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Vascular endothelial growth factor (VEGF) plays an important role in normal and pathological angiogenesis. VEGF receptors
(VEGFRs, including VEGFR-1, VEGFR-2, and VEGFR-3) and neuropilins (NRPs, including NRP-1 and NRP-2) are high-affinity recep-
tors for VEGF and are typically considered to be specific for endothelial cells. Here we showed expression of VEGFRs and NRPs
on cultured epidermal keratinocytes at both mRNA and protein levels. We further localized these receptors by immunofluores-
cence (IF) staining in the epidermis of surgical skin specimens. We found positive staining for VEGFRs and NRPs in all layers of the
epidermis except for the stratum corneum. VEGFR-1 and VEGFR-2 are primarily expressed on the cytoplasmic membrane of basal
cells and the adjacent spinosum keratinocytes. All layers of the epidermis except for the horny cell layer demonstrated a uniform
pattern of VEGFR-3, NRP-1, and NRP-2. Sections staining for NRP-1 and NRP-2 also showed diffuse intense fluorescence and were
localized to the cell membrane and cytoplasm of keratinocytes. In another panel of experiments, keratinocytes were freated
with different concentrations of VEGF, with or without VEGFR-2 neutralizing antibody in culture. VEGF enhanced the proliferation
and migration of keratinocytes, and these effects were partially inhibited by pretreatment with VEGFR-2 neutralizing antibody.
Adhesion of keratinocytes to type IV collagen-coated culture plates was decreased by VEGF treatment, but this reduction could
be completely reversed by pretreatment with VEGFR-2 neutralizing antibody. Taken together, our results suggest that the expres-
sion of VEGFRs and NRPs on keratinocytes may constitute important regulators for its activity and may possibly be responsible for
the autocrine signaling in the epidermis.
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INTRODUCTION

Vascular endothelial growth factor
(VEGF) is a family of growth factors, in-
cluding VEGF-A, -B, -C, -D, and -E, and
placental growth factor (PIGF) (1). VEGF
has been studied extensively for its an-
giogenic behavior in physiological and
pathological conditions. Recent evidence
indicates that VEGEF also has direct ef-
fects on neural cells (2). The biological
effects of VEGF are mediated by 5
known receptors, VEGFR-1 (flt-1),
VEGFR-2 (KDR/flk-1), VEGFR-3 (flt-4),
neuropilin-1 (NRP-1), and neuropilin-2
(NRP-2) (3-7).

VEGFR-1 and VEGFR-2 are expressed
predominantly on endothelial cells, but
a few additional types of cells express
one or both of these receptors (1,5,7).
VEGEFR-3 is initially expressed through-
out the embryonic vasculature and is
limited to lymphatic endothelial cells in
later stages of development (8). VEGFRs
belong to the receptor tyrosine kinase
(RTK) family and have a characteristic
structure with 7 Ig-like domains in the
extracellular domain and a cytoplasmic
tyrosine kinase domain with a long ki-
nase insert region (1,5,6,9). VEGF also
interacts with neuropilins (NRPs), a fam-
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ily of non-tyrosine kinase transmem-
brane receptors with a small cytoplasmic
domain and multiple extracellular do-
mains (1,5,10). NRPs play active roles in
immunology, neuronal development,
and angiogenesis (11). Precise control
of NRP-1 and NRP-2 expression appears
to be critical for normal vascular and
neuronal development (10,11). Both
VEGFR-1 and VEGFR-2 can form com-
plexes with NRP-1 and -2 (12,13). NRP-2
can bind VEGF-C and coexpress with
VEGEFR-3, suggesting a possible associa-
tion between these 2 receptors (14).
Until recently, VEGFRs were thought
to be absent in epidermis. In normal
human skin, VEGF is expressed and
secreted by epidermal keratinocytes
(15,16). VEGEF is overexpressed in skin
disorders such as psoriasis (17). It is
possible that VEGF may have some
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autocrine effects on the behavior of epi-
dermal cells. In this study, we systemat-
ically screened the expression of VEGF
receptors and coreceptors in the epider-
mis. While this work was going on,
Wilgus et al. (18) reported that VEGFR-1,
but not VEGFR-2, was detected in
murine keratinocytes during wound
repair and in normal human epidermal
keratinocytes. Based on other functional
assays, they claimed a novel role of
VEGF and VEGFR-1 interaction in ker-
atinocytes during wound healing (18).
Most recently, the expression of NRP-1
was also characterized in keratinocytes
in vitro and in vivo (19). Both reports
showed the absence of VEGFR-2 expres-
sion on keratinocytes (18,19). Kurschat
and colleagues (19) also failed to detect
VEGFR-1 and VEGFR-3 in a keratinocyte
cell line, HaCaT cells, by RT-PCR. In
our data, we found expression of all 5
known VEGFRs and NRPs. The discrep-
ancies between our study and others
were investigated in this study.

