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Endothelial monocyte activating polypeptide II (EMAP II) is a proinflammatory cytokine with antiangiogenic properties.
EMAP II functions as a potent inhibitor of primary and metastatic tumor growth, has strong inhibitory effects on
endothelial cells (ECs), and can reduce intratumoral expression of the angiogenesis inducer vascular endothelial growth
factor (VEGF). VEGF influences EC functions such as proliferation, migration, survival and tube formation. Therapeutic
strategies that target VEGF have been demonstrated to reduce the tumor growth. We investigated the effects of EMAP II
on VEGF-induced angiogenesis signaling. Primary human fetal lung ECs (HFLECs) and human umbilical vein ECs (HUVECs)
were grown in E-Stim medium. Protein binding was analyzed using enzyme-linked immunosorbent assay (ELISA). Protein
expression was determined by western blot analysis. EC proliferation and migration was determined using WST-1 reagent
and transwell membrane, respectively. EMAP II efficiently and dose dependently binds to VEGF receptor 1 (VEGFR1) and
VEGF receptor 2 (VEGFR2) as observed by ELISA. Bmax values for VEGFR1 and VEGFR2 were 0.45 and 0.17, respectively. In
addition, EMAP II inhibited binding of VEGF to VEGFR1 and VEGFR2. EMAP II significantly reduced VEGF-induced ex-
pression of phosphorylated VEGFR1 (in HFLEC and HUVEC) by 450%, and of phosphorylated VEGFR2 (in HUVEC) by 66%.
EMAP II also inhibited downstream VEGF signaling. Although VEGF-induced phosphorylation of Akt, Erk1/2, p38 and Raf
2.8-, 1.5-, 2.2- and 3.6-fold, respectively, EMAP II preincubation blocked this induction in phosphorylation to control levels.
VEGF-induced EC proliferation 2.5-fold, and EMAP II pretreatment abrogated this effect. Similarly, VEGF-induced EC
migration (2.5-fold) was significantly inhibited by EMAP II. These finding suggest that inhibition of VEGF signaling is one
possible antiangiogenic mechanism of EMAP II, which may explain its in vivo antitumor activity and delineate therapeutic
strategies to enhance anti-VEGF therapy to inhibit tumor growth.
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Endothelial monocyte activating polypeptide II (EMAP II)
was first isolated from supernatants of cultured murine
methylcholanthrene A-induced fibrosarcoma cells based on
its capacity to induce tissue factor expression in human
umbilical vein endothelial cells (HUVECs).1 EMAP II is a
proinflammatory cytokine with antiangiogenic properties,
which exerts pleiotropic effects on endothelial cells (ECs),
monocytes and neutrophils.1 EMAP II is synthesized as a
34 kDa pro-EMAP II, which is proteolytically cleaved to the
22 kDa mature EMAP II (EMAP II), which has most of the
described biological activities.2,3 Expression of pro-EMAP II
and release of EMAP II has been shown to be increased in
response to stress, such as hypoxia, treatment with che-
motherapeutic drugs and induction of apoptosis.4,5 EMAP II

has potent effects on ECs including release of von Willebrand
factor; manipulation of coagulation properties; induced ex-
pression of tissue factor, E-selectin, P-selectin, DOC;1,2,6 and
blocking adhesion of ECs to fibronectin as well as matrix
assembly by binding to a5b1 integrin.7 Although EMAP II
sensitizes tumors to the antitumor effects of tumor necrosis
factor-a8,9 by inducing the expression of tumor necrosis
factor-a receptor-1,10 it has in its own right been shown to
induce apoptosis of ECs and inhibits proliferation, vascu-
larization and neovessel formation.11,12 In addition, EMAP II
has been shown to suppress primary and metastatic tumor
growth by antiangiogenic properties11 and to reduce vascular
endothelial growth factor (VEGF) expression,13 which itself
facilitates tumor growth through induction of angiogenesis.
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Angiogenesis, the formation of new blood vessels, be
involved in tumor growth and metastasis.14,15 Angiogenesis is
a complex process and involves the survival, activation,
proliferation, differentiation, migration and reorganization
of ECs.15,16

VEGF is an EC-specific mitogen, and its high affinity
receptor-binding sites are located on ECs.17 VEGF has shown
to be expressed in a wide variety of tumors. VEGF is the most
important mediator of angiogenesis associated tumor devel-
opment as it regulates survival, proliferation, differentiation,
migration, permeability and tube formation of ECs.18–21

