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We identi®ed vascular endothelial growth factor and
type I collagen inducible protein (VCIP), also known
as phosphatidic acid phosphatase 2b (PAP2b), in a
functional assay of angiogenesis. VCIP/PAP2b exhibits
an Arg±Gly±Asp (RGD) cell adhesion sequence.
Immunoprecipitation and ¯uorescence-activated cell
sorting analyses demonstrated that VCIP-RGD is
exposed to the outside of the cell surface. Retroviral
transduction of VCIP induced cell aggregation/cell±
cell interactions, modestly increased p120 catenin
expression and promoted activation of the Fak, Akt
and GSK3b protein kinases. Furthermore, expression
of recombinant VCIP promoted adhesion, spreading
and tyrosine phosphorylation of Fak, Shc, Cas and
paxillin in endothelial cells. GST±VCIP-RGD, but not
GST±VCIP-RGE, speci®cally interacted with a subset
of integrins, and these interactions were effectively
blocked by anti-avb3 and anti-a5b1 integrin anti-
bodies, and by PAP2b/VCIP-derived peptides.
Interestingly, PAP2b/VCIP is expressed in close prox-
imity to vascular endothelial growth factor, von
Willebrand factor and avb3 integrin in tumor vascula-
tures. These ®ndings demonstrate an unexpected func-
tion of PAP2b/VCIP, and represent an important step
towards understanding the molecular mechanisms by
which PAP2b/VCIP-induced cell±cell interactions
regulate speci®c intracellular signaling pathways.
Keywords: cell±cell interactions/endothelial cells/
integrins/signaling/VEGF

Introduction

Cell±cell and cell±matrix interactions play fundamental
roles in embryonic development and in wound healing,
and these interactions are known to be altered in many
pathological processes. Endothelial cells (ECs), which line
the walls of blood vessels, are able to promote both
`homotypic' and `heterotypic' cell±cell interactions (Cines
et al., 1998). Such interactions are critical for angiogen-
esis, which proceeds through several distinct coordinated

steps. Initially, ECs that are contact inhibited or considered
to be in the G0 phase of the cell cycle become activated in
response to an increase in local concentrations of
angiogenic factors (Cotta-Pereira et al., 1980). Activated
ECs then locally secrete proteases to dissolve basement
membranes, thereby allowing ECs to detach from the
vascular wall. The detached ECs then send out cytoplas-
mic projections, migrate, elongate extensively and form
cell±cell interactions (Montesano et al., 1985). Eventually,
ECs enter the cell cycle and can either differentiate into
tube-like structures, depending upon the presence of
speci®c survival factors and extracellular matrix (ECM)
components, or undergo apoptosis, which can disrupt
angiogenesis (Risau and Flamme, 1995). These in vivo
processes can be partially duplicated in vitro by providing
ECs with appropriate ECM molecules and a gradient of
angiogenic cytokines, such as basic ®broblast growth
factor (bFGF) and vascular endothelial growth factor
(VEGF) (Pepper et al., 1992; Friesel and Maciag, 1995;
Dvorak, 2000). VEGF and bFGF can act on ECs either
individually or in a coordinated manner to transduce
extracellular signals into distinct cellular transcriptional
responses (Yancopoulos et al., 2000; Cross and Claesson-
Welsh, 2001). The speci®c roles of VEGF and its receptors
in angiogenesis have been well documented. For example,
genetic ablation of the VEGF receptor-2 (Flk-1) in mice
causes loss of functional ECs (Shalaby et al., 1995).
Ablation of the VEGF165 gene, which encodes the Flk-1
ligand, results in a complete lack of vasculature, and this
genotype is embryonic lethal (Carmeliet et al., 1996).
Angiopoietin (Ang) and Ephrins signal through Tie
and Eph receptors, respectively (Suri et al., 1996;
Yancopoulos et al., 1998). The intracellular Ang signaling
pathway determines the maturity of blood vessels, whereas
Eph regulates segregation of arteries and veins (Wang
et al., 1998). While most of these factors directly regulate
normal angiogenesis, unrestrained production of these
factors can potentially deregulate cell±cell interactions,
cell±matrix interactions and gene expression. Such
deregulation may contribute to various vascular abnor-
malities, including the growth of solid tumors, cardiovas-
cular disease and diabetic retinopathy (Folkman, 2001).

Activated ECs detach from the endothelium and main-
tain cell±cell contact in order to survive; the absence of
such cell±cell interactions can promote anoikis (Frisch and
Ruoshlati, 1997). Studies suggest that EC-mediated cell±
cell interactions are also required for the recruitment of
pericytes, as well as for the stabilization and maturation of
blood vessels (Darland and D'Amore, 2001). Molecules
that mediate cell±cell interactions include integrins and
their ligands, VE-cadherin, PECAM-1 (CD31), junctional
adhesion molecules (JAM), VCAM-1, selectins, claudins,
Eph and Ephrins (Lampugnani and Dejana, 1997; Eliceiri
and Cheresh, 2001). These adhesion molecules are also
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involved in the assembly and formation of adherent and
tight junctions, phenotypes that are closely associated with
the formation of mature blood vessels and the segregation
of arteries and veins (Dejana, 1997; Hirschi and D'Amore,
1997). Although a large number of studies have investi-
gated the formation of cell±cell contacts, the molecular
mechanisms underlying this process are not completely
understood (Darland and D'Amore, 2001).

The addition of angiogenic factors to quiescent ECs,
cultured in three-dimensional type I collagen matrices,
induces capillary morphogenesis (Madri and Williams,
1983; Montesano and Orci, 1985). To better understand
the molecular pathways that control the formation of new
blood vessels, we recently identi®ed a set of 12 novel
genes, derived from ECs undergoing capillary morpho-
genesis in three-dimensional collagen matrices (K.K.Wary,
G.D.Thakker, J.O.Humtsoe, S.Feng and J.Yang, submitted

for publication). These 12 genes had not been previously
reported to be associated with the processes of angiogen-
esis. We have now characterized the function of one of
these genes (DDBJ/EMBL/GenBank accession No.
AF480883), designated VCIP for VEGF and type I
collagen inducible protein, which is also known as
phosphatidic acid phosphatase type 2b (PAP2b) (Kai
et al., 1997). Interestingly, PAP2b also contains an
Arg±Gly±Asp (RGD) cell attachment sequence. The
RGD motif, present in many known ECM proteins, is an
established core recognition sequence for the a5b1, avb3,
avb5, avb1 and aIIbb3 integrins (Hynes, 1987; Ruoslahti
and Pierschbacher, 1987). Many laboratories have inves-
tigated the physiological roles of ECM proteins containing
the RGD cell attachment motif (Varner and Cheresh,
1996; Plow et al., 2000; Humphries, 2002). Binding of
integrins to RGD-containing ligands promotes adhesion,

Fig. 1. Expression analysis and predicted amino acid sequence of VCIP. HUVECs were embedded into three-dimensional type I collagen gel in the
presence of 20% adult human serum, 13 ITS and stimulated with VEGF165 (100 ng/ml). Total RNA was prepared at the indicated time points.
(A) Northern blots were hybridized with a fragment of the VCIP (clone-33A) cDNA probe. The transcript size (3.4 kb) is indicated on the right. The
numbers at the bottom of the gel represent the fold increase in VCIP mRNA levels, as compared with untreated cells. (B) Ethidium bromide-stained
agarose gel shows equivalent amounts of RNA used. (C) HUVECs were cultured as above and left untreated, the last lane shows cells treated with
VEGF for 12 h, as a positive control. Total RNA was isolated at indicated time points and subjected to VCIP northern blot analysis. (D) The blot
shown in (C) was stripped and re-hybridized with a GAPDH probe, to show that equal amounts of RNA were loaded across the lanes. (E) Poly(A)+

RNA prepared from various human tissues was subjected to VCIP northern blot analysis by hybridization with the clone-33A cDNA probe. (F) The
blot shown in (C) was re-hybridized with a GAPDH probe, showing that equal amounts of RNA were loaded across the lanes. (G) Detection of VCIP
mRNA by RT±PCR (20 cycles): monolayer ECs were treated for 30 min with: (1) untreated, (2) + bFGF (20 ng/ml), (3) + VEGF165 (100 ng/ml), (4) +
PMA (20 ng/ml), (5) + bFGF (20 ng/ml) + VEGF (100 ng/ml), (6) bFGF (20 ng/ml) + PMA (20 ng/ml), (7) VEGF (100 ng/ml) + PMA (20 ng/ml)
and (8) bFGF (20 ng/ml) + VEGF (100 ng/ml) + PMA (20 ng/ml). (H±J) RT±PCR analysis of (H) uPAR mRNA, (I) b-actin mRNA and (J) GAPDH
mRNA levels under the same conditions as described in (G). All experiments were repeated at least three times, with similar results. (K) Inserts from
six recombinant l phage clones are shown, and the relative position of clone 33A is indicated. (L) The complete predicted amino acid sequence of
VCIP. The putative transmembrane segments are underlined. The N-linked glycosylation site is indicated by an asterisk. The lipid phosphatase
catalytic domain is indicated by bold letters and underlined, and the RGD motif is boxed. (M) The amino acid sequence of human VCIP (top) is
aligned with other proteins containing lipid phosphatase-like catalytic motifs.
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spreading and `outside-in' signaling. These signals regu-
late tyrosine phosphorylation of various intracellular
proteins, calcium in¯ux, changes in pH and gene expres-
sion (Giancotti and Ruoslahti, 1999; Martin et al., 2002;
Schwartz and Ginsberg, 2002).