MATERIALS AND METHODS

Chemicals and Reagents

Dispase, trypsin, defined keratinocyte
serum free medium (KSFM) supplemented
with keratinocyte growth factor (KGF),
human endothelial-SFM, fetal bovine
serum (FBS), and Trizol were obtained
from Gibco and Invitrogen. Monoclonal
mouse anti-human VEGFR-1, VEGFR-2
(MAB3571), VEGFR-3, and NRP-2 were
purchased from R&D Systems (Minneapo-
lis, MN, USA); mouse anti-human NRP-1
and another mouse anti-human VEGFR-2
antibody (SC-6251) from Santa Cruz
Biotechnology (Santa Cruz, CA, USA);
mouse anti-human GAPDH from Acris
Antibodies (Hiddenhausen, Germany);
horseradish peroxidase-linked anti-mouse
IgG from Jackson ImmunoResearch Labo-
ratories (West Grove, PA, USA); polyclonal
rabbit anti-mouse immunoglobulins /FITC
from DakoCytomation (Denmark);
VEGEF,; from Chemicon International Inc.
(Temecula, CA, USA); PVDF membrane,
Whattman filter, and ECL plus reagent
from Amersham Biosciences (Piscataway,

NJ, USA); Moloney murine leukemia virus
(MMLYV) reverse transcriptase and RNase
inhibitor from Fermantas (Ambherst, NY,
USA); cocktail protease inhibitors from
Roche Diagnostics (Indianapolis, IN, USA);
and poly-L-lysine, propidium iodide (PI),
and mouse IgG from serum from Sigma-
Aldrich (St. Louis, MO, USA). Primers
were synthesized by Sangon (Shanghai,
China), and purified PCR products were
directly sequenced by the same company.

Human Subjects

Three healthy skin specimens, from 3
donors aged 19, 36, and 54 years, were
obtained from cosmetic surgery with in-
formed consent and handled aseptically.
After removing subcutaneous elements,
the specimens were cut into 2 parts. One
half was snap-frozen and embedded in
OCT compound (Miles, Naperville, IL,
USA) and then stored in liquid nitrogen
until processed. The other part of the
specimen was put into 0.5% dispase
(Gibco, Invitrogen, Auckland, USA)
immediately.

Isolation and Culture of Epidermal
Keratinocytes from Human Skin
Following overnight incubation at 4 °C
in 0.5% dispase, the epidermis was
peeled off from the dermis. The epider-
mis was further incubated in 0.25%
trypsin for 10 min at 37 °C. Trypsin activ-
ity was neutralized by adding FBS. The
keratinocyte suspension was filtered
through nylon gauze (200 um mesh) and
cells were washed twice at 500g for 5
min prior to resuspension in defined
serum-free keratinocyte growth medium
supplemented with KGF. Cells were
plated into 25-cm” tissue culture dishes
(Fluka, UK), maintained at 37 °C in a hu-
midified atmosphere containing 5% CO,.
Passages 2 to 5 were used in all experi-
ments. HUVECs, expressing all 5 VEGF
receptors (5) and serving as a positive
control, were obtained from isolated um-
bilical veins by a standard method (20).

Histological Analyses
Coverslips were incubated in 50%
H,SO, overnight and then washed for 30
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min in running tap water. The coverslips
were incubated in 1 ug/mL poly-L-lysine
for 10 min at room temperature and
dried on filter paper. Normal skin tissue
specimens embedded in OCT compound
were processed into 4-um sections using
a Leica CM 1850 cryostat (Meyer Instru-
ments, Houston, TX, USA) and placed on
the surface of coverslips. After being
fixed with 4% paraformaldehyde buffer
for 20 min at room temperature, the cov-
erslips were rinsed 3 times with PBS,
placed into preheated sodium citrate
buffer (10 mM, pH 8.5), and maintained
at 95 °C for 20 min, then rinsed 3 times
in PBS. The sections were permeabilized
at room temperature with PBS contain-
ing 0.1% Triton-100 for 15 min and incu-
bated with 10% normal rabbit serum for
1 h at room temperature to avoid non-
specific binding. The sections were then
incubated with 20 ug/mL primary mon-
oclonal antibody diluted with 10% rabbit
serum in PBS against each of the anti-
bodies (VEGFR-1, VEGFR-2, VEGFR-3,
NRP-1, and NRP-2) overnight at 4 °C.
After 3 washes with 1% rabbit serum in
PBS, the sections were incubated with
FITC-conjugated rabbit anti-mouse sec-
ondary antibody that was diluted 1:40
with 10% rabbit serum in PBS for 2 h at
room temperature in the dark. After 3
washes with 1% rabbit serum in PBS, the
sections were counterstained with PI
mounting medium to visualize the nuclei
and pictured under fluorescence mi-
croscopy (Olympus, Japan). Negative
controls that were stained with mouse
IgG were included in all experiments.
Sections from human umbilical vein
were used as a positive control.