VEGF also functions as an antiapoptotic factor for ECs in
newly formed vessels.22 Several reports in the literature have
shown that therapeutic strategies involving VEGF inhibition,
by either targeting VEGF or its receptors, decrease vessel
density and reduce tumor growth.23–25 VEGF activates its
intracellular signaling pathway by binding with high
affinity to two tyrosine kinase receptors, VEGF receptor 1
(VEGFR1/Flt-1) and VEGF receptor 2 (VEGFR2/Flk-1),26

that induce receptor dimerization and subsequent induction
of kinase activity and transphosphorylation of several cyto-
plasmic signaling proteins including mitogen-activated pro-
tein kinase (MAPK), extracellular signal-regulated protein
kinase (ERK), stress-activated protein kinase (p38 MAP ki-
nase) and phosphatidylinositol 3-kinase.27

In this study, we observed that EMAP II interferes with the
VEGF-induced angiogenic signaling pathway, suggesting that
this may be one of the antiangiogenic mechanisms of EMAP
II towards preventing tumor growth and metastasis.

MATERIALS AND METHODS
Cell Culture and Treatments
Primary human fetal lung ECs (HFLECs) were a generous
gift from Dr MJ Acarregui (University of Iowa, Iowa City, IA,
USA) and were grown on type I collagen (BD Biosciences,
Bedford, MA, USA) coated plates. HUVECs were grown on
1% gelatin (Sigma-Aldrich, St Louis, MO, USA) coated
plates. Both of these cell lines were grown in E-Stim medium
supplemented with epidermal growth factor and EC growth
supplement (BD Biosciences) at 371C in a humidified 5%
CO2 atmosphere. All the cells were used within passage three
to seven where they showed specific characteristics of ECs.

Monolayers of cells at 75–80% confluence were serum
starved for at least 5 h before treatment with recombinant
human VEGF 165 (Sigma) and EMAP II. For western blot
analysis, cells were treated with 20 ng/ml VEGF, 20 mM EMAP
II or preincubated with EMAP II for 30min and then treated
with VEGF. In proliferation assays, cells were treated with
EMAP II (10 and 20 mM) and VEGF (1, 10 or 20 ng/ml) over
72 h. In cotreated samples, cells were preincubated with
EMAP II for 30min and then VEGF was added. For migra-
tion assay, 300 ml cell suspension (from 0.3� 106 cells per ml)
was added into the upper filter chamber of dual chamber
wells with or without preincubation with EMAP II, whereas

20 ng/ml VEGF or 20 mM EMAP II were added into the lower
chamber.

Production and Purification of Recombinant EMAP II
Recombinant EMAP II was prepared from E. coli transformed
with a plasmid containing a 6� his-tag and the coding
sequence for EMAP II, as previously described.28

Recombinant EMAP II protein was purified using Ni-NTA
columns under native conditions as per manufacturer’s pro-
tocol with all procedures performed at 41C (Qiagen,
Valencia, CA, USA). Briefly, frozen E. coli cell pellets were lysed
in buffer containing 50mM NaH2PO4, 300mM NaCl, 10mM
imidazole, protease inhibitor cocktail, b-mercaptoethanol and
1mg/ml lysozyme. Cell lysate was then sonicated and cen-
trifuged at 12 000 rpm for 20min, and supernatant was
mixed gently with 50% Ni-NTA slurry. The lysate–Ni-NTA
mixture was loaded into a column and washed with buffer
containing 50mM NaH2PO4, 300mM NaCl and 20mM
imidazole. After washing, EMAP II protein was eluted with
buffer containing 50mM NaH2PO4, 300mM NaCl and
250mM imidazole. EMAP II protein was then dialyzed
against PBS, aliquoted and stored at �801C.

