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Fisp12 was first identified as a secreted protein encoded by a growth factor-inducible immediate-early gene
in mouse fibroblasts, whereas its human ortholog, CTGF (connective tissue growth factor), was identified as
a mitogenic activity in conditioned media of human umbilical vein endothelial cells. Fisp12/CTGF is a member
of a family of secreted proteins that includes CYR61, Nov, Elm-1, Cop-1/WISP-2, and WISP-3. Fisp12/CTGF
has been shown to promote cell adhesion and mitogenesis in both fibroblasts and endothelial cells and to stim-
ulate cell migration in fibroblasts. These findings, together with the localization of Fisp12/CTGF in angiogenic
tissues, as well as in atherosclerotic plaques, suggest a possible role for Fisp12/CTGF in the regulation of vessel
growth during development, wound healing, and vascular disease. In this study, we show that purified Fisp12
(mCTGF) protein promotes the adhesion of microvascular endothelial cells through the integrin receptor o, 35.
Furthermore, Fispl12 stimulates the migration of microvascular endothelial cells in culture, also through an
integrin-o, 3;-dependent mechanism. In addition, the presence of Fispl2 promotes endothelial cell survival
when cells are plated on laminin and deprived of growth factors, a condition that otherwise induces apoptosis.
In vivo, Fisp12 induces neovascularization in rat corneal micropocket implants. These results demonstrate that
Fisp12 is a novel angiogenic inducer and suggest a direct role for Fisp12 in the adhesion, migration, and sur-
vival of endothelial cells during blood vessel growth. Taken together with the recent finding that the related pro-
tein CYRG1 also induces angiogenesis, we suggest that Fispl12/mCTGF and CYR61 comprise prototypes of a
new family of angiogenic regulators that function, at least in part, through integrin-o, 3;-dependent pathways.

Vessel formation and the consequent blood supply are fun-
damental to a wide spectrum of physiological and pathological
processes. During embryonic development, blood vessels form
by two distinct processes: vasculogenesis, in which vessels de-
velop from progenitor stem cells that differentiate into endo-
thelial cells, and angiogenesis, whereby new capillaries sprout
from existing vessels (14, 45). In the adult, vessel formation is
primarily restricted to angiogenesis during wound healing and
in the female reproductive cycle (ovulation, implantation,
pregnancy, and lactation). Abnormal angiogenesis underlies a
variety of diseases, such as diabetic retinopathy, arthritis, pso-
riasis, atherosclerosis, and cancer (13). A complex process,
angiogenesis requires first the degradation of the basal mem-
brane surrounding the parental vasculature, migration of en-
dothelial cells toward the angiogenic source, proliferation of
these normally quiescent endothelial cells to form the new ves-
sels and, finally, the alignment and organization of the growing
endothelial cells to form circulating tubes that bring the blood
supply to the target tissue (9, 14, 19, 45). While how these var-
ious steps are coordinated in vivo is not clearly understood,
recent studies have led to the appreciation that angiogenesis is
regulated by a delicate balance between multiple angiogenic
inducers and inhibitors (5, 19).

Fisp12 (fibroblast-inducible secreted protein) was originally
identified in mouse fibroblasts as a 38-kDa secreted protein
encoded by a growth factor-inducible immediate-early gene
(48). Its human ortholog is CTGF (connective-tissue growth
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factor), identified as a mitogenic activity in conditioned media
of human umbilical vein endothelial cells (6). Both the mouse
fisp12 and the human CTGF are immediate-early genes induc-
ible by serum growth factors and encode secreted, cysteine-rich
heparin-binding proteins (6, 8, 48). Upon secretion, Fisp12
exists in equilibrium between a soluble form in the culture
medium and an extracellular matrix-associated form (31). Pu-
rified Fispl2 protein promotes cell adhesion and enhances
growth-factor-induced mitogenesis in both fibroblasts and en-
dothelial cells (31), whereas hCTGF stimulates DNA synthesis
in fibroblasts and enhances the expression of type I collagen,
fibronectin, and integrin o5 subunit (15). Fisp12/mCTGF level
is induced in the granulation tissues during dermal wound
healing (24, 33), and CTGF has been localized in a number of
fibrotic disorders (22, 23, 25). These findings, together with
the strong induction of CTGF by transforming growth factor
(TGF)-B, has led to the proposal that CTGF works as a down-
stream mediator of TGF-B in tissue repair (17, 18).