RT-PCR

Total RN A was isolated from 80% to
90% confluent keratinocytes in a 25-cm?
dish using 1 mL Trizol according to the
manufacturer’s instructions and stored at
-80 °C until use. After denaturation in
DEPC-treated water for 10 min at 70 °C,
2 ug total RNA was reverse-transcribed
into cDNA in a reaction volume of 20 uL,
which contained 1x RT buffer (50 mM
Tris-HCl, pH 8.3, 75 mM KCl, and 3 mM



MgCl,), 20 units RNase inhibitor, 50 mM
dNTPs, 200 units MMLYV reverse tran-
scriptase, and 0.5 ug oligo(dT),4 as
primer. The reactions was incubated at
42 °C for 60 min and inactivated at 95 °C
for 10 min and stored at —80 °C or used
immediately. Each experiment included
samples containing no reverse transcrip-
tase (as negative controls) in the following
RT-PCR, to exclude amplification from con-
taminated genomic DNA. Specific primers
for VEGFR-1, VEGFR-2, and VEGFR-3,
which were located at C-terminal of the ki-
nase domain of each receptor, were de-
signed by using PrimerSelect program in
DNAstar package (DNAStar, Madison,
WI, USA). Primers for NRP-1 and NRP-2
were located at N-terminal of both recep-
tors and were selected by using the same
program (Table 1). RT-PCR amplification
was performed with a PTC 225 thermal
cycler (MJ] Research) in a volume of

50 uL, which included 1 uL of reaction
c¢DNA mixture, 10 pmol each primer,

200 mM each ANTP, 2 mM MgCl,, 10 mM
Tris-HCl, pH 8.3, 50 mM KCl, and 2 units
of Tag DNA polymerase (Sangon, Shang-
hai, China). The amplification was com-
posed of 1 cycle of 96 °C for 3 min, 35
cycles of 96 °C for 1 min, 57 °C (for
VEGFR-1, VEGFR-2, and NRP-1) or 63 °C
(for VEGFR-3 and NRP-2) for 70 s, and
72 °C for 80 s, and ending with a full ex-

Table 1. PCR primers used in this study.

tension cycle of 72 °C for 7 min. In each
experiment, a negative control was in-
cluded. To exclude potential contamina-
tion of endothelial cells from dermis in
cultured keratinocytes, an endothelial-
specific marker, CD31, was amplified
using the same amplification conditions
except for annealing at 55 °C (Table 1).
The PCR products were then elec-
trophoresed on 1.5% agarose gels,
stained with ethidium bromide, and
photographed on a UV transilluminator.
Results were expressed for each sample
as band intensity relative to that of
GAPDH. Sequence identity of PCR
product for each VEGFR and NRP was
confirmed by direct sequencing.

Western Blot Analysis

Keratinocytes grown to 80% to 90%
confluence were washed twice in ice-cold
PBS, scraped, and centrifuged (1000g,
5 min at 4 °C). The pellet was incubated
for 30 min in modified RIPA lysis buffer
(20 mM Tris-HCl, pH 7.5, 150 mM NaCl,
0.2 mM EDTA, 1% Triton X-114, 50 mM
Hepes, 50 mM sodium fluoride, 1 mM
sodium orthovanadate) and 1 tablet/
10 mL of protease inhibitor cocktail
tablets then centrifuged (16,000g, 15 min
at 4 °C). Protein concentrations were
measured using the QuantiPro BCA
assay kit (Sigma-Aldrich). Protein