Enzyme-Linked Immunosorbent Assay
Ninety six-well plates were coated with 800 nM of EMAP II in
50 ml carbonate–bicarbonate buffer (pH 9.6) per well at 41C
overnight. Wells were then washed with PBS containing 0.02%
Tween 20 and blocked with 1% BSA in PBS for 30min at
371C. Increasing concentrations (1, 3, 10, 30 and 100ng/ml) of
VEGFR1 or VEGFR2 were added to EMAP II coated wells
and plates were incubated overnight at 41C. To investigate the
effect of EMAP II on binding of VEGF to its receptors
VEGFR1 and VEGFR2, wells were coated with 250 ng/ml of
VEGF in 50 ml coating buffer and incubated overnight at 41C.
After washing, wells were blocked with 1% BSA for 30min at
371C. VEGFR1 or VEGFR2 (50 ng/ml) was preincubated with
EMAP II (4, 40, 120 and 400 nM) for 30min at 41C and then
added to VEGF coated wells and incubated overnight at 41C.
After this step, for both of the above experiments, wells were
washed and incubated for 1 h with anti-VEGFR1 antibody
(Chemicon, Temecula, CA, USA) or anti-VEGFR2 antibody
(R&D Systems) at 371C with shaking. After washing, an
HRP-conjugated secondary antibody was added and in-
cubated for 1 h at 371C with shaking. After washing, 100 ml of
o-phenylenediamine chromogenic substrate (Sigma) was
added to each well and the plate was incubated for 15min in
the dark. The reaction was stopped by the addition of 100 ml
2M H2SO4 and absorbance was read at 490 nm.

Western Blot Analysis
Cells were lysed in buffer containing 20mM Tris–HCl,
150mM NaCl, 1% Triton X-100, 0.05% NP-40, 50mM NaF,
1mM sodium orthovanadate, 5mM sodium pyrophosphate,
1mM PMSF, 10 ml each of protease and phosphatase in-
hibitor per ml of lysis buffer; and incubated for 20min at 41C
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with gentle shaking. The lysate was centrifuged for 15min
at 13 000 rpm, supernatant protein concentrations were
measured and equal amount of total protein were separated
by SDS–PAGE and transferred to PVDF membranes (Bio-
Rad, Hercules, CA, USA). The membranes were blocked for
1 h at room temperature with gentle shaking in TBS-T
(10mM Tris–HCl (pH 7.6), 150mM NaCl, 0.05% Tween 20)
containing 5% nonfat milk. The membranes were then in-
cubated overnight at 41C with the corresponding antibodies:
anti-Akt and antiphospho-Akt, anti-Erk (all from Cell Sig-
naling Technology, Danvers, MA, USA) and antiphospho-
Erk, anti-p38 and antiphospho-p38, anti-Raf-1 and anti-
phospho-Raf-1 (all from Santa Cruz Biotechnologies, Santa
Cruz, CA, USA), anti-VEGFR1 (Chemicon) and antipho-
spho-VEGFR1 (Upstate Biotechnology, Lake Placid, NY,
USA), anti-VEGFR2 (Cell Signaling) and antiphospho-
VEGFR2 (Upstate) or antia-tubulin (Sigma). These blots
were then incubated with corresponding HRP-conjugated
secondary antibodies (Pierce Biotechnology, Rockford, IL,
USA) for 1 h at room temperature, and specific bands were
detected using the enhanced chemiluminescence reagent
(PerkinElmer Life Sciences, Boston, MA, USA) on auto-
radiographic film. Protein bands were quantitated by densi-
tometry, and protein loading was normalized with a-tubulin.

Cell Proliferation Assay
The proliferation of primary ECs (HFLEC and HUVEC) was
evaluated by an assay employing the sulfonated tetrazolium
salt WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate). The measurement is
based on the ability of viable cells to cleave tetrazolium salts
by mitochondrial dehydrogenases. Briefly, 4 000 cells per well
were plated in a 96-well microplate in regular supplemented
E-Stim EC growth medium and incubated at 371C and 5%
CO2. After a 16-h incubation, the medium was removed, cells
were washed twice with PBS and Basal EC medium (EBM-2
from Cambrex BioScience, Wakersville, MD, USA) was added
in each well. After 5 h incubation, cells were treated with
EMAP II and VEGF, either alone or in combination, and
incubated for 72 h at 371C and 5% CO2. To assay for pro-
liferation, 10 ml per well WST-1 reagent was added and after
2 h incubation, absorbance of the samples was measured at
450 nm using a microplate reader with a blank as the back-
ground control.