Another growth-factor-inducible immediate-early gene,
CYRO61, encodes a protein that is structurally related to Fisp12/
CTGF with ~50% amino acid sequence homology and is coin-
duced with fisp12 by serum growth factors (38, 48). A remark-
able diversity of activities has been detected for CYRG61: (i) it
promotes cell adhesion, migration, and proliferation of both
endothelial cells and fibroblasts (1, 31, 32); (ii) it stimulates
chondrogenic differentiation of limb bud mesenchyme (59);
and (iii) it induces angiogenesis and promotes tumor growth in
vivo (1). These diverse activities were put in a mechanistic
context in a recent study in which CYR61 was shown to be a
ligand of the integrin o,B; (30). Integrins are heterodimeric
cell surface receptors capable of mediating a diverse array of
cellular processes, including cell adhesion, migration, prolifer-
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ation, differentiation, and survival (49, 51). Moreover, integrin
a,B5 is known to be involved in angiogenesis, tumor progres-
sion, and metastasis (56, 57). Thus, the interaction of CYRG61
with integrin o35 can explain many of its activities. Indeed, both
CYRG61-dependent endothelial cell adhesion and migration
have been shown to be mediated through integrin o, 85 (1, 30).

The structural and expression similarities of Fisp12/mCTGF
and CYRG61 suggest that they may regulate the same or over-
lapping cellular processes (31), prompting us to investigate the
possible role of Fisp12/mCTGF in angiogenesis. Furthermore,
CTGEF is highly expressed in endothelial cells at the luminal
site of advanced atherosclerotic lesions and in the newly
formed vasa vasorum inside the plaques, suggesting a possible
role for CTGF in angiogenesis in atherosclerotic plaques (39,
40). In this study, we demonstrate that purified Fisp12 protein
mediates microvascular endothelial cell adhesion and stimu-
lates cell migration in the same cell type. Both activities are
mediated through the integrin o, 5. Furthermore, Fisp12 pro-
motes endothelial cell survival under a condition that other-
wise induces apoptosis. In vivo, Fisp12 induces neovasculariza-
tion in a rat corneal micropocket assay. Together, these results
identify Fisp12 as a novel angiogenic inducer and suggest that
Fisp12/mCTGF and CYRG61 constitute prototypes of a new
family of angiogenic regulators that function, at least in part,
through integrin-mediated pathways.

MATERIALS AND METHODS

Proteins, antibodies, and peptides. Recombinant Fisp12 protein was purified
from serum-free conditioned media of Sf9 insect cells infected with a baculovirus
directing the expression of fispl2 essentially as described earlier (31). To elim-
inate the possibility of serum protein contamination, the Sf9 cells were washed
three times after infection with baculovirus, and Fisp12 protein was purified from
serum-free conditioned medium of infected Sf9 cells by using S-Sepharose col-
umn chromatography. Anti-Fisp12 antiserum was prepared by using a bacterial
fusion protein containing amino acids 165 to 200 of Fisp12 linked to glutathione
S-transferase (GST) as antigen. The antiserum was affinity purified by serial
chromatography through a GST-Sepharose column and then a GST-Fisp12-
Sepharose column (31). The resulting antibodies are highly specific for Fisp12
protein and do not cross-react with the structurally related family member Cyr61
purified in a similar manner (31). These anti-Fisp12 antibodies, produced against
a Fispl2 fragment synthesized in bacteria, were used to block the activities of
Fisp12 protein purified from serum-free conditioned media of baculovirus-in-
fected insect cells.

Recombinant human basic fibroblast growth factor (bFGF) was obtained from
Gibco-BRL. Vascular endothelial growth factor (VEGF) was obtained from
R & D Systems. Human fibronectin and human vitronectin were obtained from
Collaborative Research, Waltham, Mass. The monoclonal anti-o,f; antibody
LM609 and anti-asP, antibody JBS5 were obtained from Chemicon. Synthetic
peptides GRGDSP and GRGESP were purchased from Gibco-BRL.

Cell culture and cell adhesion assay. Primary human dermal microvascular
endothelial cells (HMVECs) isolated from a single neonatal donor were ob-
tained from a commercial source (Clonetics) and grown in endothelial cell basal
medium (EBM; Clonetics). Cell adhesion assays for HMVECs was performed
under serum-free conditions essentially as described previously (30). Briefly, test
proteins were diluted to the desired concentrations in phosphate-buffered saline
(PBS), applied to 96-well microtiter plates (50 pl per well), and incubated at 4°C
for 16 h. Unsaturated protein binding capacity was blocked with 1% bovine
serum albumin (BSA) at room temperature for 1 h. HMVECs were washed twice
with PBS and 1 mM EDTA and harvested by incubation in the same buffer for
~10 min at room temperature. Cells were then washed with serum-free basal
culture medium (EBM) and resuspended at 2.5 X 10° cells/ml in EBM contain-
ing 1% BSA and 10 mM HEPES (pH 7.2). Where indicated, EDTA or peptides
were mixed with cells prior to plating, and antibodies were incubated with cells
for 1 h at room temperature before plating. To each well, 50 pl of cell suspension
was plated and, after incubation at 37°C for 30 min, wells were washed three
times with PBS. Adherent cells were fixed with 10% formalin and stained with
methylene blue, and adhesion was quantified by dye extraction and measurement
of the absorbance at 620 nm as described earlier (41).

