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Connective tissue growth factor (CTGF) is a novel cysteine-rich, secreted protein. Recently,
we found that inhibition of the endogenous expression of CTGF by its antisense oligonu-
cleotide and antisense RNA suppresses the proliferation and migration of vascular endo-
thelial cells. In the present study, the following observations demonstrated the angiogenic
function of CTGF in vitro and in vivo: (i) purified recombinant CTGF (rCTGF) promoted the
adhesion, proliferation and migration of vascular endothelial cells in a dose-dependent
manner under serum-free conditions, and these effects were inhibited by anti-CTGF
antibodies; (ii) rCTGF markedly induced the tube formation of vascular endothelial cells,
and this effect was stronger than that of basic fibroblast growth factor or vascular
endothelial growth factor; (iii) application of rCTGF to the chicken chorioallantoic
membrane resulted in a gross angiogenic response, and this effect was also inhibited by
anti-CTGF antibodies, (iv) rCTGF injected with collagen gel into the backs of mice induced
strong angiogenesis in vivo. These findings indicate that CTGF is a novel, potent angiogene-
sis factor which functions in multi-stages in this process.

Key words: angiogenesis, connective tissue growth factor (CTGF), endothelial cells,
hypertrophic chondrocytes, neovascularization.

CTGF is a member of an emerging family of extracellular Fisp 12, whose gene was detected in mouse fibroblasts (6);
proteins known as the CCN family, which is characterized and (3) Nov, whose gene was found to be aberrantly
by significant sequence homology and the conservation of expressed in retrovirus- induced avian nephroblastomas
all 38 cysteine residues (1-3). This CCN family (Cyr61/ (7). CTGF is identified as a growth factor in angioendoth-
CeflO, CTGF/Fispl2, and Nov) comprised three distinct elial cells that exhibits platelet-derived growth factor
members: (i) murine Cyr61, which was identified as a (PDGF) (i)-like biological and immunological activities,
growth factor-inducible immediate early gene product in although it exhibits little amino acid sequence homology
mouse fibroblasts (4) and its chicken homologue, CEF-10, with either the PDGF A chain or B chain (2).
which represents a phorbol ester repressible v-src induci- Previously, we cloned a mRNA predominantly expressed
ble gene (5); (ii) human CTGF and its murine homologue, in hypertrophic chondrocytes (8) from a human chondro-
1 This work was supported in part by Grants-in-Aid for Scientific sarcoma-derived chondrocyte cell line, HCS-2/8 (9-14),
Research from the Ministry of Education, Science, Sports and Culture by differential display-PCR. Its gene was identical with that
of Japan, and grants from the Sagawa Cancer Research Foundation, of connective tissue growth factor (CTGF) (2-3). We also
the Naito Foundation, and the Foundation for Growth Science in demonstrated the presence of receptors specific for CTGF
Jap*0- on the chondrocyte cell line, HCS-2/8 (25). These findings
l°?J . e a?,° f " S 6 ^ 6 frOm th e D eP a r t™ e n t of Periodontology and fc ^ CTGF k m ^ ^ ^ ^ t role m s k e l e ta l
Endodontology II, Okayama University Dental School. , ° , ,
•To whom correspondence should be addressed. Tel: +81-86-235- development.
6645, Fax: +81-86-235-6649, E-mail: takigawa6dent.okayama-u. Angiogenesis, the development of blood vessels, plays a
ac.jp crucial role in embryogenesis and development (16), and
Abbreviations: CTGF, connective tissue growth factor; rCTGF, has been shown to be regulated by a balance of angiogenic
recombinant CTGF; bFGF, basic fibroblast growth factor; VEGF, factors and anti-angiogenic factors (14, 17-21). A typical
vascular endothelial growth factor; PDGF, platelet-derived growth e x a m p l e of angiogenesis is observed in the process of
factor; BAEJjovme aorta endothelial; CAM, chonoallantoic mem- e n d o c h o n d r a l o s s i f i c a tion. During this process, cartilage
brane; DMEM, Dulbecco s modified Eagle s medium; FBS, fetal „ „ , . . . , T J • j_ •
bovine serum; PBS, phosphate-buffered saline. ^ ^ &rst proliferate, mature and produce much extracel-