Cell Migration Assay
The cell migration assay was performed using a CytoSelect
Cell Migration assay kit (Cell Biolabs Inc., San Diego, CA,
USA). Briefly, HUVECs grown up to 75–80% confluence
were serum starved for 5 h, trypsinized and suspended in
EBM-2 medium at a final concentration of 0.3� 106 cells per
ml. In 24-well plate, 300 ml of this cell suspension was added
to the upper filter chamber with polycarbonate membrane
(8 mm pore size) with or without preincubation with 20 mM
EMAP II for 30min. In lower chamber 500 ml of serum-free

medium was added containing 10% FBS (positive control),
20 ng/ml VEGF or 20 mM EMAP II. The plate was incubated
at 371C and 5% CO2 for 24 h. After incubation, non-
migratory cells on the upper surface of the filter were re-
moved by wiping with a cotton swab, and migratory cells
were stained, photographed under inverted light microscope,
and relative migration was quantitated by measuring ab-
sorption at 560 nm.

Statistical Analysis
Statistical significance was analyzed using GraphPad Prism 4
Software (GraphPad Software, San Diego, CA, USA). Results
are expressed as mean±standard deviation (s.d.). Data were
analyzed by the two-tailed Student’s t-test and values of
Po0.05 were accepted as reflecting statistically significant
group differences.

RESULTS
EMAP II Binds with VEGF Receptors
In an enzyme-linked immunosorbent assay (ELISA) experi-
ment, recombinant EMAP II was bound to the plate and was
allowed to interact with increasing concentrations of
recombinant VEGFR1 or VEGFR2. We observed a dose-de-
pendent increase in the binding of EMAP II to both VEGFR1
and VEGFR2, which was saturable (Figure 1). Data were
subjected to Scatchard analysis to determine maximum
binding (Bmax) and equilibrium constant (KD). The Bmax and
KD values for VEGFR1 were 0.45 and 4.43, and for VEGFR2
were 0.17 and 9.63, respectively, indicating a higher affinity of
EMAP II for VEGFR1 compared to VEGFR2. A similar
binding pattern was observed when VEGFR1 or VEGFR2
were bound to the plate and were allowed to interact with
increasing concentrations of EMAP II (data not shown). We
also observed that EMAP II did not bind to VEGF protein
(data not shown).

EMAP II Inhibits Binding of VEGF to Its Receptors
To investigate if EMAP II preincubated with VEGFR can
interfere with the binding of VEGF to its receptors, we per-
formed an ELISA to observe the effect of EMAP II on binding
of VEGF to its receptors VEGFR1 and VEGFR2. In this
experiment, EMAP II was preincubated with VEGFR1 or
VEGFR2 at increasing concentrations, before allowing it to
interact with VEGF bound to the plate. We observed that
EMAP II preincubated with VEGFR at increasing doses could
decrease the binding of VEGF with its receptors VEGFR1 and
VEGFR2. At a 400 nM concentration of EMAP II, the binding
of VEGF with VEGFR1 and VEGFR2 was decreased by
approximately 53 and 42%, respectively (Figure 2).

EMAP II Inhibits VEGF-Induced Phosphorylation of
VEGFR1 and VEGFR2
After observing the interaction of EMAP II with VEGFR1 and
VEGFR2 by ELISA, we investigated the effect of EMAP II on
VEGF-induced phosphorylation of VEGFR1 and VEGFR2.
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For these experiments, a 10-min incubation with VEGF was
selected, as we had observed downstream VEGF signaling
protein activation peaks at 10–20min and decreases at
30min (data not shown). In HFLECs, we first verified the
expression levels of VEGFR1 and VEGFR2 by western blot
analysis (Figure 3a). VEGF treatment (20 ng/ml) for 10min
increased the phosphorylation of VEGFR1 more than
ninefold. EMAP II pretreatment for 30min decreased the
VEGF-induced phosphorylation of VEGFR1 by 450%
(Figure 3a). No band for phospho-VEGFR2 was detected in
the HFLEC lysate with the antibody used (data not shown).

In HUVECs, EMAP II pretreatment significantly decreased
the VEGF-induced phosphorylation of both receptors. As
shown in Figure 3b, when the expression of phospho-
VEGFR1 and phospho-VEGFR2 was normalized against total
VEGFR1 and VEGFR2 expression levels, densitometric ana-
lysis showed that VEGF increased phospho-VEGFR1 ex-
pression by more than twofold, but EMAP II pretreatment
reduced this to levels below the control. Phospho-VEGFR2
was below the detection limit in control cells, but noticeable
expression was induced by VEGF treatment; this induction
was inhibited by approximately 67% when cells were
pretreated with EMAP II (Figure 3b). The expression of the
reference gene a-tubulin was not affected by VEGF or EMAP
II treatment.