In this study, we present several lines of compelling
evidence that reveal a unique role for VCIP in cell±cell
interactions and intracellular signaling. To our knowledge,
this is the ®rst report describing these novel functions of
VCIP.

Results

Identi®cation of PAP2b/VCIP
In a previous study, ECs were embedded into three-
dimensional type I collagen gel and induced to undergo
capillary morphogenesis in response to VEGF165. RNA
was then isolated from ECs cultured in the presence or
absence of VEGF165, converted to cDNA and subjected to
suppression subtractive hybridization and differential
display. Through this process, we identi®ed a set of 12
candidate genes associated with capillary morphogenesis
in ECs (K.K.Wary, G.D.Thakker, J.O.Humtsoe, S.Feng
and J.Yang, submitted). One of the gene fragments
(~500 bp) identi®ed with this approach was of particular
interest. Initial northern blot analyses suggested that its
expression required presence of VEGF (Figure 1A and C).
In a subsequent study, we found that the addition of anti-
VEGF and or anti-a2b1 integrin (type I collagen receptor)
antibodies partially blocked expression of VCIP in ECs
(Supplementary ®gure 1, available at The EMBO Journal
Online). For this reason, we proposed the name VCIP. In
addition, VCIP mRNA was most strongly expressed in
human heart and placenta, tissues that are highly
vascularized (Figure 1E). Next, we examined expression
of VCIP in monolayer ECs treated with bFGF, VEGF and
PMA (Figure 1G). We found that all three cytokines are
equally able to induce expression of VCIP. This pattern of
regulation was identical to that of the human receptor for
urokinase plasminogen activator (uPAR) expression
(Figure 1H); b-actin and GAPDH were included as
controls and were not regulated under any of these
conditions (Figure 1I and J). Nevertheless, these ®ndings
compelled us to clone the VCIP gene and investigate its
possible role in capillary morphogenesis of ECs.

During our initial cloning effort, we sequenced several
3¢ ends of RT±PCR products derived from a pool of 3¢ and
5¢ RACE products using DNA sequence information from
clone 33A, as shown in Figure 1K. We sequenced ~2.0 kb
of a 3¢ region of a putative gene, which did not exhibit an
open reading frame (ORF). Two 5¢ probes were generated
from this 2.0 kb fragment, and used to screen a human
placental cDNA library, resulting in the recovery of six
l-phage cDNA clones (Figure 1K). Sequencing analysis
revealed that one of the cDNA fragments of ~1.5 kb in size
contained an ORF of 930 bp (l-phage 6; Figure 1K),
which clearly corresponded to the PAP2b gene (Kai et al.,
1997). In fact, the cDNA that we designated as VCIP
turned out to be identical to PAP2b, which encodes a 3.4 kb
transcript. This is much larger than the transcript size that
was previously reported for PAP2b (Kai et al., 1997).
However, our data show that PAP2b/VCIP (henceforth
called VCIP) has an unusually long 3¢ untranslated region

(UTR) of ~2.0 kb. The complete cDNA sequence of VCIP
has been deposited under the accession No. AF480883,
and the deduced amino acid sequence of VCIP is shown in
Figure 1L. Database searches with the VCIP coding
sequence and analysis of the deduced amino acid sequence
revealed that VCIP has a consensus lipid phosphatase
motif and an RGD cell attachment sequence in the second
extracellular domain, whereas the cytoplasmic domains of
VCIP lack any known enzymatic features or motifs. The
lipid phosphatase motif of VCIP is shown in comparison
with other known lipid phosphatase motifs in Figure 1M.

Growth factors and in¯ammatory cytokines induce
expression of VCIP
To examine VCIP expression by other cell types,
endothelial, smooth muscle and epithelial cells (A431)
were stimulated in monolayer with various growth factors
and cytokines for 6 h. Total RNA was then isolated and
subjected to northern blot analysis for VCIP and uPAR, as
shown in Figure 2. Human dermal microvascular en-
dothelial cells (HdMVECs) responded to most cytokines,
but not to EGF. VCIP was expressed most strongly in cells
that were stimulated with VEGF (Figure 2A, lane 2).
Neither PMA nor VEGF165 induced expression of VCIP in
carotid artery smooth muscle cells (CASMCs), whereas
VEGF165 increased VCIP levels in aortic smooth muscle
cells (AoSMC), but PMA did not. VCIP levels were
strongly induced by PMA and EGF in epidermoid
carcinoma (A431) cells, whereas TNFa and bFGF had
no effect in this cell type. The uPAR probe was included as
a control for cytokines used (Figure 2B and E).

Fig. 2. Growth factors and cytokines induce expression of VCIP.
(A and D) Indicated monolayer cells were stimulated with various
growth factors and cytokines for 6 h in media M199 containing 10%
serum + 13 ITS. The concentrations of cytokines used in this study
were optimized according to their ability to induce Erk2 phosphoryl-
ation in western blot analysis: VEGF165 (100 ng/ml), EGF (20 ng/ml),
bFGF (30 ng/ml), TNFa (15 ng/ml), PMA (10 ng/ml) and IL-1b
(25 ng/ml). Total RNA (20 mg per lane) was subjected to northern blot
analysis by hybridization with the indicated probes. (B and E) The
uPAR northern blot was included as a control for the cytokines used.
(C and F) Ethidium bromide-stained gels show equal amounts of RNA
used. Data shown are representative of those obtained in two or three
separate experiments, with similar results.
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VCIP is a cell surface protein
Using confocal microscopy, Ishikawa et al. (2000) showed
that PAP2b is localized at the plasma membrane in
transfected cells. To determine whether VCIP is a plasma
membrane protein that is exposed on the cell surface,
HEK293 cells were transfected with green ¯uorescent
protein (GFP)±VCIP fusion proteins. A diagram of the
constructs is shown in Figure 3. Transfected cells were
detached from culture dishes and subjected to cell surface
biotinylation. Proteins were subjected to immunoblotting
or immunoprecipitation with anti-GFP antibodies. Cells
transfected with the control GFP vector exhibited a
~30 kDa GFP-immunoreactive band (Figure 4A, lanes 1
and 2), whereas a GFP-immunoreactive band of ~68 kDa
was detected in lysates from cells transfected with the
GFP±VCIP expression vector (Figure 4B, lanes 3 and 4).
No biotinylated proteins were detected in anti-GFP
immunoprecipitates from HEK293 transfected with vector
alone (Figure 4B, lanes 1 and 2), whereas the anti-GFP
antibody immunoprecipitated a ~68 kDa biotinylated
polypeptide from cells transfected with the pEGFP-
VCIP-N3 or -C3 expression vectors (Figure 4B, lanes 3
and 4). Subsequent immunoprecipitation and immunoblot
analysis of cell lysates obtained from HUVECs and
HdMVECs showed that the Mr of non-glycosylated
VCIP is ~38 kDa and that N-glycosylated VCIP is 44/
48 kDa. Incubation of the VCIP antigen±antibody com-
plex with N-glycanase removed the carbohydrate moiety,
and the glycosylated forms of this protein were not
detectable (data not shown). Furthermore, as shown in
Figure 4C, ¯uorescence-activated cell sorting (FACS)
analysis showed that the VCIP-RGD sequence is located
outside of the cell surface of 293HEK cells.

Retroviral transduction of VCIP promotes
cell±cell interactions
Does VCIP-RGD act as an adhesion ligand? To answer
this question, we evaluated the effects of expression of

wild-type VCIP (RGD) versus mutant VCIP (RGE) in a
cell system that allowed us to study the role of the VCIP-
RGD sequence. Primary ECs were not considered suitable
for generating stable clones, therefore, we used HEK293
cells to create stable cell lines. HEK293 cells were chosen
because they are easily transfected and do not express
endogenous VCIP protein. cDNA constructs encoding the
various retroviral VCIP constructs were generated
(Figure 3E±G). Several clones of HEK293 cells stably
expressing wild-type VCIP (pLNCX2-VCIP-RGD-HEK,
WT), mutant VCIP (pLNCX2-VCIP-RGE-HEK, MT), or

Fig. 3. Schematic diagram of various recombinant cDNA constructs
used in this study. (A±D) pEGFP-based constructs; (E±G) pLNCX2
retroviral constructs; (H±J) pGST-fusion protein constructs. The rela-
tive positions of RGD and RGE within the constructs are indicated. HA
indicates hemaglutinin epitope tags. All constructs are shown in the
5¢±3¢ orientation. Arrows indicate the direction of transcription.