Product
GenBank lenygth
Gene accession no. Primer sequence Location (bp)
VEGFR-1 NM_002019 5-ATGGCTCCCGAATCTATCTITGAC-3’ 3445-3468 655
5-GCCCCGACTCCTTACTITTACTGG-3' 4099-4076
VEGFR-2 NM_002253 5-CTGGCGGCACGAAATATCCTCTIA-3'  3388-3411 614
5-GGCCGGCICITTICGCTTACTGTTC-3 4001-3978
VEGFR-3 NM_182925 5-AGGCCGGCCCACGCAGACATC-3  2424-2444 346
5-TGCACGCCCCGCAGGCAGGTIGA C-3' 2769-2748
NRP-1 NM_001024629 5-AGCCCCTCCICCIGTIGTGTICTTC-3' 461-484 441
5-GCTATCGCGCTIGTCGGTIGTAAAAA-3’ 901-878
NRP-2 NM_201264 5-CAGCCGGCCCCCAGCACAT-3' 29-47 436
5-TICCCGAAAGCCAAGCGTIAACAAT-3'"  464-441
CD31 BC051822 5'-CTTCGCGGATGTCAGCACCAC-3' 384-404 419
5-CCTCAACGGGGAATTCCAGTATCA-3'  802-779
GAPDH  NM_002046 5-TGAAGGTCGGAGTCAACGG-3' 113-131 223
5-TGGAAGATGGTIGATIGGGAT-3 335-317
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(100 ug) was boiled in 2x Laemmli buffer
(0.125 M Tris-HCI, pH 6.8, 4% SDS, 20%
glycerol, and 10% p-mercaptoethanol, 1%
bromophenol blue) for 10 min, and 40 ug
of protein was loaded for each lane on
6% SDS polyacrylamide gels. Proteins
were transferred to PVDF membrane
(Hybond-P, Amersham), and blots were
blocked for 30 min at room temperature
in PBS containing 1% Tween-20. After
rinsing 3 times for 10 min with PBS con-
taining 0.05% Tween-20, the membrane
was probed with the respective primary
antibody (0.5 ug/mL) overnight at 4 °C
in PBS containing 1% Tween-20. Blots
were then washed 4 times (5 min each)
in PBS containing 0.05% Tween-20 and
incubated for 1 h with horseradish per-
oxidase—conjugated sheep polyclonal
anti-mouse IgG antibody (1:5000; Jack-
son). The membrane was washed 5 times
(5 min each) with 0.05% Tween-20-PBS,
and the immunoreactive bands were de-
tected using enhanced chemiluminescent
(ECL) plus reagent kit before exposure
for at least 3 min to Kodak film (Kodak,
Rochester, NJ, USA). Mouse monoclonal
anti-GAPDH (diluted 1:5000) was used
as a loading control in the same panel.
The results of densitometric scanning of
immunoreactivity on each lane were cor-
rected for GAPDH immunoreactivity.
HUVECs were used as a positive control
in all panels.

Effect of VEGF,, on Keratinocyte
Proliferation

To determine if VEGF, ; has effects on
proliferation of keratinocytes, normal
human epidermal keratinocytes were
plated in 96-well plates at 5000
cells/well in defined KSFM and cul-
tured for 24 h. Cells were then treated
with various concentrations of VEGF,
at0, 1,5, 10, 25, 50, and 100 ng/mL in
defined KSFM and incubated for 48 h.
To test whether VEGFR-2 could mediate
the enhanced proliferation in response
to VEGF,; treatment, cells were treated
with 5 ug/mL VEGFR-2 neutralizing
antibody MAB3571 for 1 h and were
seeded into wells with or without
VEGF,; (10 ng/mL) for 48 h. At the end
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of the incubation, freshly prepared and
filtered MTT (Sigma, St Louis, MO,
USA) was added to a final concentration
of 5 mg/mL in PBS and the mixture
was further incubated for 3 h. After the
medium was removed, cells in each well
were dissolved with 100 uL. DMSO, and
optical density was read at 570 nm with
a 96-well plate ELISA reader (Bio-Tek
Instruments, Winooski, VT, USA). All
MTT assays were conducted at least in
triplicate.

Cell Migration Assays

Cell migration assays were per-
formed as previously described (21,22)
with some modifications. In brief, mod-
ified Boyden chambers (Neuroprobe,
Bethesda, MD, USA) with 8-um poros-
ity polyvinylpyrrolidone-free polycar-
bonate filters were precoated with
20 ug/mL type IV collagen (Sigma). In
the lower chamber, 27 uL defined KSFM
with different VEGF concentrations was
added. Cell suspension (5 x 10*/mL)
was prepared and incubated with or
without 5 ug/mL VEGFR-2 neutralizing
antibody MAB3571 for 30 min at 37 °C.
An aliquot of 50 uL cell suspension was
added to the upper chamber, and cells
were allowed to migrate for 12 h at
37 °C in 5% CQO,. Cells on the upper
surface of the membrane were carefully
wiped off. Cells on the undersurface of
the membrane were fixed with 4%
paraformaldehyde for 10 min and
stained with 2% crystal violet blue for
5 min, then rinsed off gently with
running water. We quantified the num-
ber of migrated cells in each well by
counting 5 randomly chosen fields at
400x magnification. Each determination
represents the mean of 3 individual
wells + SD. For all experiments re-
ported, assays were repeated at least 3
times with similar results.