Cell migration assay. The effects of Fisp12, bFGF, and VEGF on cell migra-
tion were assessed in 48-well modified Boyden chambers (Neuro Probe, Cabin
John, Md.) as described earlier (43). HMVECs were serum starved in EBM for
24 h, resuspended at 7 X 10° cells/ml in EBM-0.1% BSA, and plated on the
gelatinized surface of polycarbonate membrane (5-pm pore size; Costar, Cam-
bridge, Mass.). Cells were allowed to attach for 2 h, and the chambers were
inverted thereafter (cells are now in the lower chamber); test substances were
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then added to the upper chamber unless otherwise indicated. The membrane was
removed after 4 h of incubation and stained with Diff-Quik (Baxter Diagnostics,
Chicago, Ill.). Cells that migrated through the membrane to the upper chamber
were counted under the microscope. Each experimental sample was counted in
quadruplicate. To determine basal migration, the plating medium (EBM plus
0.1% BSA) plus the corresponding amount of Fisp12 buffer (50 mM morpholine
ethane sulfonic acid, pH 6.0; 0.6 M NaCl; 2 mM EDTA; 0.5 mM phenyl methyl
sulfonyl fluoride) was used as a test substance. Where indicated, bFGF was
added at 10 ng/ml, and VEGF was added at 1 ng/ml in the same medium with
Fisp12 buffer. In antibody blocking experiment, anti-Fisp12 antibody was incu-
bated with Fisp12 protein at room temperature for 1 h before addition to the
assay. In experiments to block integrin o, 85, HMVECs were incubated with 50
g of LM609 per ml for 1 h at room temperature with constant shaking before
being plated on gelatinized membrane. The toxicity of various test substances
was assessed by treating cells with each test substance in 24-well plates and
measuring the trypan blue exclusion after a 16-h incubation; in no case was
toxicity observed.

Rat corneal micropocket angiogenesis assay. Neovascularization in vivo was
examined by implantation of test substances formulated in Hydron pellets into
rat corneas (43). Male Sprague-Dawley rats were anesthetized by intravenous
injection of sodium pentobarbital, and ~5 pl of Hydron pellets (Interferon Sci-
ences, Inc., New Brunswick, N.J.) containing the test substance were implanted
into micropockets made in the normal avascular corneal stroma 1 to 1.5 mm from
the corneal limbus. In the blocking experiment, Fispl2 was preincubated with
anti-Fisp12 antibodies for 1 h at room temperature before incorporation into
Hydron pellets. Animals were perfused with colloidal carbon with heparin
(100-U bolus) 7 days thereafter, and corneal neovascularization was examined.

Measurements of apoptosis and mitogenesis. To measure apoptosis, HMVECs
were serum starved for 24 h, resuspended in EBM plus 0.1% BSA, and plated on
laminin-coated wells of Lab-Tek II chamber slide system (Nalge Nunc Interna-
tional). The cells were allowed to attach to the slides for 1.5 h and Fisp12 protein
was then added and incubation was continued for an additional 20 h. After 20 h
the medium was removed, and the cells were fixed in 4% paraformaldehyde
solution (pH 7.4) for 30 min at room temperature and then processed for in situ
detection of apoptosis by using the in situ cell death detection kit POD (Boehr-
inger Mannheim). Cells were then lightly counterstained with hematoxylin, and
the apoptotic nuclei were counted.

To measure proliferation, cells were grown in the same condition as that de-
scribed above except that 10 uM bromodeoxyuridine (BrdUrd) was included in
the medium for 24 h in the presence or absence of Fisp12 protein. Cells that in-
corporated the label were detected by using the BrdUrd staining kit (Calbio-
chem).

RESULTS

Fisp12 mediates endothelial cell adhesion through integrin
a,B. Previous studies showed that Fisp12 is secreted and is as-
sociated with the extracellular matrix, and immobilized Fisp12
protein serves as an adhesion substrate for human umbilical
vein endothelial cells in a serum-containing medium (31). In
this study, we have employed HMVEC:s as a culture system to
examine cellular processes relevant to angiogenesis. To ex-
clude the possibility that other serum proteins might partici-
pate in the Fispl12-mediated cell adhesion event, we examined
adhesion under serum-free conditions with Fisp12 protein pu-
rified from serum-free conditioned medium of baculovirus-in-
fected insect cells (see Materials and Methods). Under these
conditions, immobilized Fisp12 mediated HMVEC adhesion
in a dose-dependent manner (Fig. 1A). Cell adhesion to Fisp12
was blocked by affinity-purified anti-Fisp12 antibodies, thus con-
firming that the cell adhesion activity is attributable to Fisp12
(data not shown). Adhesion was also completely blocked by the
presence of EDTA but was restored when Ca®" was placed in
the medium in addition to the EDTA (Fig. 1B). These results
suggest that Fisp12 mediates cell adhesion through a divalent
cation-dependent cell surface receptor.