Fig. 4. VCIP is a cell surface antigen. HEK293 cells were transiently
transfected with the indicated constructs and subjected to cell surface
biotinylation. Cell extracts were subjected to (A) anti-GFP immunoblot-
ting or (B) immunoprecipitation with anti-GFP monoclonal antibodies
followed by streptavidin±HRP immunoblotting. (C) FACS analyses of
HEK293 cells stably expressing the V or WT constructs. Both cells
were stained with anti-VCIP-RGD pAb (30 mg/ml) followed by
FITC-labeled anti-rabbit IgG antibodies. Data shown are representative
of those obtained in at least three separate experiments, with similar
results.
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vector alone (pLNCX2-HEK, V) were obtained under
geneticin (G418) selection (see Materials and methods).
Three independent clones were isolated for each construct,
to ensure that any observed effects were not due to
phenotypic variability intrinsic to cultured cells. Clones
were regularly evaluated by semi-quantitative RT±PCR
(20 cycles) and by immunoblotting to ensure that mRNA
and protein expression levels were not altered (data not
shown). pLNCX2-HEK (V) was chosen as a control
because it is has no known effect on cells. Cell lysates
were subjected to immunoprecipitation with an anti-VCIP-
cyto antibody, and analyzed by anti-hemaglutinin (HA)

immunoblotting. WT and MT cells expressed equivalent
levels of VCIP immunoreactivity (Figure 5A). We
observed that WT cells formed cell±cell contacts (cell
aggregates), whereas MT and V cells did not
(Figure 5B±D). The rate of formation of cell aggregates
in WT cells was dependent on the number of cells seeded.
When 2 3 105 cells were seeded sparsely in a 35 mm dish,
the formation of cell aggregates was relatively slow (data
not shown). In fact, when WT cells were seeded sparsely,
they underwent at least one cell division prior to forming
such cell aggregates. The formation of cell aggregates
accelerated when 5 3 107 cells were initially seeded (data

Fig. 5. VCIP promotes cell±cell interactions. (A) HEK293 cells were retrovirally transduced with either pLNCX2 (V cells), pLNCX2-VCIP-RGD
(WT cells) or pLNCX2-VCIP-RGE (MT cells) and were then propagated in medium containing G418 (500 mg/ml). Clari®ed cell extracts were immuno-
precipitated with af®nity puri®ed anti-VCIP-c-cyto rabbit polyclonal antibodies and analyzed by anti-HA immunoblotting. 2 3 105 cells were deprived
of growth factors and plated for 36 h in de®ned medium: (B) V cells, (C) WT cells, and (D) MT cells. Photomicrographs revealed the presence of cell
aggregates (indicated by arrowheads) after 12±24 h in WT cells, but not in V or MT cells. (E) BrdU uptake was used to measure cell proliferation in V,
WT and MT cells. Data are expressed as mean 6 SD from triplicate samples. All experiments were performed at least three times. (F) High-resolution
photomicrographs of live WT cell aggregates after 3 days or (G) 5 days. (H) The percentage of apoptotic nuclei was determined by scoring at least 300
cells from ®ve randomly selected microscopic ®elds. Data are expressed as the mean 6 SD from triplicate samples. Representative photomicrographs of
Hoechst-stained (I) V, (J) WT and (K) MT cells; apoptotic nuclei are indicated by arrows (K). Magni®cation, 1003. Bar, 25 mm. *, P < 0.05.
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not shown). As the time in culture progressed, cell
aggregates of various sizes were visually recognizable
within 24±36 h of seeding (Figure 5C). Cell aggregates
continued to grow in size until 98 h or longer. As the
colonies increased in size, most of the surrounding cells
migrated (relocated) and adhered to the growing cell mass.
Eventually, the colonies grew to a suf®ciently large size so
that they detached from the dishes.

WT cells were also incubated with several peptides
modeled after the VCIP-RGD region. When WT cells
were cultured in the continuous presence of an anti-VCIP-
RGD antibody (25±50 mg/ml) and NYRCRGDDSK
(10±50 nM), the size, the speed of formation and the
number of such cell aggregates were reduced (Table I). In
contrast, no reduction in cell aggregation was observed in
cells incubated with the mutant peptides NYRCRADDSK
(10±50 nM) or NYRCRGEDSK (10±50 nM). Incubation
with the antibody or peptides did not induce toxicity or cell
death. The cell aggregation observed in WT cells was
speci®c, in that cells transfected with pLNCX2-HEK or
pLNCX2-VCIP-RGE-HEK did not exhibit such pheno-
type (Figure 5B and D). In order to eliminate the
possibility of clonal variation, three independent clones
of WT cells were examined. This phenotype was also
reproduced in NIH 3T3 cells under similar experimental
conditions. High resolution photomicrographs of living
cell cultures demonstrated the progressive formation of
cell aggregates by WT cells at days 3 and 5, as shown in
Figure 5F±G. In addition, three different clones of WT
cells embedded in soft agar supplemented with complete
media failed to show anchorage-independent cell growth
or colony formation.

Next, we examined the ability of VCIP proteins to
regulate proliferation and apoptosis in HEK293 cells. As
shown in Figure 5E, WT cells were clearly proliferation
competent, as VCIP expression increased the number of
BrdU-positive cells by ~65%, which was comparable to
the number of BrdU-positive cells in control (V) cells
(~60%). In parallel, cells were incubated in de®ned media
and apoptosis was evaluated after 36 h (Figure 5H).
Interestingly, MT cells showed the highest levels of
apoptosis (~25% of all nuclei were apoptotic), whereas V

and WT cells exhibited only baseline levels of apoptosis
(~6±8%). Representative photomicrographs of Hoechst-
stained cells are shown in Figure 5I±K.

VCIP-mediated signaling
Next, we asked how the expression of VCIP in¯uences the
growth properties of HEK293 cells. To identify the
molecular events associated with pLNCX2-VCIP-RGD-
HEK cell±cell interactions, we measured b1 integrin and
p120catenin (p120ctn) protein levels. We also measured
the phosphorylation state and total protein levels of the
Fak, Akt, GSK3b and Erk2 protein kinases, which play
roles in adhesion-mediated cell proliferation, survival and
migration. Enzymatic activation of these protein kinases is
accompanied by an increase in phosphorylation state. b1

integrin immunoreactivity levels were similar in V, WT
and MT cells (Figure 6A). Interestingly, p120ctn immuno-
reactivity levels were increased in WT cells, as compared
with V or MT cells. Similarly, the phosphorylation state of
Fak, Akt and GSK3b were increased in WT cells, as
compared with V or MT cells (Figure 6C, D and G). The
phosphorylation state of Erk1/2 was only modestly
increased in WT cells, as compared with the dramatic
increase in phosphorylation state of Akt in WT cells
(Figure 6D and F). In contrast, the phosphorylation state of
Jnk was not different in WT and V cells, but was
moderately increased in MT cells (Figure 6E). In MT cells,
a relative decrease in the phosphorylation of Akt
(Figure 6D), together with a moderate increase in the
phosphorylation state of Jnk (Figure 6E), may contribute
to the higher levels of apoptosis observed in these cells
(Figure 5H). There were no differences in the total levels
of Fak, Akt, Jnk, Erk 1/2 or GSK3b proteins in V, WT and
MT cells. Similarly, we did not observe any differences in
the level of expression of b-catenin, g-catenin and pan-
cadherin by western blotting analyses in any of these cells
(data not shown).

VCIP promotes direct cell±cell interactions
Because expression of WT, but not MT induced spon-
taneous `cell±cell interactions' (cell aggregation) in

Table I. Cell aggregation

HEK cells stably expressing Substance Concentration % cell aggregates

pLNCX2 (vector alone) (V) ± ± 0
pLNCX2-VCIP-RGD (WT) ± ± 94 6 5.5a

pLNCX2-VCIP-RGE (MT) ± ± 0
pLNCX2-VCIP-RGD (WT) Anti-rabbit IgG 25 mg/ml 90 6 7.3
pLNCX2-VCIP-RGD (WT) Anti-rabbit IgG 50 mg/ml 91 6 8.8
pLNCX2-VCIP-RGD (WT) Anti-VCIP-RGD 25 mg/ml 73 6 7.4
pLNCX2-VCIP-RGD (WT) Anti-VCIP-RGD 50 mg/ml 36 6 12.5a

pLNCX2-VCIP-RGD (WT) NYCRGDDSK 10 nM 67 6 15.7
pLNCX2-VCIP-RGD (WT) NYCRGDDSK 30 nM 46 6 13.3
pLNCX2-VCIP-RGD (WT) NYCRGDDSK 50 nM 28 6 10.5a

pLNCX2-VCIP-RGD (WT) NYCRADDSK 10 nM 92 6 5.7
pLNCX2-VCIP-RGD (WT) NYCRADDSK 30 nM 89 6 7.5
pLNCX2-VCIP-RGD (WT) NYCRADDSK 50 nM 90 6 7.2a

2.0 3 105 HEK cells were pre-treated with indicated substance, washed with PBS, plated in de®ned media and allowed to form cell aggregates at
37°C. This experiment was carried out using 12-well tissue culture plates. Fresh aliquots of substances were added every 12 h. The number of cell
aggregates formed was enumerated at the end of 48 h. Typically, 8±12 cell aggregates were visible in a single 1003 microscopic ®eld. At least 5±7
random ®elds were selected. Experiments were performed three times in triplicate. Values represent mean 6 SD.
aP < 0.05.
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293HEK cells, we hypothesized that VCIP-RGD could act
as a cell-associated integrin ligand. Thereby, VCIP-RGD
could promote `cell±cell interactions' by speci®cally
recognizing avb3 and a5b1 integrins presented on adjacent
cells.