EMAP II Blocks Phosphorylation of VEGF-Induced
Signaling Proteins
To determine the functional aspects of binding between
EMAP II and VEGFR1 or VEGFR2, and the observed at-
tenuation of VEGF receptor phosphorylation by EMAP II, we
examined the effect of EMAP II on VEGF-mediated phos-
phorylation of its known downstream signaling proteins Akt,
Erk1/2, p38 and Raf. For this experiment, cells were in-
cubated with basal EC medium for 5 h before treatment with
EMAP II and VEGF. As shown in Figure 4a, VEGF (20 ng/ml)
treatment for 10 and 20min significantly increased the
phosphorylation of Akt, Erk1/2, p38 and Raf 2.8-, 1.5-, 2.
2- and 3.6-fold, respectively, as determined by densitometric
quantitation. EMAP II treatment alone caused no significant
change in expression of these proteins compared with con-
trol. However, EMAP II pretreatment blocked the VEGF-
mediated increase in phosphorylation of Akt, Erk1/2, p38
and Raf, with levels of these phosphorylated proteins either
equal to or below the control levels (Figure 4a and b). For the
quantitation of protein levels of phosphorylated Akt, Erk1/2,
p38 and Raf, all blot signals had been normalized with their
corresponding total protein signals that had shown no
changes with VEGF and/or EMAP II treatment.

EMAP II Inhibits VEGF-Induced Cell Proliferation
Next, we tested the effect of EMAP II on VEGF-induced
proliferation of ECs in vitro. In HUVECs, FBS (10%) and
reconstituted E-Stim medium was used as positive control
for the induction of cellular proliferation. We observed a

Figure 1 Binding of EMAP II to VEGFR1 and R2 by ELISA. The assay was

performed using 800 nM EMAP II per well for precoating, and incubating

with increasing concentrations (1, 3, 10, 30 and 100 ng/ml) of VEGF R1 or

R2. Binding was detected by chromogenic ELISA and absorbance at 490 nm

was plotted as a function of bound VEGFR1 or R2. A dose-dependent

increase in binding of EMAP II to VEGFR1 and R2 was observed. Data are

expressed as the mean±s.d. (n¼ 6).

Figure 2 Effect of EMAP II on binding of VEGF to VEGFR1 or R2 was

analyzed by ELISA. The assay was performed by preincubating 50 ng/ml of

VEGFR1 or R2 with increasing concentrations (4, 40, 120 and 400 nM) of

EMAP II for 30min followed by addition onto 96-well plate precoated with

250 ng/ml of VEGF. The binding was detected by chromogenic ELISA, and

absorbance at 490 nm was plotted as a function of bound VEGFR1 or R2.

Data are expressed as the mean±s.d. (n¼ 6). NC¼ negative control (no

VEGFR added).

EMAP II interferes with VEGF signaling

N Awasthi et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 89 January 2009 41

http://www.laboratoryinvestigation.org


Figure 3 (a) Upper panel shows the western blot analysis for expression of VEGFR1 and VEGFR2 protein in HFLEC. The total protein amount loaded onto
the gel was 40 mg (lane 1) and 80 mg (lane 2). The lower panel shows a western blot analysis for activation of VEGFR1 in HFLEC incubated with 20 ng/ml VEGF
(10min), or pretreated with 20mM EMAP II and then treated with 20 ng/ml VEGF. Immunoblotting was performed using total cell lysate and phospho-
VEGFR1 antibody. The intensity of bands was quantitated by densitometry and represented as bar graph. Data are the mean±s.d. of three independent
experiments. * represents a significant difference from VEGF treatment alone. (b) The upper panel shows the western blot analysis for activation of VEGFR1
and R2 in HUVEC incubated with 20 ng/ml VEGF (10min), or pretreated with 20mM EMAP II followed by treatment with 20 ng/ml VEGF. Immunoblotting was
performed using total cell lysate and phospho-VEGFR1 and phospho-VEGFR2 antibodies. The lower panel shows the graphical representation of bands
quantitated by densitometry. Data are the mean±s.d. of three independent experiments. * represents a significant difference from VEGF treatment alone.
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dose-dependent increase in viable cell numbers over time
through VEGF treatment. At a 20 ng/ml concentration, VEGF
induced the cell growth by a factor of 2.5 compared to
controls after 72 h incubation. EMAP II treatment alone did
not have a significant effect on EC proliferation, but it sig-
nificantly blocked the VEGF-induced proliferation, as the
resulting numbers of viable cells in the EMAP IIþVEGF
group was very comparable to controls (Figure 5). Similar
results were observed in HFLECs where 20 ng/ml VEGF
increased the cell proliferation 1.7-fold, and EMAP II
pretreatment abrogated this effect (data not shown).