Cell Adhesion Assays

Keratinocytes pre-incubated with or
without VEGF, ; at different concentra-
tions were plated into 96-well plates pre-
coated with 20 ug/mL type IV collagen
(Sigma,) at 1 x 10° cells/well with de-
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Figure 1. Expression of mMRNA of VEGFRs and NRPs in cultured keratinocytes. RT-PCR analy-
sis of VEGFR-1 (A), VEGFR-2 (B), VGFR-3 (E), NRP-1 (C), NRP-2 (F) and CD31 yene (H) in
HUVECs (lane 1) and cultured keratinocytes from 3 different healthy samples (lanes 2-4).
Lane 5 is a neyative control showing no amplification from potential genomic DNA con-
tamination. GAPDH served as an internal control for different amplification performed for

respective genes (D, G, I).

fined KSFM and cultured for 4 h. Cells
were rinsed gently 3 times with 0.1%
BSA in prewarmed culture medium to
remove unattached cells. Adherent cells
were then incubated with 5 mg/mL MTT
for 3 h. The following assay was similar
to the above proliferation assay. For
VEGEFR-2 neutralizing assay, cells were
incubated with VEGFR-2 neutralizing
antibody MAB3571 at 5 ug/mL for 30 min
prior to seeding. The data were expressed
as the mean of triplicate wells + SD. Ex-
periments were repeated at least tripli-
cate with similar results.

Statistical analyses

For in vitro data, results are ex-
pressed as mean = SD. All determina-
tions were performed in triplicate, and
experiments were repeated at least 3
times. One-way ANOVA was used to
evaluate significant differences. Statisti-
cal analyses were performed by SPSS
Software (V13.0, SPSS, USA), with a
P value < 0.05 considered to be statisti-
cally significant.
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RESULTS

Expression of VEGFRs and NRPs in
Cultured Keratinocytes

As shown in Figure 1, expression of
VEGFR and NRP mRNA was detected in
cultured keratinocytes from all 3 normal
donors. Direct sequencing for these PCR
products was identical to published se-
quences of human VEGFR-1, VEGFR-2,
VEGEFR-3, NRP-1, and NRP-2 (Table 1).
The expression of CD31 gene was de-
tected in HUVECsS but not in any sample
of cultured keratinocytes (Figure 1H),
suggesting no contamination of endothe-
lial cells in keratinocytes.

The protein levels of VEGFRs and
NRPs in cultured keratinocytes are
shown in Figure 2. We observed main
bands with approximate sizes of 180 and
200 kDa for all 3 VEGFRs, but the inten-
sity of bands for each VEGEFR varied.
Blots for NRP-1 and NRP-2 both de-
tected a strong band at approximately
140 kDa. Based on the relative intensity
of VEGFRs and NRPs (by comparing
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Figure 2. Immunoblot analysis of VEGFRs and NRPs in cultured keratinocytes. The anti-VEGFR-1,
anti-VEGFR-2, and anti-VEGFR-3 antibodies show bands at about 180 and 200 kDa. The
anti-NRP-1 and anti-NRP-2 antibodies show bands at approximate 140 kDa. The anti-GAPDH
antibody was used as loading control for normalization. M, marker; lane 1, HUVECs; lanes 2-4,
cultured keratinocytes from 3 different healthy samples.

with GAPDH), it seems that VEGFR-2,
NRP-1, and NRP-2 were highly ex-
pressed in keratinocytes from the 3
donors, whereas VEGFR-1 and VEGFR-3
were modestly expressed.

Localization of VEGFRs and NRPs in
Normal Human Epidermis

Cryostat sections of skin specimens
from all 3 healthy donors were exam-
ined by histological immunofluorescence
staining. Positive staining for VEGFRs
and NRPs were observed in epidermis
of all 3 donors. The representative data
presented in Figure 3 were from the skin
of a 19-year-old male donor. The distri-
bution pattern of these receptors varied
in epidermis: VEGFRs showed a mem-
branous staining pattern along the inter-
cellular junctions in the basal and
suprabasal layers of the epidermis ex-
cept for the horny cell layer (Figures
3A1, 3B1, and 3C1). The staining pattern
of NRPs differed from that of VEGFRs.
NRPs are stained in the membrane and
in the cytoplasm of keratinocytes in the
whole epidermis except for the stratum

corneum (Figures 3D1 and 3E1). Specifi-
cally, VEGFR-1 and VEGFR-2 (both
MAB3571 and SC-6251) strongly labeled
keratinocytes in stratum basal and spin-
osum adjacent to basal, whereas all lay-
ers of the epidermis except the horny
cell layer demonstrated a uniform ex-
pression pattern of VEGFR-3, NRP-1,
and NRP-2. Moreover, NRP-1 and NRP-
2 showed diffuse intense fluorescence
compared with VEGFRs. HUVECs (as
apositive control) (column 2 in Figure 3)
show strong staining for endothelial
cells and vessel smooth muscle cells by
all antibodies, whereas negative control
sections incubated with mouse IgG were
unstained (column 3 in Figure 3).