As shown in Figure 7, the mixing of WT cells with MT
cells (0.5 3 106) resulted in the formation of at least 10±15
small and large aggregates within 6 h. These interactions
were effectively inhibited by pre-incubating WT cells with
an anti-VCIP-RGD antibody, but not with control anti-
bodies. Similar results were obtained when WT cells were
incubated with the GRGDSP (25 mM) peptide or the anti-
VCIP-RGD antibody (Figure 7D and E). Dose-dependent
inhibition of cell aggregates in response to the GRGDSP
peptide and anti-VCIP-RGD antibody are shown in
Figure 7F.

Since, 293HEK cells express high level of a5b1, but
somewhat relatively low in avb3 integrin heterodimer, we
mixed WT cells with cells expressing high levels of the b3

integrin subunit to evaluate the effects on cell aggregation.
293HEK cells were stably transfected with the wild-type
human b3 integrin subunit. Expression levels were deter-
mined by FACS and western analyses. Mixing of WT cells
with b3 integrin±293HEK cells quickly resulted in
signi®cant cell aggregation within 3±6 h (data not shown).

VCIP interacts with avb3 and a5b1 integrins
In view of these ®ndings, we directly examined whether
recombinant VCIP expression could promote adhesion of
ECs in primary culture. In order to determine whether the
VCIP-RGD motif acts as an integrin ligand, we generated
two recombinant VCIP fragments (each 49 amino acids in
length) that corresponded to a predicted second extra-
cellular loop of the protein (Figures 1L and 3H±J). Wild-
type glutathione S-transferase (GST)±VCIP-RGD and
mutant GST±VCIP-RGE fusion proteins were af®nity
puri®ed and visualized by Coomassie Blue staining on
SDS±PAGE, as shown in Figure 8A. Both the wild-type
and mutant proteins migrated at the predicted size of
34 kDa. To determine whether GST±VCIP-RGD could
interact with various integrins, a solid-phase ligand
binding assay was performed. The assay was carried out
as described by Orlando and Cheresh (1991), with minor
modi®cations. As shown in Figure 8B, the a5b1 and avb3

integrin heterodimers interacted with GST±VCIP-RGD in
solution with comparable af®nities, whereas the a2b1 and
avb5 integrins did not. None of these integrins signi®-

cantly interacted with GST alone or with the GST±VCIP-
RGE mutant, suggesting that the interaction of VCIP-RGD
with a5b1 and avb3 integrins is highly speci®c. VCIP-
RGD bound to avb3 integrin in a dose-dependent manner,
whereas GST alone or GST±VCIP-RGE exhibited negli-
gible binding to avb3 integrin (Figure 8C). Representative
photomicrographs of optimal adhesion and spreading of
ECs plated for 45 min on ®bronectin, vitronectin and
GST±VCIP-RGD are shown in Figure 8D±F. Adhesion of

Fig. 6. VCIP-induced regulation of various intracellular signaling path-
ways. Cells were cultured exactly as described in Figure 5. At the end
of 36 h, V, WT and MT cells were solubilized, and extracts analyzed
by immunoblotting with the indicated antibodies. Phospho-speci®c
immunoblots were stripped and re-probed with the corresponding total
antibodies, to con®rm that equal amounts of protein were loaded across
the lanes, as shown. (A) b1 integrin immunoblot. Arrowhead indicates
immature form of the b1 integrin subunit. (B) p120ctn immunoblot.
HEK293 cells express two isoforms of p120ctn, isoform-1 (p120) and
isoform-2 (p110); p110 is less abundant in HEK293 cells. (C) Phospho-
FAK and total FAK immunoblots. (D) Phospho-Akt and total
Akt immunoblots. (E) Phospho-Jnk and total Jnk immunoblots.
(F) Phospho-Erk1/2 and total Erk1/2 immunoblots. (G) Phospho-
GSK3b and total GSK3b immunoblots. All blots shown are representa-
tive of those obtained in at least three separate experiments, with
similar results.

PAP2b/VCIP nucleates cell±cell interactions

1545



ECs to GST±VCIP-RGD was comparable to that observed
in wells coated with vitronectin and ®bronectin substrates.

Next, we evaluated the capacity of VCIP-RGD to bind
EC integrins, by determining the effect of GST±VCIP
fusion proteins on cell adhesion and spreading. ECs
adhered to wells coated with recombinant wild-type
GST±VCIP-RGD protein in a dose-dependent manner. In
contrast, there was little adhesion to wells coated with the
mutant (GST±VCIP-RGE) fusion protein (Figure 8G).
Active protein synthesis was not required for ECs to attach
to the substrates we tested, because pre-treatment of ECs
with cycloheximide (20 mg/ml) for 1 h prior to replating
the cells onto substrate-coated dishes followed by con-
tinued exposure to cycloheximide during the entire assay
period did not decrease the total number of attached cells
(data not shown).

Next, we sought to determine which integrin(s) actually
mediated adhesion to the VCIP-RGD sequence. To do
so, ECs were non-enzymatically detached from dishes,
washed, pre-incubated with various blocking antibodies
and washed again to remove unbound antibodies. ECs

were resuspended in serum-free M199 media and imme-
diately replated onto GST±VCIP-RGD-coated wells. Pre-
incubation of ECs with anti-a5b1 (P1D6) and anti-avb3

(LM609) antibodies inhibited the attachment of ECs in a
dose-dependent manner (Figure 8G). Control anti-a2b1

(MAB 1998) and anti-a3b1 (P1B5) integrin function-
blocking antibodies did not have any effect on adhesion of
ECs to GST±VCIP-RGD. When ECs were co-incubated
with a mixture of P1D6 (10 mg/ml) and LM609 (10 mg/ml),
cells remained rounded, indicating that adhesion of these
cells to GST±VCIP-RGD was completely inhibited. In
contrast, when applied alone, neither of these two
antibodies completely inhibited the adhesion of ECs
(data not shown). It is possible that avb1, avb5 and avb6

integrins may also mediate the interaction between ECs
and VCIP-RGD to some extent. Furthermore, adhesion of
ECs to VCIP required the presence of Ca2+ and Mg2+, as
the addition of 2.5 mM EDTA (pH 7.4) for 5 min caused
cells to detach from tissue culture dishes. In addition,
when the acetylated NYRCRGDDSKVQE (VCIP-RGD)
peptide was incubated with attached cells (i.e. cells that

Fig. 7. VCIP mediates heterophilic cell±cell interactions. (A) Representative photomicrograph of a mixture of WT and MT cells labeled with red (Dil)
and green (DiO) ¯uorescent dyes at 0 h. (B) Small and large cell-aggregates were visible after 6 h; green arrowheads indicate the most productive cell
aggregation (yellow). (C) Representative large cell aggregates are shown after 12 h. (D) Cells co-incubated with the GRGDSP peptide for 12 h.
(E) Cells co-incubated with anti-VCIP-RGD antibody (25 mg/ml) after 12 h. All experiments were performed at least three times in triplicates.
(F) Histogram showing that the anti-VCIP-RGD (a-VCIP) antibody and GRGDSP (RGD±) peptides dose-dependently inhibited cell aggregation,
whereas control antibodies (a-IgG) and peptides GRADSP (RAD±) did not. Magni®cation, 2003. Bar, 40 mm. *, P < 0.05. The images of cell
aggregates appear out of focus.
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were plated on VCIP-RGD-coated wells) at a concentra-
tion of 5 nM, cells rounded up within 5 min and eventually
completely detached from the wells.