We have shown previously that CYR61, a protein structur-
ally related to Fisp12, is a ligand of the integrin o35 (30). By
analogy to CYRG61, we hypothesized that Fisp12 may also bind
to an integrin receptor. We thus tested the effects of peptides
containing the sequence RGD, which constitutes a recognition
sequence by more than half of all known integrins, including
a,B5 (47). HMVEC adhesion to either Fispl2 or vitronectin
was completely abolished by 0.2 mM RGD-containing peptide,
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FIG. 1. Fisp12 mediates HMVEC adhesion through integrin o,8;. HMVECs were washed and harvested in PBS with 1 mM EDTA, resuspended in serum-free
medium, and plated on microtiter wells coated with indicated substrates. After incubation at 37°C for 30 min, adherent cells were fixed and stained with methylene blue,
followed by quantitation by measuring the absorbance at 620 nm. Data shown are the means of duplicate determinations, and similar results were obtained in at least
three separate experiments. Error bars represent the standard deviation(s) (SD). (A) Dose dependence of adhesion to Fisp12. HMVECs were plated onto microtiter
wells coated with the indicated concentrations of purified Fisp12. (B) Divalent cation dependence. HMVEC adhesion to either BSA- or Fispl2-coated plates was
determined; EDTA (10 mM) or Ca?* (20 mM) was added where indicated. (C) Inhibition by RGD peptides. HMVECs were incubated with either buffer (control)
or 0.2 or 2.0 mM GRGDSP or GRGESP peptides, as indicated, prior to addition to the microtiter wells coated with Fisp12 (5 pg/ml), 2 g of fibronectin per ml (FN),
or 0.1 pg of vitronectin per ml (VN). (D) HMVEC adhesion to Fisp12 was dependent on integrin o, 5. Microtiter wells were coated with BSA, Fisp12 (2.5 wg/ml),
fibronectin (2 pg/ml), or vitronectin (0.1 pg/ml). HMVECs were incubated with either normal mouse immunoglobulin G or the anti-a,, 83 antibody LM609 (50 p.g/ml)

prior to plating, and adhesion was measured at 30 min thereafter.

whereas an RGE-containing peptide had little effect (Fig. 1C).
HMVEC adhesion to fibronectin, which binds to integrin o5,
was not affected until the RGD-peptide concentration reached
2 mM. The sensitivity of Fispl2-dependent cell adhesion to
inhibition by an RGD-containing peptide indicated that this
process may function through an integrin, and the relatively
low inhibitory concentration (0.2 mM for Fisp12 and vitronec-
tin) suggested that the integrin involved is likely o, 5. Consis-
tent with this notion, HMVEC adhesion to Fisp12 was com-
pletely abolished by LM609, a monoclonal antibody that is
highly specific for the «, 5 heterodimer (Fig. 1D). In contrast,
LM609 had no effect on HMVEC adhesion to fibronectin,
which binds integrin asB,. Conversely, JBSS, a monoclonal an-
tibody against asB,, blocked adhesion to fibronectin but not to
Fisp12 or vitronectin (data not shown). LM609 inhibited ad-
hesion to vitronectin by about 50%, mostly likely because vi-
tronectin can bind to both integrins o 5 and «,B5 (12). To-
gether, these results show that HMVEC adhesion to Fisp12 is
mediated through the integrin receptor « ;.

Fisp12 stimulates HMVEC migration through an o (35-de-
pendent pathway. The integrin o, 35 is known to be involved in
a wide range of cellular functions, including cell migration. We
thus investigated the possibility that Fisp12 may stimulate vas-
cular endothelial cell migration. As shown in Fig. 2A, Fisp12-
stimulated migration of HMVECs was dose dependent and