Partial Blockage of VEGF Induced
Proliferation and Migration of
Keratinocytes by VEGFR-2
Neutralizing Antibody

We first examined the effect of VEGF,
on keratinocyte proliferation and migra-
tion. As shown in Figure 4, VEGF, . in-
creased the proliferation of keratinocytes
in a dose-dependent manner, and this
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induction reached a plateau at a concen-
tration of 10 ng/mL. VEGFR-2 neutraliz-
ing antibody (MAB3571) could partially
block this induction (P < 0.05 vs. control).
We next determined the effect of
VEGEF,; on chemotactic motility of ker-
atinocytes by employing a modified Boy-
den chamber assay. The motility of ker-
atinocytes was greatly affected by
elevated concentrations of VEGF,; in a
dose-dependent manner (Figure 5).
VEGEF,; at 100 ng/mL could induce
about 10-fold migration over the control.
Pretreatment with the anti-VEGFR-2
antibody significantly suppressed the
induction of migration by VEGF,; at
10 ng/mL (P < 0.001 vs. control) (Figure 5);
the migration of keratinocytes was re-
duced more than 2-fold in the presence
of 5 ug/mL MAB3571 and 10 ng/mL
VEGF165 compared with 10 ng/mL
VEGF165 treatment alone. No significant
difference was observed between cells
treated with VEGFR-2 neutralizing anti-
body and cells without any treatment.

VEGF Reduced Adhesion of
Keratinocytes, Which Could Be
Completely Reversed by VEGFR-2
Neutralizing Antibody

Adhesion of keratinocytes to type IV
collagen—coated culture plates after 4 h
of culture did not change dramatically
under basal or slightly stimulated con-
ditions. VEGF,; at a concentration of
10 ng/mL decreased keratinocyte adhe-
sion by approximately 20%. This de-
crease was found to be more prominent
when VEGF, ., concentration was fur-
ther increased (Figure 6). The binding of
keratinocytes to type IV collagen—coated
plates could be completely reversed by
a pretreatment with VEGFR-2 neutraliz-
ing antibody in the presence of VEGF
(Figure 6).

Please note that supplementary informa-
tion is available on the Molecular Medicine
website (www.molmed.org).

DISCUSSION
Although VEGFRs and NRPs were ini-
tially thought to be expressed exclusively
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Figure 3. Representative immunofluorescent staining of VEGFRs and NRPs in human
healthy skin epidermis. The presence of VEGFRs and NRPs is indicated by green fluores-
cence staining. Red indicates Pl nuclear staining. Column 1, normal human skin from a
19-year-old male donor; column 2, human umbilical cord vein; column 3, neyative stain-
ing by mouse IgG. The letters in the figures refer to epidermis (e), dermis (d), and basal
layer of epidermis (b) in skin sections. The luminal side of the human umbilical cord vein
is indicated by capital lefter L. Scale bar, 50 um. VEGFR-1 (A1) and VEGFR-2 (B1) are
strongly detected af the stratum basal and spinosum adjacent to the basal of epidermis
(arrows). VEGFR-3 (C1) is detected uniformly at all layers of the epidermis except for the
horny cell layer (arrow). NRP-1 (D1) and NRP-2 (E1) are distributed uniformly among all
layers of the epidermis except for the horny cell layer (arrows). Positive controls of
human umbilical cord vein showed strony staining for HUVECs and smooth muscle cells
for all 5 antibodies for VEGFRs and NRPs (arrows). Negative staining controls of human
skin by using mouse IyG are unstained in all experiments (arrowheads refer to the outer
edye of skin).
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in endothelial cells (1,3,5,7,23,24), recent
studies have found expression of VEGF
receptors and coreceptors in other cell
types and tissues (25-34). Our data dem-
onstrate that keratinocytes in epidermis
express VEGFR-1, VEGFR-2, VEGFR-3,
and the coreceptors NRP-1 and NRP-2
at both mRNA and protein levels. To
our knowledge, this is the first report
that examined all 5 known VEGF recep-
tors and coreceptors in keratinocytes of
the epidermis.