Recombinantly expressed VCIP interacts directly
with a5b1 and aVb3 integrins
To con®rm that VCIP-RGD interacts with integrins,
clari®ed cell lysates were obtained from [35S]Met/Cys
labeled HUVECs and subjected to af®nity chro-

matography. Lysates were pre-adsorbed twice with
GST±Sepharose beads to remove proteins that interact
with GST±Sepharose beads non-speci®cally. Pre-adsorbed
lysates were incubated with GST±VCIP-RGD fusion
proteins (10 mg per 3 mg lysate) in the presence or
absence of GRGDSP (25 mM). The beads were then
extensively washed. To determine whether integrins were
present in the GST±VCIP-RGD pull-down complex, the
contents of a tube that did not receive the GRGDSP

Fig. 8. Recombinant expression of the VCIP-RGD protein induces interactions with avb3 and a5b1 integrins. (A) Af®nity puri®ed GST-fusion proteins
were resolved on SDS±PAGE and stained with Coomassie Blue. (B) Integrins were immobilized onto 96-well plates, and the various GST-fusion
proteins (ligands) were allowed to bind. Bound ligands were incubated with anti-GST antibodies, appropriate substrate added and the color intensity
measured. OD values <0.05 were considered to be background binding. Data are expressed as mean 6 SD (n = 4). (C) Dose-dependent binding of
avb3 integrin with recombinant GST±VCIP-RGD. Representative photomicrographs of adhesion and spreading of ECs replated onto dishes coated
with either (D) ®bronectin (Fn), (E) vitronectin (Vn) or (F) GST±VCIP-RGD. Cells were allowed to attach for 45 min, washed with PBS and stained
with H&E. Magni®cation, 1003. Bar, 25 mm. (G) Adhesion blocking assays. ECs were replated onto dishes coated with increasing concentrations of
af®nity puri®ed fusion proteins (1, 5 and 10 nM). Attached cells were stained, washed and absorbances of eluted dyes measured. To determine the ef-
fects of anti-integrin antibodies, dishes were coated with 10 nM GST±VCIP-RGD. ECs were pre-incubated at 4°C with increasing concentrations of
anti-a5b1 (P1D6), anti-avb3 (LM609), anti-a2b1 (MAB 1998) and anti-a3b1 (P1B5) monoclonal antibodies (1, 5 and 10 mg/ml) for 30 min, then
washed and replated onto coated dishes. Attached cells were stained, washed and absorbances of eluted dyes determined. Three independent experi-
ments were performed with several replicate samples in each experiment. Data are expressed as mean 6 S.D.; diamond, P <0.01; asteisk, P <0.001.
(H) Clari®ed extracts prepared from [35S]Cys/Met-labeled HdMVEC were pre-adsorbed and incubated with GST±VCIP-RGD in the absence (±) or
presence (+) of GRGDSP peptide (lanes 1 and 2). The presence of avb3 and a5b1 integrins (lanes 5 and 6) in GST±VCIP pull-down complex (lane 1)
was con®rmed by incubating aliquots of dissociated complex with the indicated antibodies, as described in Materials and methods. Anti-mouse IgG
was included as negative control (lane 3).
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peptide was boiled in a dissociation buffer containing
0.5% SDS. The samples were equally divided into three
tubes and diluted with cold immunoprecipitation dilution
buffer to adjust the concentration of SDS to <0.1%. The
samples were then immediately subjected to immunopre-
cipitation with indicated antibodies (Figure 8H). We found
that the GST±VCIP-RGD pull-down complex indeed
contained anti-avb3 and -a5b1 immunoreactivities
(Figure 8H, lanes 4 and 5).

Adhesion of ECs through VCIP-RGD induces
integrin-mediated signaling
Adhesion of cells to ECM proteins promotes clustering of
integrins at the plane of the plasma membrane. In addition
to promoting structural support, this event nucleates
formation of a complex of signaling-competent intra-
cellular proteins (Schlaepfer et al., 1994; Wary et al.,
1996, 1998; Pozzi et al., 1998). To investigate whether
adhesion of cells to VCIP-RGD results in tyrosine
phosphorylation of key focal adhesion signaling proteins,
p125FAK, p46/52Shc, p130Cas and paxillin were im-
munoprecipitated and subjected to immunoblotting with
various phospho-speci®c antibodies. Serum- and growth
factor-starved HUVECs were allowed to attach and spread
on dishes coated with optimal concentrations of ®bro-
nectin (Fn), vitronectin (Vn), GST±RGD-VCIP and
GST±VCIP-RGE. Cells were harvested after 30 and
60 min at 37°C. Cells were then solubilized, clari®ed,
pre-adsorbed, immunoprecipitated and subjected to im-
munoblotting with various antibodies, as shown in
Figure 9. VCIP-RGD induced tyrosine phosphorylation
of Fak, Cas, Shc and paxillin at both 30 and 60 min. The
signal intensities induced by expression of GST±VCIP-
RGD were comparable to those induced by Fn and Vn. In
contrast, GST±VCIP-RGE did not induce detectable
tyrosine phosphorylation of Fak, Cas, Shc or paxillin.
Cells that were replated onto GST±VCIP-RGE appeared
rounded. Stripping and reprobing blots with anti-
p125FAK, anti-p130Cas, anti-Shc and anti-paxillin anti-
bodies showed that equal amounts of these proteins were
present under all experimental conditions (data not
shown).

Co-expression of VCIP with vWF and avb3 integrin
in tumor vasculature
Angiogenesis is required for the growth and survival of all
solid tumors (Hanahan and Folkman, 1996; Carmeliet and
Jain, 2000). To determine whether VCIP was expressed
and co-localized with known angiogenic markers in tumor
vasculatures, we immunostained tumor sections with an
anti-VCIP-RGD antibody. The speci®city of af®nity-
puri®ed anti-VCIP-RGD was con®rmed by ELISA, west-
ern immunoblotting and immunolabeling experiments
(data not shown). Anti-VCIP-RGD reacted speci®cally
with the GST±VCIP-RGD fusion protein, but did not react
with GST±VCIP-RGE or GST alone. Moreover, the anti-
VCIP-RGD antibody did not react with other RGD-
containing ECM molecules, such as Fn, Vn or type I
collagen (data not shown). Because the antibody did not
cross-react with mouse antigens, we chose to analyze
human tissue sections. Tissue sections were initially
examined by immunostaining with anti-platelet endothe-
lial cell adhesion molecule-1 (PECAM-1, also known as

CD31), anti-VE (vascular endothelial)-cadherin and anti-
von Willebrand Factor (vWF) antibodies to establish the
presence of endothelium. Paraf®n-embedded tumor tissue
sections that lacked blood vessels did not exhibit VCIP
immunoreactivity. Therefore, we used tumor tissue sec-
tions that clearly contained ECs. To examine whether
VCIP was expressed in angiogenic tissues, we examined
serial sections of skin melanoma, angioma and normal
skin tissues. Enriched expressions of VEGF and avb3

integrin are common in angiogenic tissues, and are
associated with invasion and growth of solid tumors
(Hoshiga et al., 1995; Dufourcq et al., 1998). An increase
in the levels of vWF expression is considered to be a
negative prognostic factor for tumor-induced angiogen-
esis. Indirect double-immunolabeling experiments showed
that VCIP co-localized with vWF and VEGF in vascu-
latures of skin melanoma tumors (Figure 10). VCIP also
clearly co-localized with avb3 integrin in the angioma
tissue sections examined (Figure 10). Normal skin
exhibited PECAM-1 (CD31) immunoreactivity, but not
VCIP immunoreactivity (Supplementary ®gure 3). VCIP
immunoreactivity was lost when the af®nity puri®ed anti-
VCIP antibody was incubated with the peptide used to
generate the primary antibody, thereby con®rming the
speci®city of this antibody.

Discussion

VCIP is PAP2b
In our search for novel proteins that regulate capillary
morphogenesis of ECs, we identi®ed PAP2b/VCIP as an
interesting candidate. Here, we identi®ed VCIP/PAP2b
mRNA as a 3.4 kb transcript, but not as a 1.6 kb transcript
as described previously (Kai et al., 1997). We did not
detect a 1.6 kb PAP2b transcript in any of our northern blot
analyses, regardless of the stringency of washing condi-
tions. The cell membrane fraction prepared from 293T
cells overexpressing PAP2b showed phosphatase activity
against phosphatidic acid that was independent of Mg2+,
insensitive to N-ethylmaleimide exposure, and blocked
by propranolol and sphingosine (Roberts et al., 1998;
Ishikawa et al., 2000). However, Roberts et al. (1998)
could not determine PAP2b activity at the surface of intact
Sf9 insect cells. Kai et al. (1997) showed that EGF
exposure enhanced the expression of PAP2b in quiescent
HeLa cells, but had no effect on PAP2a mRNA. Our data
show VEGF, bFGF and PMA are able to induce expression
of VCIP in three dimensional as well as monolayer cells.
Cell surface biotinylation and FACS data indicated that
VCIP-RGD is located on the cell surface.

VCIP promotes heterophilic cell±cell interactions
and signaling
Because VCIP exhibited an RGD sequence, we sought to
determine its ability to act as a cell-associated integrin
ligand and promote heterophilic cell±cell interactions.
Cell±cell interactions contribute to normal as well as
unwanted cell cycle progression, vascular malformations,
expansion of atherosclerotic lesions, invasion and the
growth of solid tumors (Assoian and Marcantonio, 1996;
Hanahan and Folkman, 1996; Carmeliet and Jain, 2000;
Tailor and Granger, 2000; McEver, 2001). Interestingly, in
HEK293 cells, expression of the pLNCX2-VCIP-RGD
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(WT) construct induced cell aggregation, whereas control
cells remained as monolayer. To determine whether this
interaction was mediated by the RGD motif, we passaged
WT cells in media containing VCIP-derived peptides and
fusion proteins. Addition of these reagents decreased, but
did not completely abolish the formation of cell±cell
interactions. VCIP expression induced a moderate increase
in proliferation of WT cells. Surprisingly, MT cells
exhibited higher levels of apoptosis than WT or V cells.
This effect is most likely not due to the inability of VCIP-
RGE to function as a cell-associated integrin ligand. We
speculate that the mutation of RGD (WT) sequence to
RGE (MT) may have altered the enzymatic activity of
VCIP. This alteration in enzymatic activity may affect the
steady-state level of pro-apoptotic molecules such as
sphingosine and ceramide (Jasinska et al., 1999). One
could also suggest that the mutant VCIP (RGD to RGE) is
probably somewhat incompatible with the cell growth. Is it
possible that compared with the wild type, the mutant form
of VCIP could function (i.e. mutant PAP2b with RGE
sequence) as a more potent lipid phosphatase enzyme? If
so, this could induce loss of active form of lipid signaling
molecules such as `ceramide-1-phosphate' and increase
accumulation of pro-apoptotic molecule `ceramide' (also
sphingosine). Currently, we do not have any biochemical

evidence to suggest a mechanism. This study will entail
phosphatase-dead version of VCIP cDNA constructs.