detectable at 0.01 pg/ml, reaching a maximal level at 1 ng of
Fisp12 per ml. A higher concentration of Fisp12 was less effi-
cacious in enhancing HMVEC migration, resulting in a bell-
shaped dose-response curve that is observed for many chemo-
tactic factors. Fisp12-stimulated cell migration was completely
blocked by affinity-purified anti-Fisp12 antibodies, indicating
that this activity is an intrinsic property of Fisp12 (Fig. 2B).
Stimulation of cell migration may be due to either a chemo-
tactic (directed cell migration) or a chemokinetic (random cell
movement) response. To investigate whether Fisp12 is chemo-
tactic or chemokinetic for HMVECS, we carried out a checker-
board-type analysis in a modified Boyden chamber (Fig. 2C).
Fisp12 was placed in the upper chamber (no cells), in the lower
chamber (with cells), or in both. Cell migration from the lower
chamber to the upper chamber was measured. HMVEC mi-
gration was stimulated to a similar extent when Fisp12 was
placed in either the upper or the lower chamber, and the great-
est stimulation was observed when Fisp12 was present in both
chambers. Thus, even when Fisp12 was provided in the same
chamber as the cells, it stimulated the migration of these cells
to the other chamber where there was no Fisp12 protein. These
results indicated that Fispl2 stimulates chemokinesis to en-
hance cell migration. However, when Fisp12 was present in
both the top and the bottom chambers, more cell migration
was observed than when Fisp12 was present in either the top
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FIG. 2. Fisp12 stimulates HMVEC migration through an «,8;-dependent pathway. The migration of HMVECs was measured in a modified Boyden chamber assay.
The cells placed in a lower chamber that migrated into the upper chamber were counted in three high-power fields for each condition = the SD after a 4-h incubation
at 37°C. As chemoattractants, bFGF (10 ng/ml), VEGF (1 ng/ml), vitronectin (5 pg/ml), and Fisp12 (1 pg/ml unless otherwise indicated) was placed in either the top
or the bottom chamber, or both, as indicated. (A) Fisp12-stimulated cell migration is dose dependent. Cells that migrated into the upper well where the indicated
amount of purified Fispl2 or the corresponding amount of the Fisp12 storage buffer was placed, were counted. The results are expressed as the percentage of
bFGF-induced migration = the SD. (B) Specific inhibition of Fisp12-induced cell migration by anti-Fisp12 antibodies. HMVEC migration was measured as described
above by using either Fisp12 or bFGF as the chemoattractant. Where indicated, these proteins were preincubated with anti-Fisp12 antibodies (30 pg/ml) before addition
to the upper wells. Neg., background migration in the absence of chemoattractant. (C) Fisp12 induces chemokinesis. The migration of HMVECs was measured in a
checkerboard-type analysis. Fisp12 or bFGF were added to the upper chamber, the lower chamber, neither chamber, or both chambers as indicated. (D) Specific
inhibition of Fisp12-induced HMVEC migration by anti-o,85 antibody. HMVEC migration was monitored by using Fisp12, vitronectin, bFGF, or VEGF as the
chemoattractants. Where indicated cells were preincubated with 50 pg of LM609 per ml for 1 h before addition to the lower chamber. The results are expressed as

the percentage of cells that migrated to VEGF. Neg., background migration in the absence of chemoattractant.

or the bottom chambers alone. Therefore, it is possible that
Fisp12 may be both chemotactic and chemokinetic, stimulating
cell migration through both directed and nondirected cell
movement.

Since Fispl12 mediates HMVEC adhesion through the in-
tegrin o Bs, we tested whether Fisp12-stimulated cell migra-
tion also works through this integrin. As shown in Fig. 2D,
Fisp12-induced cell migration was completely abolished when
HMVECGC:s were preincubated with LM609, as was vitronectin-
stimulated cell migration. By contrast, neither VEGF-stimu-
lated nor basal-cell migration was affected by LM609, whereas
bFGF-stimulated cell migration was only minimally affected.
These results show that Fisp12 stimulates HMVEC migration
through an o,B5-dependent mechanism.

Fisp12 promotes endothelial cell survival. During neovas-
cularization, endothelial cells from the parent vessels migrate
toward the angiogenic target. Integrin antagonists induce ap-
optosis in angiogenic vascular endothelial cells, indicating that
integrin-mediated signaling may be crucial for endothelial cell
survival during angiogenesis (7, 56). Previous studies have
shown that adhesion of endothelial cells to fibronectin or vi-
tronectin, but not to laminin, sustains cell survival in a defined
medium (58). These results suggested that ligation of the fi-
bronectin or vitronectin integrin receptors, but not the laminin
receptors, confer protection from apoptosis. To evaluate the

potential role of Fisp12 in endothelial cell survival, we tested
whether soluble Fisp12 can protect HMVECs from apoptosis
when plated on laminin. HMVECs were deprived of growth
factors for 18 h and plated on glass slides coated with laminin.
Cells were then incubated with or without Fisp12 protein in the
cell medium, and the number of apoptotic cells was deter-
mined by using an in situ terminal deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) as-
say (Fig. 3C and D). Under these conditions, Fisp12 promoted
HMVEC survival in a dose-dependent manner (Fig. 3). Where-
as no protection from cell death was observed when Fisp12 was
present at 0.1 pg/ml, protection was evident when Fisp12 was
present at 1.0 pg/ml and reached an even higher level when it
was present at 5 pg/ml. Preincubation of Fispl2 with affinity-
purified anti-Fisp12 antibodies inhibited the ability of Fisp12
to protect HMVEC:s from apoptosis (Fig. 3A). Likewise, incu-
bation of these cells in the presence of complete medium with
serum fully protected the cells from apoptosis. These results
show that Fisp12 can promote endothelial cell survival.