EMAP II Reduces VEGF-Induced Cell Migration
The effect of EMAP II on VEGF-induced migration of HU-
VECs was examined in a transwell chamber assay. As shown
in Figure 6, when VEGF alone was used as chemoattractant,
migration of HUVECs was increased by 42.5-fold, as com-
pared with negative controls. EMAP II alone caused no sig-
nificant effect on cell migration, but when cells were
pretreated with EMAP II, VEGF-induced migration was
significantly inhibited and the resulting numbers of mi-
gratory cells were very comparable to negative controls.

DISCUSSION
Three factors were derived from supernatants of cultured
murine tumor cells that have capability to induce tissue
factor on ECs. These were termed EMAP I–III and among
these, EMAP I and II were novel cytokines,1 whereas EMAP
III turned out to be identical to the previously described
VEGF.29 EMAP II is a now well-characterized proin-
flammatory cytokine that inhibits tumor growth and me-
tastasis by inhibition of angiogenesis. However, the precise
signaling pathways for antiangiogenic activity of EMAP II
have not yet been fully elucidated. In a previous study in our
laboratory, we observed that EMAP II caused a significant
reduction of VEGF expression in tumor tissues.13 In addition
to tumor cell-derived VEGF driving tumor progression
through proangiogenic mechanisms, VEGF signaling has
been reported to be regulated by autocrine or paracrine
regulatory loops.30,31 In this study, we now demonstrate that
EMAP II interacts directly with the VEGF receptors VEGFR1
and VEGFR2, which suggests a possible mechanism for the
observed VEGF depletion and reduction in tumor growth.
The binding affinity of EMAP II was higher for VEGFR1
compared to VEGFR2. EMAP II competitively inhibited
the binding of VEGF to VEGFR1 and VEGFR2, and this
inhibition again was greater for VEGFR1 compared to

Figure 4 Western blot analysis for activation of Akt, Erk, p38 and Raf protein in HFLEC incubated with 20 ng/ml VEGF (10 or 20min), 20 mM EMAP II (30min

or 12 h), EMAP II (30min)þVEGF (10min) or EMAP II (30min)þ VEGF (20min). (a) Total cell lysate was prepared, proteins were separated by SDS–PAGE and

immunoblotting was performed using corresponding phospho-specific antibodies. Data are representative of two independent experiments with identical

conditions. (b) The intensity of bands was quantitated by densitometry and is represented in the bar graph. Data are the mean±s.d. of two independent

experiments with identical conditions.
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VEGFR2. Interestingly, binding affinity of VEGF with
VEGFR1 has been reported to be higher than compared to
that with VEGFR2.32 VEGFR1 and VEGFR2 share structural
similarities, and there is a 43.2% overall sequence homology.
Between VEGFR1 and VEGFR2, the extracellular domain
homology is 33.3% and cytoplasmic region homology is
54.6%, whereas kinase domain is the most conserved region
with 70.1% homology.33 We do not know where exactly
EMAP II binds to the VEGFRs, but suspect that this binding
is the cardinal event in the mediated inhibition of VEGF-
related signaling events. In addition, whereas our ELISA data
support specific binding between EMAP II and VEGFR, steric
hindrance cannot be entirely excluded to partake in this
inhibitory effect.

Recent studies to evaluate the antiangiogenic mechanism
of EMAP II on ECs revealed that EMAP II also binds with
a-ATP synthase34 and a5b1 integrin.7 However, this does not
easily explain any reduction in intratumoral VEGF expression
as observed under EMAP II treatment.13 The role of para-
crine VEGF signaling is well established in the process of
angiogenesis, and recently an autocrine VEGF signaling reg-
ulatory loop has been proposed to be important for vascular
homeostasis.30,31 The binding of EMAP II and VEGF re-
ceptors may therefore cause interference in either autocrine
and/or paracrine VEGF regulatory loops and thus may lead
to downregulation of VEGF expression.