Cell±cell interactions were associated with a modest
increase in the tyrosine phosphorylation state of p125FAK
in WT cells. The phosphorylation state, and presumably
enzymatic activation, of Akt and Erk2 were also increased
in WT cells. These ®ndings suggest increased integrin
ligation in WT than in V or MT cells. Interestingly,
GSK3b also appeared to be activated moderately in WT
cells. The moderate increase in p120ctn (isoform 1)
immunoreactivity in WT cells is not clearly understood.
Increased phosphorylation of Akt and GSK3b kinases in
WT cells is indicative of a survival mechanism already in
place to counter impending loss of contact with the
substratum. Further studies will be required to fully
characterize the signaling mechanisms by which VCIP
regulates cell±cell interactions.

The mixing of WT with MT cells also induced cell
aggregation. These interactions were speci®c because anti-
VCIP-RGD and GRGDSP peptides blocked cell aggrega-
tion, whereas other control substances did not. In addition,
cadherin-de®cient SW480 cells stably expressing the
pLNCX2-VCIP-RGD construct attached to monolayer
HUVECs, whereas cells expressing pLNCX2 or pLNCX2-
VCIP-RGE did not. Adhesion of pLNCX2-VCIP-RGD-
SW480 cells to monolayer HUVECs was blocked
by incubation with the anti-VCIP-RGD antibody and
the GRGDSP peptide in a dose-dependent manner
(Supplementary ®gure 2), whereas control substances
had no signi®cant effect on adhesion.

The speci®c interactions of VCIP with avb3 and a5b1

integrins were demonstrated by four complementary
approaches. First, the solid phase ligand-binding assay
showed that VCIP-RGD, but not VCIP-RGE, bound to
avb3 integrin with slightly higher af®nity than to a5b1

integrin (KD values not shown). These interactions were
clearly mediated by the RGD motif and by integrins,
because the addition of a soluble NYRCRGDDSK peptide
during the solid phase assay speci®cally inhibited these
interactions, whereas the mutant NYRCRGEDSK or
NYRCRADDSK peptides did not. Secondly, pre-incuba-
tion with anti-avb3 and anti-a5b1 integrin adhesion
blocking antibodies inhibited attachment of ECs to
recombinantly expressed VCIP-RGD. Thirdly, GST±
VCIP-RGD was able to capture intact avb3 and a5b1

integrins from ECs (Figure 8H). Fourthly, VCIP-RGD, but
not VCIP-RGE, increased the tyrosine phosphorylation
state of the p125Fak, Shc, Cas, paxillin and Erk2 signaling
molecules (Figure 9). p125Fak is an intracellular tyrosine
kinase, whereas Shc is an adaptor protein that becomes
tyrosine phosphorylated in response to integrin clustering
and activation of tyrosine kinases. Phosphorylated Shc
couples receptor tyrosine kinases and a subset of integrins
to the activation of Ras-MEK-Erk2 pathway (Giancotti
and Ruoslahti, 1999). The E.coli expressed recombinant
GST±VCIP-RGD does not have complete catalytic core
unit to ef®ciently function as a lipid phosphatase
enzyme. Most lipid phosphatases including glucose-6-
phosphatase contain a signature motif KXXXXXXRP-
(X12±54)-PSGH-(X31±54)-SRXXXXXHXXXD] (Stukey
and Carman, 1997). The recombinant GST±VCIP-RGD
protein is composed of 49 amino acid residues (amino acid
residues 145±194, Figure 1L); it contains the lipid

Fig. 9. Tyrosine phosphorylation of Fak, Cas, Shc, Paxillin and Erk2.
Dishes were coated with either ®bronectin (Fn, 10 mg/ml), vitronectin
(Vn, 10 mg/ml) or af®nity puri®ed GST±VCIP-RGD or -RGE fusion
proteins (10 and 20 nM). ECs were detached, washed and maintained
in suspension (Sus) for 30 min, then allowed to re-attach for 30 or
60 min. Adherent cells were solubilized in RIPA buffer. (A±E) Equal
amounts of protein (~1.0 mg) from clari®ed extracts were subjected to
immunoprecipitation (IP) followed by immunoblotting using the indi-
cated antibodies. (F) Equal amounts of protein from total lysates
(35 mg/lane) were subjected to immunoblotting with the anti-phospho-
Erk1/2 antibody. (G) The same membrane was stripped and re-probed
with an anti-Erk1/2 antibody, showing that equivalent amounts of
proteins used across the lanes. Blots shown are representative of those
obtained in at least three separate experiments.
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phosphatase motif (KXXXXXXRP), but lacks a proton
donor sequence, i.e., PSGH motif (residue 196±199,
Figure 1L) and -(X31±54)-SRXXXXXHXXXD sequence.
Taken together, these data suggest that recombinant VCIP-
RGD can act as an integrin ligand in vitro.

Indirect co-immunostaining of various tumor tissue
sections for VCIP and assorted EC markers, including
vWF, VEGF and PECAM-1 (CD31) suggested that these
proteins are closely co-localized. In contrast, normal skin
samples that stained positively for PECAM-1 (CD31)
lacked VCIP immunoreactivity (Supplementary ®gure 3).
Most ®broblast and hematopoietic cells examined also

lacked VCIP antigen immunoreactivity. Thus, our data
suggest that the expression of VCIP may be restricted to
vascular cells as well as in¯amed and angiogenic tissues.

Physiological relevance of VCIP-mediated
cell±cell interactions
What could be the possible physiological relevance of
VCIP-mediated cell±cell interactions? Until now, no
function other than lipid phosphatase activity has been
described for VCIP. Our data clearly show that recombi-
nantly expressed VCIP-RGD molecule can act as an
integrin ligand in vitro. We also demonstrated that the

Fig. 10. Co-expression of VCIP with VEGF, and avb3 integrin in the tumor vasculature. Paraf®n-embedded skin melanoma (A±F) and angioma (G±I)
tumor tissue sections (4 mm) were subjected to indirect double immunostaining. The sections were sequentially incubated with af®nity puri®ed anti-
VCIP-RGD (30 mg/ml) (A, D and G), anti-VEGF (B), anti-vWF (E) or anti-avb3 integrin (H) monoclonal antibodies. Sections were washed and incu-
bated with goat anti-rabbit IgG conjugated to Texas Red (red) and goat anti-mouse IgG conjugated to FITC (green). Images were taken below the sat-
uration level with a Zeiss Axiovert-125 epi¯uorescent microscope equipped with a camera. (C), (F) and (I) represent merged images of (A) and (B),
(D) and (E), and (G) and (H) respectively. Co-expression and co-incidences are indicated in yellow. Magni®cation, 1003. L, lumen. Bar, 25 mm.
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intact RGD motif of VCIP is a potent ligand for a subset of
integrins. VCIP appears to be preferentially expressed in
in¯amed/angiogenic tissues. In addition to its known lipid
phosphatase activity, we propose that VCIP promotes
`heterophilic interactions', in that it can mediate both
`homotypic' (like) and `heterotypic' (unlike) cell adhe-
sions. For example, VCIP-RGD could bind monocytes,
and thereby enhance the adherence of neutrophils to EC
monolayers (Abedi and Zachary, 1995). b1 and b2

integrins are known to mediate the adherence of mono-
cytes to endothelial and epithelial cells, an early event in
the acute in¯ammatory response (Luscinskas et al., 1994;
McEver, 2001; Muller, 2002). It is also possible that
activated ECs could recruit carcinoma cells that express
VCIP. Alternatively, carcinoma cells such as A431-like
cells may utilize VCIP-RGD to recruit activated ECs.
Although not tested, we speculate that platelet integrin
aIIbb3 may also interact with VCIP-RGD and contribute
to platelet adhesion and aggregation. Lateral cell±cell
interactions may provide a mechanism to impede or stop
further migration of cells, thereby sequestering a subset of
integrins from the basolateral surface of the cells towards
cell±cell junctions. While interactions of ECs with
mesenchymal or smooth muscle cells may serve as a
mechanism to promote recruitment of mural cells or
pericytes, this may also promote maturation of blood
vessels (Darland and D'Amore, 2001).