To address whether the increased number of surviving cells
in the presence of Fispl2 might be due to cell proliferation
rather than the survival of existing cells, we measured HMVEC
proliferation in the presence or absence of Fispl2 via BrdUrd
incorporation (Fig. 3B). Under the same conditions as for the
TUNEL assay, the number of cells labeled with BrdUrd was
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FIG. 3. Fispl12 protects HMVECs from apoptosis. HMVECs were starved for 24 h prior to the addition to slides coated with 10 g of laminin (Collaborative
biosciences) per ml overnight at 4°C. Cells were then incubated in EBM for 20 h with or without the addition of Fisp12 protein, and apoptosis was monitored by using
the TUNEL assay; the number of apoptotic cells was then counted. (A) Dose dependence of Fispl2-promoted cell survival. Values for HMVECs incubated in the
absence of Fisp12 (control) or in the presence of indicated concentrations of Fisp12 are shown. Where indicated, Fisp12 was preincubated with anti-Fisp12 antibody
prior to addition to the medium. Complete medium was added as a positive control. The percentages of apoptotic cells = the SD from at least 500 cells counted are
shown, and each experiment was done in triplicate. (B) Cell proliferation assay. HMVECs treated as described in panel A were labeled with BrdUrd for 24 h, and the
percentages of cells incorporating label in the absence or presence of Fisp12 are shown. (C and D) Photomicrographs of HMVECs incubated in the absence or presence
of 5 pg of Fispl2 per ml, respectively.

not significantly different either in the presence (12.3 = 1.4%) Fispl2 induces neovascularization in vivo. As discussed
or absence (10.7 * 2.6%) of Fispl2. Taken together, these above, Fisp12 promotes vascular endothelial cell adhesion, mi-
results show that Fisp12 can promote the survival of endothe- gration, survival, and growth-factor-induced DNA synthesis,

lial cells under conditions that induce apoptosis. processes that are integral to vessel formation (Fig. 1 to 3) (6,
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FIG. 4. Fisp12 induces neovascularization in rat corneas. Hydron pellets containing test substances were formulated and implanted into corneas of rats as described
in Materials and Methods and Table 1. The formation of new blood vessels was visualized by perfusion with colloidal carbon 7 days after implantation. Hydron pellets
contained in Fisp12 (A), bFGF (B), Fisp12 storage buffer (C), and Fisp12 protein preincubated with anti-Fisp12 antibodies (D) are shown.

31). To assess the hypothesis that Fispl2 may regulate angio-
genesis in vivo, we tested its ability to induce neovasculariza-
tion by using a rat corneal micropocket assay. Hydron pellets
formulated with purified Fispl12 induced neovascularization
when implanted into rat corneas, whereas the vehicle control
did not (Fig. 4; Table 1). Similar neovascularization was ob-
served when corneas were implanted with Hydron pellets con-
taining bFGF, a potent angiogenic factor. Preincubation of
Fisp12 protein with specific neutralizing anti-Fisp12 antibodies
before incorporation in Hydron pellets abolished the angio-
genic activity of Fispl2 completely. These results show that
Fisp12 can function as an angiogenic inducer in vivo.

DISCUSSION

Appropriate adhesion of endothelial cells to the extracellu-
lar matrix is important for cell proliferation, migration, and
survival. Endothelial cells must make proper contacts to each
other and to the extracellular matrix (ECM) in order to con-
struct and extend new vessel sprouts during angiogenesis (3,
54). It is clear that adhesion receptors are also versatile sig-
naling receptors capable of transducing complex environmen-
tal cues, thus regulating myriad cellular processes (10, 16, 51).
Antagonists of adhesion receptors can disrupt angiogenesis (7,
56), underscoring the crucial role of cell adhesion mechanisms
in vessel development. We have identified here the immediate-
early gene product Fispl12/mCTGF as a novel angiogenic in-

ducer. The connection between endothelial cell adhesion and
angiogenesis is further strengthened by the finding that Fisp12/
mCTGF is an ECM-associated signaling molecule that medi-
ates endothelial cell adhesion and migration through the inte-
grin o, ;.

Purified Fisp12/mCTGF is capable of a number of pro-an-
giogenic activities in culture. Previous studies have shown that
Fisp12/mCTGF promotes endothelial cell proliferation by aug-
menting growth-factor-induced DNA synthesis (31). In this
study, we show that Fisp12/mCTGF mediates HMVEC adhe-
sion and migration (Fig. 1 and 2), both through an integrin-
dependent mechanism. In addition, Fisp12/mCTGF promotes

TABLE 1. Corneal vascularization®

No. of corneas
Test substance

Vascularized Unvascularized
Fisp12 7 1
bFGF 4 0
Fisp12 buffer 0 4
Fisp12 plus anti-Fisp12 0 4

