 pM pepstatin A). VEGFR-2 was immunoprecipitated
and targeted in Western blots with a VEGFR-2-specific
antibody. Proteins were visualized, and relative band
intensities were measured on an imaging system (Chemi
Doc™ XRS+, Bio-Rad, CA, USA).

Receptor activation assay

HUVECs were stimulated with different concentrations of
KDR fragment proteins, alone or preincubated with the
anti-VEGFR-2 ectodomain antibody at 37 °C for 2 h, and
the samples were used in total and phospho-VEGFR-2
ELISAs as per the manufacturer’s instructions.

Cell proliferation assay

HUVECs were resuspended at 3 x 10* cells/ml in ECM
with ECGS and FBS supplementation, and 100 pl of the
cell suspension was seeded in each well of a 96-well tissue
culture plate and incubated for 24 h. Serial dilutions of
KDR fragment proteins, alone or preincubated with anti-
VEGFR-2 ectodomain antibody at 37 °C for 2 h, were then
added to HUVECs and continuously incubated at 37 °C
with 5% CO, for 4 days. At the end of incubation, 20 pl of
CCK-8 (Dojindo, Kyushu, Japan) was added to each well,
and the plate was incubated for an additional 4 h under the
same conditions. Then the plate was read at 450 nm on a
plate reader.

Four thousand breast cancer cells were plated per well of
a 96-well tissue culture plate, serum-starved for 16 h, and
challenged for 48 h with 1.5 pM of the KDR fragment
proteins KFP1 and KFP2, or were preincubated with the
anti-VEGFR-2 ectodomain antibody at 37 °C for 2 h. Then
the cell viability was assayed using the CCK-8 method.

@ Springer

Cell migration and invasion Assays

Endothelial cell migration was assessed using a modified
Boyden chamber (BD FluroBlok™ 96-well BioCoat
angiogenesis system: Endothelial cell migration (ECM)),
according to the manufacturer’s suggested protocol.
Briefly, serum-starved HUVECs were thawed and resus-
pended at 3.3 x 10° cells/ml, and an aliquot of resus-
pended cells (~ 50,000 cells/well) was placed in the upper
well of an ECM plate. Serial dilutions of KDR fragment
proteins, with or without anti-VEGFR-2 ectodomain anti-
body following a 2-h incubation at 37 °C, were placed in
the lower well. The ECM plate was incubated at 37 °C
with 5% CO, for 24 h to allow cells from the upper well to
migrate through the FluroBlok™ membrane towards the
lower well. The migrated cells were stained with the flu-
orescent dye Calcein AM (Anaspec, Freemont, CA, USA)
for 1.5h in a 37 °C/5% CO, incubator. Fluorescence
emission was measured at 517 nm with excitation at
494 nm in a bottom-reading fluorescent plate reader.

Then 8.5 x 10* cells of serum-starved breast cancer
cells were placed in the insert of a BioCoat Cell Migration
Chamber Plate, and 150 pl of 1.5 uM KDR fragment
proteins were added to the lower plate. After incubating for
24 h at 37 °C, the migrated cells were detected by Calcein
AM and validated with Smart Flare human VEGF-Cy3
(Life Technologies, CA, USA).

Finally, 1.2 x 10° cells of serum-starved breast cancer
cells were loaded into the ECMatrix-coated membrane
chamber of a cell invasion Chamber Plate (Merk, Darm-
stadt, Germany), and 150 pl of 1.5 uM KDR fragment
proteins were added to the wells of feeder trays. After
incubating for 20 h at 37 °C, the invaded cells in feeder
tray were detected by CyQuant GR Dye, incubated with
DAPI, and visualized by a fluorescence microscope.

Statistics

Statistical analysis was performed using SPSS version 16.0
software. All data are presented as the mean =+ standard
deviation. Differences among groups were determined with
one-way ANOVA. Comparisons were considered to be
statistically significant if p < 0.05.
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