In summary, we have identi®ed a novel function of
PAP2b/VCIP. Since synthetic peptide and fusion proteins
modeled after the second extracellular loop of VCIP bind
selectively to avb3 and a5b1 integrins, it will be of interest
to further investigate the potential for VCIP-derived
peptides or proteins to inhibit speci®c cell±cell inter-
actions. Such inhibitors of cell±cell interactions could be
useful for developing novel therapeutic approaches to treat
diseases where these interactions have clear pathological
consequences, such as in¯ammation, thrombosis, athero-
sclerosis, restenosis and tumor-induced angiogenesis.
Future experiments will be designed to identify other
molecules that may directly or indirectly function with
VCIP, and will examine how these factors may in¯uence
cell±cell interactions. Such studies will facilitate our
understanding of the physiological effects of these mol-
ecular interactions.

Materials and methods

Materials
HUVECs, HdMVECs, CASMCs and AoSMCs were obtained from
Clonetics. ECM molecules, endotoxin-free fetal bovine serum, antibio-
tics, heparin, 1003 ITS (insulin, transferrin and selenium), M199 media,
the anti-a5b1 (P1D6) and anti-a3b1 (P1B5) antibodies and Superscript II
reverse transcriptase enzyme were obtained from Invitrogen. Basic
®broblast growth factor (bFGF) and human recombinant vascular
endothelial growth factor (hrVEGF165) were purchased from R&D
systems. The bovine skin-derived type I collagen (3.0 mg/ml) solution
was purchased from Cohesion Inc. Multiple tissue northern blot, cDNA
ampli®cation kit and the human placental cDNA library in lTriple-Ex
vector were purchased from Clontech Laboratories, Inc. Anti-phospho-
speci®c antibodies were purchased from New England Biolabs.
Hybridomas producing the anti-human a1b1 integrin antibody (clone
TS2/7) were obtained from ATCC, and the puri®ed antibody is available
from our laboratory. The anti-a2b1 (MAB 1998), anti-avb3 (LM609) and
VE-cadherin (MAB1989) antibodies were procured from Chemicon. The
mouse anti-p120catenin (clone 15D2) monoclonal antibody was obtained
from Zymed Laboratories, Inc. Synthetic peptides LSPVDIIDRN-

NHHNM and EGYIQNYRCRGDDSKVQEAR were used to raise anti-
VCIP-cyto-C16 and anti-VCIP-RGD antibodies, respectively (Alpha
Diagnostic International). These antibodies were af®nity puri®ed prior to
use (Harlow and Lane, 1988).

Monolayer and three-dimensional cell culture
Monolayer cell cultures were carried out as described previously (Wary
et al., 1996; Thakker et al., 1999). Three-dimensional matrix gel was
prepared by gently mixing a cold solution of bovine skin-derived type I
collagen solution (2.1 mg/ml) with media M199, 13 ITS, hrVEGF165

(100 mg/ml) and glutamine (2.4 mM). The pH was adjusted to 7.5 with
0.1 N sodium hydroxide and sterile water was used to adjust the ®nal
volume. Proliferating ECs in the third or fourth passage were cultured in
complete media and gently resuspended in complete M199 media at a
concentration of 4 3 105 cells/ml. 24-well tissue culture dishes were ®lled
with 300 ml of cold 3D gel solution, and placed at 37°C in a CO2 incubator
for 30±45 min to polymerize and solidify. Resuspended cells (2 3 105

cells in 500 ml) were seeded onto 3D gel and dishes returned to the CO2

incubator at 37°C to allow the cells to attach for 2±3 h. At the end of this
period, unattached cells were removed, and a second layer of 3D gel was
poured that included M199 media supplemented with 20% adult human
serum-AB and 2.4 mM L-glutamine, in the presence or absence of
100 ng/ml human recombinant VEGF165. Thus, ECs were grown
embedded between two layers of type I collagen gel. To induce capillary
morphogenesis of ECs, 3D gels were ®lled with 500 ml of tubulogenic
media, including M199 media, 13 ITS, 20% adult human serum-AB and
hrVEGF165 (100 ng/ml). The term `tubulogenic media' is used to describe
the media that induces formation of `capillary (or tubule) morphogenesis'
of ECs grown in 3D gels.

cDNA library screening, northern blot analysis, PCR
and RT±PCR
A lTripleEx phage cDNA library prepared from human placenta
(Clontech) was screened as described previously (Wary et al., 1993).
Plasmids were extracted, puri®ed by Qiagen af®nity column and then
digested with EcoRI and XbaI to con®rm the presence of the insert. Six
overlapping clones were subjected to DNA sequencing. All northern blot
analyses were performed as described previously (Wary et al., 1993). In
brief, 20 mg of total RNA or 2 mg poly(A)+ mRNA from control cells (i.e.
ECs embedded in three-dimensional type I collagen in presence of 20%
human adult serum-AB 6 100 ng/ml hrVEGF165 supplied every 6 h) were
fractionated on an agarose gel containing formaldehyde. To analyze
various mRNA levels by RT±PCR, the following primers were
used: VCIP-forward 5¢-GGAGGATCCCTCGCGCCGCAGCCAGCG-
CCATGC-3¢ and -reverse 5¢-GTGGCACCTACATCATGTTGTG-
GTG-3¢; human uPAR-forward 5¢-CTTCCTGAAATGCGTCAAC-
ACC-3¢ and -reverse 5¢-TCATAGCTGGGAAAACTGAGGC-3¢ (acces-
sion No. X51675); b-actin-forward 5¢-GGCTGTGCTATCCCTGTAC-
GCC-3¢ and -reverse 5¢-GGGCAGTGATCTCCTTCTGCAT-3¢ (acces-
sion No. X00351); GAPDH-forward 5¢-GGTCTCCTCTGACTT-
CAACAGCG-3¢ and -reverse 5¢-GGTACTTTATTGATGGTACAT-
GAC-3¢ (accession No. M33197). PCR, RT±PCR and probe preparation
were carried out as described previously (Wary et al., 1993).

Biochemical methods
For western blot analysis, cells were washed with cold PBS, and
solubilized in modi®ed RIPA buffer (50 mM HEPES pH 7.5, 1.0% Triton
X-100, 0.1% SDS, 0.25% deoxycholate, 150 mM sodium chloride, 1 mM
EDTA, 25 mM sodium ¯uoride, 1 mM sodium pyrophosphate, 2 mM
sodium orthovanadate and appropriate concentrations of various protease
inhibitors). For cell surface biotinylation, HEK293 cells (5 3 106) were
transfected with either pEGFP-C3, pEGFP-N3, pEGFP-C3-VCIP or
pEGFP-N3-VCIP using Superfect-Liposome (Qiagen). Biotinylation of
cell surface proteins was carried out according to published procedures
(Gottardi et al., 1995). Immunoprecipitation, immunoblotting and
immunodetection protocols were all performed as described previously
(Mainiero et al., 1995, 1997; Wary et al., 1996, 1998, 1999a,b).

[35S]Cys/Met labeling of HdMVEC and af®nity
chromatography
HdMVECs (3 3 107) were deprived of growth factors in Cys/Met-free
DMEM for 8 h. Cells were incubated with 3 mCi of [35S]Cys/Met
(speci®c activity 1170.0 Ci/mmol) for 3 h at 37°C in Cys/Met-free media
in the presence of 13 ITS. After 3 h, cells were rinsed twice with
complete media and allowed to recover in complete media for 1 h at 37°C.
Cells were then washed and solubilized in 4 ml of complete cell
extraction buffer (CCEB: 50 mM HEPES pH 7.4, 150 mM sodium
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chloride, 1% Triton X-100, 0.1% b-octylglucoside, 1 mM MgCl2, 2 mM
CaCl2, with freshly added 2 mM PMSF, 10 mg/ml aprotinin, 5 mg/ml
leupeptin and 10 mg/ml pepstatin-A as protease inhibitors). Cell extracts
were clari®ed, pre-adsorbed once with 1.5 ml of packed Sepharose beads
coupled to GST-fusion proteins (2 mg/ml) and once with 1.0 ml (packed)
anti-mouse IgG agarose for 2 h each at 4°C. Pre-adsorbed lysates were
divided into two tubes, and 7 mg of GST±VCIP-RGD fusion protein was
added to each sample. One of the tubes included the GRGDSP synthetic
soluble peptide (25 mM). GST-pull down was carried out at 4°C for 8 h,
complexes washed once with CCEB, three times with GST-fusion protein
wash buffer (50 mM HEPES pH 7.4, 150 mM sodium ¯uoride, 5%
glycerol, 0.5% NP-40, 1 mM CaCl2 and 1 mM MgCl2) and one ®nal wash
with 13 TBS pH 7.4. The contents of the other tube were resuspended in
0.5 ml of dissociation buffer (10 mM Tris pH 7.4, 0.75% SDS, 1% Triton
X-100 and 250 mM NaCl), boiled for 10 min, centrifuged immediately
and the beads were discarded. The supernatant was diluted with 4 ml of
dilution buffer: 10 mM Tris pH 7.4, 100 mM NaCl, 1.0% Triton X-100,
2 mM CaCl2 and 2 mM MgCl2. This was equally divided into tubes
containing 5 mg of either anti-mouse IgG, anti-avb3 (LM609) or anti-a5b1

(P1D6) integrin monoclonal antibodies. Immunoprecipitates were
washed three times with cold CCEB and once with cold 13 TBS
pH 7.4. Samples were boiled in non-reducing sample buffer and resolved
by SDS±PAGE gradient gel. Gel was incubated in 1 M sodium salicylic
acid, ®xed, dried and exposed to X-ray ®lm for 18 h at room temperature.