¢ Hydron pellets were formulated with purified Fisp12 (100 ng), Fisp12 storage
buffer, bFGF (3 ng), or Fisp12 preincubated with anti-Fisp12 antibodies (2.3 pg)
and implanted into rat corneas. Corneal vascularization was scored 7 days after
implantation.
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endothelial cell survival (Fig. 3). Thus, Fisp12/mCTGF in cul-
ture promotes endothelial cell proliferation, adhesion, migra-
tion, and survival, each component steps in the process of
angiogenesis. Furthermore, Fisp12/mCTGF induces neovascu-
larization in a corneal micropocket assay (Fig. 4), demonstrat-
ing that it functions as an angiogenic inducer in vivo. The
activities of Fisp12 were blocked by specific anti-Fisp12 anti-
bodies (Fig. 1, 2, and 4). These affinity-purified antibodies were
derived from antiserum raised against a bacterially expressed
Fisp12 polypeptide antigen, whereas the Fispl2 protein used
for activity assays was purified from serum-free conditioned
media of baculovirus-infected insect cells. Thus, inhibition of
Fisp12 activities by the antibodies provided compelling evi-
dence that these activities are attributed to the Fisp12 protein.

fisp12/mCTGF is a member of a growing gene family, named
the CCN family (CTGF, CYR61, and Nov) (4), that includes (i)
CYR61, whose mouse, human, and chicken forms are inducible
by serum growth factors in a manner similar to that of Fisp12/
CTGF (38, 48, 52); (ii) Nov, a gene aberrantly expressed in
myeloblastosis-associated virus-induced nephroblastomas and
in some Wilm’s tumors but downregulated by serum and mito-
genic conditions (29, 50); (iii) Elm-1, a gene expressed in low-
metastatic but not in high-metastatic clones of the K-1735 mu-
rine melanoma cell line (20); and (iv) WISP-3, a related gene
identified through screening an expressed sequence tag data-
base (42). Proteins encoded by these genes exhibit conserva-
tion of all 38 cysteines in their secreted portion, share at least
40 to 50% amino acid sequence homology with one another
and are comprised of four conserved domains, each encoded
by a separate exon (4, 18, 48). Another homologous gene,
Cop-1/WISP-2 (42, 60), encodes a protein that lacks precisely
the carboxyl-terminal domain but is otherwise equally con-
served with the other members of the protein family.

Insights into the biological functions and mechanism of ac-
tions of this family of proteins are beginning to emerge based
on the activity studies of CYR61 and Fispl12/CTGF. Both
Fisp12/mCTGF and CYRG61 have been shown to promote the
adhesion, migration, and proliferation of both fibroblasts and
endothelial cells (Fig. 1 and 2) (31, 32) and to induce neo-
vascularization in vivo (Fig. 4) (1). CTGF also enhances the
expression of type I collagen and fibronectin in fibroblasts
(15). In this study, we showed that HMVEC adhesion to Fisp12/
mCTGF was inhibited by EDTA, RGD-containing peptide,
and the specific anti-«,8; monoclonal antibody LM609 (Fig.
1), indicating that HMVEC adhesion to Fisp12 is mediated
through the integrin o,B5. Furthermore, Fisp12 stimulates
HMVEC migration, also through an integrin-o,3;-dependent
mechanism (Fig. 2). Likewise, CYR61-dependent HMVEC
adhesion and migration were also mediated through the inte-
grin a,B5 (1, 30). These findings suggest that Fisp12/mCTGF
and CYR61 may act, at least in part, through integrin o 35 to
induce angiogenesis. In a recent study, we showed that CYR61
binds to the integrin o5 directly as a ligand, with half-maxi-
mal binding to immobilized integrin o 35 occurring at 5 nM
CYRG61 in a solid-phase binding assay (30). The dependence of
Fisp12-mediated endothelial cell adhesion and migration on
the integrin o, B;, as well as its structural homology to CYRG61,
are consistent with the notion that Fisp12/mCTGF may also
function through direct binding to integrin o, f35. Together, these
data implicate the CCN family of proteins as novel angiogenic
regulators that may function through integrin-o,3;-dependent
mechanisms (1, 30).

Despite the structural similarities among members of the
CCN family, these proteins may have antithetical activities to
one another in the same processes. Several examples illustrate
the paradigm of homologous proteins playing opposing roles to
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regulate angiogenesis. Thus, proliferin induces angiogenesis,
whereas the homologous proliferin-related protein inhibits an-
giogenesis (26). Likewise, members of the C-X-C chemokine
family are either inducers or inhibitors of angiogenesis, the
former group being distinguished by the presence of the ELR
sequence motif (53). In addition, whereas angiopoietin-1 pro-
motes vessel wall assembly, the homologous angiopoietin-2
disrupts this process (34, 55). Since CYR6! and fisp12/CTGF
are induced by mitogens, whereas nov and copl are repressed
by mitogens, proteins encoded by these genes may play oppos-
ing roles. While the finding that both CYR61 and Fisp12 are
inducers of neovascularization implicates the CCN family of
proteins in angiogenesis, whether other members of the family
might act to promote or inhibit angiogenesis remains to be ex-
perimentally determined.