The presence of VEGFRs and NRPs in
different tissues varied, and each of these
receptors might have specific biological
activities ranging from enhancing prolif-
eration to increasing cellular migration.
Besides the presence in endothelial cells
and endothelial cell progenitors (35,36),
VEGFR-1 mRNA and protein are ex-
pressed in some immune cells, such as
macrophage-osteoclast lineages (33,34,
37), natural killer cells (38), and neu-
trophils (32), as well as in other normal
cells, including trophoblast cells, renal
mesangial cells (5), melanocytes (25),
vascular smooth muscle cells (27,39),
pericytes (28), and neurons (29). Other
studies have shown VEGFR-1 to be ex-
pressed on tumor cells such as human
prostate and breast carcinoma cells
(40,41) and pancreatic cancer cells (42),
and to be implicated in tumor growth
and progression (42-44). Fan et al. (26)
found that VEGFR-1 was present in colo-
rectal cancer cells of epithelial origin and
was involved in tumor progression and
metastasis. Recently, the expression of
functional VEGFR-1 on keratinocytes
was first reported by Wilgus et al. (18),
who suggested a novel autocrine mecha-
nism in keratinocytes by which VEGF
may act to stimulate wound healing. We
detected expression of VEGFR-1 in cul-
tured keratinocytes (Figures 1 and 2) and
observed positive staining for this recep-
tor in all layers of epidermis except for
stratum corneum (Figure 3). Our results
are thus consistent with the observation
of Wilgus et al. (18) but differ from those
of Kurschat et al. (19), who failed to
identify all 3 VEGFRs in cultured HaCaT
keratinocytes.
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Figure 4. Effect of VEGF, 5 on keratinocyte proliferation. MTT-based assays were per-
formed to determine the effects of VEGF alone or in combination with VEGFR-2 neutraliz-
ing antibody for 48-h treatment. Data represent the mean values of optical density mea-
sured in 6 wells for each tfreatment in a representative experiment. This experiment was
repeated at least 3 fimes with similar results. **P < 0.01; ***P <0.001, significant differences
between VEGF-freated and untreated samples. #P < 0.05, significant difference between
VEGF-treated cells and cells freated with both VEGF and VEGFR-2 neutralizing antibody.
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Figure 5. Effect of VEGF, 5 on keratinocyte migration. Incubation with VEGF, .4 signifi-
cantly increases keratinocyte migration, and this induction is partially abroyated by pre-
tfreatment with VEGFR-2 neutralizing antibody. Data are expressed as mean values + SD
for the total number of cells observed in 5 randomly selected fields from 3 separate
wells. **P < 0.01; ***P <0.001, significant differences between VEGF-tfreated and un-
freated cells. ###P < 0.001, significant difference between VEGF-treated cells and cells
treated with both VEGF and VEGFR-2 neutralizing antibody.
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VEGEFR-2 is the major receptor for en-
dothelial cell function (1,2,5) and was re-
ported to be expressed in hematopoietic
stem cells, megakaryocytes, neuronal cells,
osteoblasts, pancreatic duct cells, and reti-
nal progenitor cells (5,30), as well as in
some tumor cells, such as malignant mela-
noma cells (5), papillary thyroid cancer,
non-small-cell lung cancer, mesothelioma,
and breast cancer (14). Neutrophils (32),
monocytes (33,34), and stromal cells (5) are
also found to express VEGFR-2 (5). Both
Wilgus et al. (18) and Kurschat et al. (19)
failed to detect the expression of VEGFR-2
in keratinocytes. In our study, however,
we observed strong expression of this re-
ceptor in cultured keratinocytes and posi-
tive staining for VEGFR-2 in all layers of
epidermis with the exception of stratum
corneum. This is in accordance with what
we have found—that VEGFR-2 was also
expressed in HaCaT cells (45). Further-
more, the expression pattern of VEGFR-2
and VEGFR-1 are similar and show strong
expression in the stratum basal layer and
the adjacent spinosum layer of the epider-
mis (Figures 3A1 and 3A2). This distribu-
tion pattern may be associated with the
proliferation of keratinocytes, as the basal
cells and the adjacent spinosum cells are
main sources for keratinocytes undergoing
active proliferation (44). The expression of
VEGFR-2 in epidermis was confirmed by
2 different antibodies used in this study. We
speculate that the discrepancies between
our study and those of Wilgus et al. (18)
and Kurschat et al. (19) might be attributed
to specificity and sensitivity of primers used
in RT-PCR and antibodies in Western blot
and immunostaining, as well as other tech-
nical reasons. For instance, we failed to ob-
tain amplification using the primer pair for
VEGEFR-2 in Wilgus et al.’s paper (18) even
in HUVECsS; Kurschat et al. (19) did not
show the primer sequences in their paper.