Recombinant cDNA constructs and transfection of cells
In order to generate GFP±VCIP constructs, PCR primers containing
BamHI (5¢) and HindIII (3¢) restriction sites were designed. The GFP gene
was inserted in-frame with the VCIP gene (on either the N-terminus or
C-terminus) into the mammalian expression plasmids pEGFP-N3 or
pEGFP-C3, thereby, encoding pEGFP-VCIP-N3 or pEGFP-VCIP-C3
fusion proteins (Figure 3A±D). For retroviral constructs, the human VCIP
cDNA was subcloned into pLNCX2 (Clontech) immediately downstream
of the human CMV immediate early promoter. Two-step PCR was used to
insert three copies of an HA-tag (YPYDVPDYA) at the N-terminus of the
VCIP cDNA and to mutate the wild-type RGD sequence in one of the
proteins to RGE (Figure 3E±G). The two-step PCR method has been
described previously (Wary et al., 1996). Amphopack-293 packaging
cells (Clontech) were transfected with pLNCX2 (V), pLNCX2-VCIP-
RGD (WT) and pLNCX2-VCIP-RGE (MT) using Superfect lipososme
(Qiagen). Supernatants collected from stably transfected packaging cell
lines were incubated with 60% con¯uent HEK293 cells in presence of
polybrene (8 mg/ml). For GST-fusion proteins, two-step PCR was used to
mutate the wild-type RGD sequence in one of the proteins to RGE
(Figure 3H±J). Fragments were subcloned into the BamHI and HindIII
restriction sites of the pGstag vector (Ron and Dressler, 1992), and
constructs were con®rmed by DNA sequencing. The GST±VCIP-RGD
and GST±VCIP-RGE recombinant proteins were expressed in
Escherichia coli (BL21) cells and af®nity puri®ed using Sepharose±
glutathione beads. GST-fusion proteins were dialyzed against 20 mM
Tris±HCl pH 7.5, containing 175 mM sodium chloride and 20 mM
potassium chloride.

Cell aggregation assay
To monitor aggregation, cells were labeled with optimal non-toxic
concentrations of ¯uorescent dyes. This assay was performed essentially
according to the protocol described by Niessen and Gumbiner (2002),
with minor modi®cations. Brie¯y, pLNCX2-VCIP-RGD-HEK (WT) and
pLNCX2-VCIP-RGD-HEK (MT) cells were detached from dishes with
0.025% trypsin and 2 mM EDTA, washed with PBS and passed through a
cell strainer. Cells were collected and resuspended in HCMF buffer
(20 mM HEPES pH 7.4, 137.5 mM NaCl, 5.0 mM KCl, 0.35 mM
Na2HPO4´7 H2O, 4.5 mM glucose and 10 mM CaCl2) supplemented with
5 mM Ca2+, 1 mM Mg2+, 10 mg/ml of 3,3-dioctadecycloxacarbocyanine
perchlorate (DiO) and 2.5 mg/ml of 1,1¢-dioctadecyl-3,3,3,'3¢-tetra-
methylindocarbocyanine perchlorate (Dil) (Molecular Probes) at 37°C
for 8 min. Red and green cells (0.5 3 106 of each) were allowed to
aggregate in 500 ml of HCMF in the presence of 50 U/ml DNase I
containing either Ca/Mg, peptides or EDTA, or anti-VCIP-RGD or
control antibodies in siliconized cylindrical glass vials by rotating at
90 r.p.m. at 37°C for 0, 6 or 12 h. The inhibitory effects of EDTA,
peptides and antibodies on cell aggregation were determined at the end of
12 h. A graticule was placed inside a 103 eyepiece to aid enumeration of
cell aggregates. A minimum of seven random ®elds were used for each
point. Experiments were performed at least three times with each point
analyzed in triplicate. Only productive cell aggregates (yellow) were

counted. Unproductive WT (red) cell aggregates were ignored. Numbers
were expressed as the percentage of total aggregates counted.

Cell proliferation, apoptosis and immuno¯uorescence
microscopy
The methods used to measure proliferation and score apoptosis have been
described previously (Wary et al., 1996). Brie¯y, cells were deprived of
growth factors for 24 h. The next day, cells were replenished with de®ned
media containing 10 mM BrdU and returned to the 37°C incubator for
16±18 h. Cells were then ®xed and permeabilized by acid treatment,
immunostained with an anti-BrdU monoclonal antibody and an alkaline
phosphatase-conjugated secondary antibody, then counterstained with
hematoxylin. The BrdU-positive cells were scored from three independ-
ent experiments, performed in triplicate. A minimum of ®ve random
®elds was selected on each coverslip at 1003 magni®cation. The
percentage of BrdU incorporation was determined as a measure of the
number of cells entering the S phase of the cell cycle. For the apoptosis
assay, cells were deprived of growth factors for 24 h, then incubated in
de®ned medium for 28 h. Attached and unattached cells were combined,
®xed with cold 20 mM glycine±HCl pH 2.0 and stained in suspension
with Hoechst 33258 dye (0.5 mg/ml). Cells were examined under a Zeiss
Axiovert-125 ¯uoroscope. The presence of more than two visible nuclear
fragments was considered as a single apoptotic event. Apoptotic events
were counted from at least ®ve random microscopic ®elds.

Solid phase ELISA and adhesion blocking assay
Solid phase ligand binding assays were performed according to a
previously published procedure (Orlando and Cheresh, 1991). Brie¯y,
soluble a2b1, a5b1, avb3 and avb5 integrins (1 mg/ml in a solution
containing 20 mM Tris pH 7.4, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2
and 1 mM MnCl2) were immobilized onto 96-well microtiter plates at
4°C. Wells were washed and blocked with 0.5% BSA. After washing, the
GST, GST±VCIP-RGD and GST±VCIP-RGE ligands were added
(50±350 ng per well in a solution of TBS pH 7.4) and incubated at
37°C for 1 h. After washing, the wells were incubated with the anti-GST
(sc-138, Santa Cruz) monoclonal antibody for 1 h, followed by washing
and incubation with a horseradish peroxidase (HRP)-conjugated mouse
secondary antibody. Plates were then washed again and the ABTS
substrate (Bio-Rad) was added. All washing steps were carried out using
PBS. Absorbances were read at 405 nm, and non-speci®c binding values
were adjusted against BSA.

For adhesion blocking assays, ECs were detached, washed with PBS
and resuspended in M199 media containing 1 mM CaCl2 and 1 mM
MgCl2 in the absence of serum or growth factors. ECs (2 3 105 cells)
were replated onto 24-well tissue culture plates coated with 1, 5 and
10 nM af®nity puri®ed GST±VCIP-RGE and GST±VCIP-RGD fusion
proteins. Cells were allowed to reattach for 45 min, then washed, ®xed
with 4% paraformaldehyde, stained with 0.5% crystal violet for 5 min and
then washed extensively with water. Absorbances were measured at
540 nm. To monitor the effects of anti-integrin antibodies, dishes were
coated with 10 nM GST±VCIP-RGD, immobilized with 1.0%
glutaraldehyde in PBS and washed several times with PBS prior to use.
ECs (5 3 105 cells in 300 ml PBS) were pre-incubated at 4°C with 1, 5 or
10 mg/ml of anti-a5b1 (P1D6, Invitrogen), anti-avb3 (LM609, Chemicon),
anti-a2b1 (MAB 1998, Chemicon) and anti-a3b1 (P1B5, Invitrogen)
antibodies for 30 min. Cells were then washed with PBS containing Ca2+

and Mg2+, and replated onto coated dishes. After 45 min, cells were
washed, ®xed and stained with 0.05% crystal violet for 10 min. After
extensive washing, absorbances of eluted dyes were measured at 590 nm.

Immunostaining of tumor sections
Double immunostaining of paraf®n-embedded tumor sections (4 mm) was
performed following antigen retrieval. Specimens were subjected to
microwave treatment (1000 W) in citrate buffer pH 6.0, four times for
5 min each. Peroxidase activity was then inhibited by the addition of 3%
H2O2 in PBS for 20 min, followed by blocking with 3% BSA in PBS.
Sections were then incubated with the af®nity puri®ed anti-VCIP-RGD
antibody (20 mg/ml), followed by either anti-VEGF (30 mg/ml), vWF
(50 mg/ml) or anti-avb3 integrin (30 mg/ml) antibodies. After incubation
with primary antibodies, slides were washed with PBS. Incubation with
Texas Red-conjugated anti-rabbit IgGs and with FITC-conjugated goat
anti-mouse IgGs was used to detect VCIP (red), vWF (green) and avb3

(green) integrin, respectively.

Statistical analysis
Statistical signi®cance was determined by performing the Student's t-test.
All experiments were carried out at least three times.
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Supplementary data
Supplementary data are available at The EMBO Journal Online.
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