The survival of endothelial cells is known to be dependent
on the ligation of integrins to appropriate ligands (2, 58). The
monoclonal antibody against integrin o, B5 (LM609) disrupts
angiogenesis in chick chorioallantoic membrane and in quail
embryos in a process that involves apoptosis of endothelial
cells (7, 11, 56). Thus, proper ligation of integrin «, B is critical
for promoting the survival of angiogenic endothelial cells.
Studies in cell culture systems have shown that serum-starved
endothelial cells plated on laminin undergo apoptosis, whereas
those plated on fibronectin or vitronectin are protected from
apoptotic death (58). These results suggest that ligation of the
o,B5 or asB, integrins, but not of the a,B; or ayB; integrins,
can confer protection against apoptosis in endothelial cells.
Here we show that soluble Fisp12/mCTGF protects starved
HMVEG: plated on laminin from apoptosis (Fig. 3), suggest-
ing that Fispl2/mCTGF can promote the survival of angio-
genic endothelial cells. Although the mechanism of Fisp12/
mCTGF action in this system is unclear, the simplest interpre-
tation is that it acts through integrin o35 to protect cells from
apoptosis.

The finding that Fisp12/mCTGF is an angiogenic inducer
helps to shed new light on its biological functions during growth
and development. During mouse embryogenesis, Fisp12/
mCTGF is localized in angiogenic cell types, including the
trophoblastic giant cells of the placenta (31). These cells pro-
duce an arsenal of angiogenic factors, including VEGF, bFGF,
proliferin, and CYRG61 (26, 27, 37). Expression of Fisp12/
mCTGEF in these trophoblasts may help to promote the angio-
genesis required for maternal vessel growth towards the devel-
oping embryo, thus providing nutrients for fetal development.
Fisp12/mCTGF is also localized in chondrocytes of the hyper-
trophic cartilage (35), where invading endothelial sprouts de-
liver osteoblasts that will initiate the process of endochondral
ossification. Angiogenesis induced by the hypertrophic carti-
lage is thus a necessary step towards the replacement of car-
tilage by bone. In addition to embryonic development, Fisp12/
mCTGF is induced during cutaneous wound healing in the
adult rodent (24, 33). In this instance the role of Fisp12 may
include the induction of angiogenesis in the granulation tissue,
in addition to serving as a chemotactic and mitogenic factor for
fibroblasts to promote wound repair.

A potentially important role for Fisp12/CTGF in diseases is
also implicated by its angiogenic activity. For example, whereas
human CTGF was undetectable in normal vessels, high levels
of expression were found in endothelial cells at the luminal site
of advanced atherosclerotic lesions and in the newly formed
vasa vasorum inside the atherosclerotic plaques (39, 40). Thus,
CTGF may act as an angiogenic factor in the diseased vessel,
leading to advanced atherosclerotic lesions (36). The angio-
genic activity of Fisp12/CTGF also portends a potential role in
tumorigenesis. It is now established that solid tumors must
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acquire the ability to induce angiogenesis in order to secure the
necessary nutrients for successful tumor growth and develop-
ment (5, 13). Although the role of Fisp12/CTGF in tumorigen-
esis has not been fully investigated, CTGF expression has been
correlated with endothelial cells of cutaneous vascular tumors
such as pyogenic granuloma, angiopiloma, and angioleiomyo-
ma (21). These findings suggest a potential contribution of the
angiogenic activity of Fisp12/CTGF in these tumors.

CTGF expression is also significantly induced in a number of
fibrotic diseases and in systemic sclerosis (scleroderma) (22), a
chronic generalized autoimmune disorder characterized by cu-
taneous and visceral fibrosis. Affected tissues in these diseases
are marked by proliferation of connective tissue and significant
deposition of ECM and are correlated with TGF-f expression
(22, 28). TGF-B, which stimulates fibrosis and angiogenesis in
vivo (46), induces CTGF expression and may work through
CTGF to execute some of its biological effects (17). The patho-
genesis of sclerosis may reflect, in part, a dynamic imbalance
between angiogenesis and fibrosis. A recent study showed that
biopsies from patients with systemic sclerosis induce significant
angiogenic response on chick chorioallantoic membrane, dem-
onstrating the presence of angiogenic inducers in these tissues
(44). The precise roles of Fispl2/CTGF in development, wound
healing, vascular and fibrotic diseases, and cancer are likely to
be influenced by the presence of other growth factors, cyto-
kines, and angiogenic inducers and/or inhibitors. Future in-
quiries into the interplay between the angiogenic activity of
Fisp12/CTGF in endothelial cells and its proliferative and ma-
trix remodeling functions in fibroblasts may prove illuminating.
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