The presence of VEGFRs in ker-
atinocytes and their potential role in cell
proliferation and migration, as induced
by VEGF treatment, could be compen-
sated by pretreatment with a neutraliz-
ing antibody for VEGFR-2 (Figures 4 and
5), lending further support to our obser-
vations based on immunostaining and
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Figure 6. Effect of VEGF,; on keratinocyte adhesion. *P < 0.05; **P < 0.01; ***P <0.001,
significant differences between VEGF-treated and untreated cells. Cells pretreated with
VEGFR-2 neutralizing antibody had significantly increased keratinocyte adhesion com-
pared with untreated cells (***P < 0.001). The reduction of adhesion of keratinocytes by
VEGF treatment at 10 ng/mL was significantly restored by pretreatment with VEGFR-2

neutralizing antibody (###P < 0.001).

RT-PCR. As described above, pretreat-
ment with VEGFR-2 neutralizing anti-
body could partially abolish the induced
proliferation and migration of cultured
keratinocytes by VEGF treatment (Fig-
ures 4 and 5). This indicates that VEGFR-
2 is required for VEGF-induced pheno-
typic changes and the existence of an
autocrine loop of VEGF in keratinocytes.
Moreover, neutralizing VEGFR-2 re-
versed the downregulation effects of ex-
ogenous VEGF on adhesion (Figure 6).
These results suggest that VEGFR-2
plays an important biological role in ker-
atinocyte function. Together with a previ-
ous report on the function of VEGFR-1
on keratinocytes (18), it seems that both
VEGEFR-2 and VEGFR-1 are responsible
for the autocrine signaling in epidermis.
VEGEFR-3 is involved in angiogenesis
in both the middle stage of embryogene-
sis and the entire process of lymphan-
giogenesis (8,44). Stimulation of the
VEGEFR-3 signal transduction pathway is
sufficient to specifically induce lym-
phangiogenesis in vivo (8,44). VEGFR-3
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was once considered to be almost exclu-
sively expressed in lymphatic endothe-
lium in normal adults (46,47). Recently,
VEGEFR-3 has been shown to be ex-
pressed in blood capillaries of normal
breast tissue, neuroendocrine organs,
and chronic wounds (48). In addition,
monocytes, macrophages, and some
dendritic cells express this receptor (48).

In our study, VEGFR-3 was expressed
in keratinocytes in all layers of epider-
mis except for the horny cell layer, and
presented a uniform distribution pat-
tern that was not observed for VEGFR-1
and -2. The potential function of
VEGEFR-3 in epidermis is unknown
based on this study:.

The expression of the 2 coreceptors of
VEGFRs, NRP-1 and NRP-2, has been
well characterized in endothelial cells
and in a variety of neural and nonneural
tissues, and they are required for normal
development (49). NRPs are also ex-
pressed by several types of cancer cell,
such as lung tumor cell lines (50,51) and
melanoma cell lines (14,52). Mice lacking
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a functional NRP-1 gene died at the em-
bryo stage because of a failure to develop
a proper cardiovascular system (30,53),
whereas loss of NRP-2 gene was found
to be accompanied with tumor progres-
sion in carcinoid tumors (54). Most re-
cently, Kurschat et al. (19) provided in
vivo and in vitro evidence for NRP-1 ex-
pression in keratinocytes and found that
the neuron restrictive silencer factor
downregulated NRP-1, but not NRP-2,
expression in HaCaT keratinocyte cell
line. In our study, we observed both
NRP-1 and NRP-2 expression in all lay-
ers of keratinocytes in the epidermis ex-
cluding the horny layer. Also, the distri-
bution patterns of NRP-1 and NRP-2 are
different from those of VEGFRs (Figure 3).
Our data showed that the expression of
NRPs were not completely overlapped
with VEGFRs in the epidermis, which
suggested that NRP-1 and NRP-2 might
have some function in epidermis inde-
pendent of VEGFRs. Based on the fact
that NRP-1 has been found to mediate
heterophilic cell adhesion (54-56) and
keratinocyte migration (19), it would

be rewarding for future investigations
to target the potential mechanism of
NRPs on proliferation and migration

of keratinocytes.

In summary, through a systematic ex-
amination of the expression of all 5
known VEGEF receptors and coreceptors
in vivo and in vitro, our results provided
some important inferences regarding the
autocrine role for VEGF in keratinocytes.
The capacity of keratinocytes to express
these receptors may constitute a novel
regulation for keratinocyte activity in the
epidermis during wound healing and
skin development and maintenance. The
observation that VEGF could induce ker-
atinocyte proliferation and migration but
reduce its adhesion, and that all these ef-
fects can be inhibited by pretreatment
with a neutralizing antibody for VEGFR-
2, give direct evidence for an active role
of VEGF-VEGER interaction in the epi-
dermis. Combined with other published
data (18,19) and the fact that VEGFR-1
and VEGFR-2 were overexpressed in epi-
dermis of psoriasis vulgaris (57), it is rea-



sonable to believe that VEGFRs and
NRPs may play important roles in epi-
dermis that are different from their tradi-
tional contribution in angiogenesis.
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