VEGF be involved in angiogenesis-induced tumor growth.
VEGF exerts most of its biological effects by binding with

VEGFR1 and VEGFR2, which drives receptor dimerization
and transphosphorylation on key tyrosine residues, initiating
downstream cytoplasmic signaling. VEGFR2 is implicated in
most of the VEGF-induced angiogenic processes, whereas the
role of VEGFR1 signaling in this process is less well defined.
VEGFR1 has been considered as a decoy receptor that can
modulate VEGFR2 signaling.35 Recent studies have shown
that small molecules inhibiting VEGF receptor activation
result in inhibition of tumor growth.36,37 In our studies, we
also observed that EMAP II pretreatment resulted in a sig-
nificant decrease in VEGF-induced phosphorylation of
VEGFR1 and VEGFR2 in HUVECs. In HFLECs, EMAP II
caused a similar effect on VEGFR1 activation but we could
not observe any signal for phospho-VEGFR2. The phospho-
VEGFR2 antibody used in these experiments was specific for
detecting phosphorylation at Tyr1054, therefore either there
is no phosphorylation of VEGFR2 at Tyr1054 in HFLECs, or
the expression levels are too low to detect. In HFLECs, we
also used phospho-VEGFR2 antibody specific for detecting
phosphorylation at Try1175 and Tyr951 but we could not
detect any signal on western blot.

Previous reports have shown that activation of VEGF re-
ceptors leads to the activation of Raf and the downstream
Erk1/2 (p42/44) mitogen-activated kinases, which is involved
in cell proliferation.38–40 VEGF also activates PI3-kinase/Akt
signal transduction pathway, which has been implicated in
EC survival.41 Also, VEGF activates the p38 MAPK pathway
that is required for mitogenic activity in ECs and has been

Figure 5 EMAP II inhibits the VEGF-induced proliferation of HUVEC. In a 96-well microplate, cells in basal endothelial cell medium (EBM-2) were treated with

VEGF (1, 10 or 20 ng/ml) and EMAP II (10 or 20 mM). In cotreated samples, cells were pretreated with 20 mM EMAP II for 30min and then treated with VEGF.

FBS (10%) containing EBM-2 medium and E-Stim medium were used as positive control for HUVEC cell proliferation. After 72 h incubation, cell proliferation

was evaluated using the colorimetric WST-1 assay. Data are the mean±s.d. of triplicate determinations. The markers indicate a significant difference in the

number of viable cells compared with controls (*) and VEGF alone (D), respectively.
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implicated in cell migration.42,43 In our study, we observed
that EMAP II preincubation inhibited VEGF-induced
activation of elements of all these downstream signaling
pathways, namely Raf, Erk1/2, Akt and p38. This inhibition
of phosphorylation of VEGF-induced cytoplasmic signaling
proteins likely reflects a functional interference with the
VEGF to VEGFR interaction, and represents a mechanism for
the known effects of EMAP II on survival, proliferation,
differentiation and migration of ECs.

VEGF-induced proliferation of ECs be involved in angio-
genesis-induced tumor growth.17 Several studies have shown
that VEGF induces proliferation of ECs.44 Also, inhibition of
ECs proliferation has been suggested for antiangiogenic ac-
tivity of EMAP II.6,8,11 In our study, we observed that EMAP
II preincubation significantly inhibited the VEGF-induced
ECs proliferation. This reduction in VEGF-induced cell
proliferation is in good agreement with our finding that
EMAP II inhibits VEGF-induced activation of Erk1/2, which
is a major downstream target of VEGFR2, known to be
involved in cell proliferation. In addition, VEGF has been
shown to be a potent stimulator of EC migration,45 a major
contributor to angiogenesis-induced tumor growth. Studies

have shown that EMAP II acts as chemoattractant for
neutrophils and monocytes.2 In our studies no significant
change in HUVEC migration was observed when EMAP II
alone was used as chemoattractant, but when HUVECs were
pretreated with EMAP II, the VEGF-induced migration of
cells was inhibited. This finding correlates with our
observation that EMAP II blocks VEGF-induced activation of
p38 MAPK, which has been implicated in EC migration.42,43

In summary, our study demonstrated that EMAP II
interacts with VEGF receptors, which inhibits VEGF receptor
activation and causes inhibition of VEGF-induced activation
of downstream signaling proteins. We also showed that
EMAP II inhibits VEGF-induced ECs proliferation and mi-
gration. This heretofore unknown mechanism of EMAP II
may provide an explanation for its in vivo antitumor activity,
and may also suggest therapeutic strategies for the
enhancement of anti-VEGF therapy to inhibit angiogenesis-
driven tumor growth.
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