lular matrix. Then the cells become hypertrophic chondro-
© 1999 by The Japanese Biochemical Society. cytes, and the matrix is mineralized and invaded by
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capillary sprouts; finally cartilage, an avascular tissue, is
replaced by bone, which is highly vascularized. Therefore,
it is feasible that CTGF, which is predominantly expressed
in hypertrophic chondrocytes, also acts on vascular endo-
thelial cells in bone which is close to the hypertrophic zone
of cartilage, but there has been no report on the role of
CTGF in angiogenesis. So, we previously investigated the
expression of CTGF in endothelial cells, and the effects of
its antisense oligonucleotide and antisense RNA on the
cells. We found that the expression of CTGF mRNA in
proliferating bovine aorta endothelial (BAE) cells was
much higher than that in confluent BAE cells, and that the
inhibition of endogenous expression of CTGF by its anti-
sense oligonucleotide and antisense RNA suppresses the
proliferation and migration of vascular endothelial cells
(22). However, these findings are only indirect evidence of
the angiogenic activity of CTGF. Here we present direct
evidence that CTGF is a novel, potent angiogenic factor.

MATERIALS AND METHODS

Materials—DMEM was purchased from Nissui Pharma-
ceutical (Tokyo). FBS was purchased from Cancera Inter-
national (Rexclale, Ont., Canada). The plastic dishes and
plates were from Sumitomo Bakelite (Tokyo). TetraColor
ONE was from Seikagaku Kohgyo (Tokyo). Chemotaxicells
lined with polyvinylpyrrolidone filters (pore size: 8-mm-
diameter) were purchased from Kurabo (Osaka). Human
recombinant basic fibroblast growth factor (bFGF) was
obtained from R&D Systems (Minneapolis, MN). Human
recombinant vascular endothelial growth factor (VEGF)
was from Genzyme (Cambridge, MA). Anti-factor VIII
antibodies and anti-laminin antibodies were purchased
from DAKO (Carpinteria, CA).

Preparation of Anti-CTGF Antibodies—Anti-CTGF
antibodies were raised in rabbits by immunization with a
synthetic peptide of CTGF composed of 20 amino acids, the
sequence of which was the same as that of Fispl2 (the
mouse homologue of CTGF), but not that of CYR61. The
IgG fraction purified with Mab Trap G II (Pharmacia,
Uppsala, Sweden) was used for histological studies and
Western blotting. Using Western blotting techniques, we
confirmed that the synthetic peptide of CTGF, but not the
synthetic peptide of the corresponding region of Cyr61,
inhibited the binding of the anti-CTGF antibodies to the 38
kDa CTGF protein.

Cell Culture—BAE cells (kindly supplied by Dr. Katsu-
hiko Fujii, Teijin Institute for Bio-Medical Research, Teijin
Limited, Tokyo) were inoculated at a density of 2-7 X104/
cm2 into 10 cm-diameter dishes, 6-well plates or 96-well
microwell plates, and then cultured in DMEM supplement-
ed with L-glutamine (2 mM) and 10% heat inactivated FBS
at 37"C under 5% COj in air.

Determination of the Growth Rate—For determination of
cell proliferation, cell layers were washed three times with
Ca2+- andMg2+-freePBS, and then the cells were dispersed
with 0.25% trypsin. Then the number of viable cells was
determined with a hemocytometer by the Trypan blue
exclusion method, or by measurement of the absorbance at
450 nm after the addition of TetraColor ONE to the
cultures. For determination of the rate of DNA synthesis,
cultures were labeled with [3H]thymidine (4.8MBq/ml)
for 4 h. The radioactivity incorporated into acid precipita-

ble materials was determined as described {23, 24).
Migration Assay—rCTGF-stimulated migration of BAE

cells was assayed by the modified Boyden chamber method
involving Chemotaxicells lined with polyvinylpyrrolidone
filters (pore size: 8^m-diameter). A cell suspension (0.4
ml) containing 4 X104 cells was introduced in the Chemo-
taxicells and then the Chemotaxicells were placed in the
wells of a 24-well plate containing 0.8 ml of medium
supplemented with rCTGF or rCTGF and anti-CTGF
antibodies. After incubation for 4 h at 37'C, the filters of
the Chemotaxicells were removed, fixed, stained, and
mounted on glass slides. The number of cells that had
migrated to the bottom of the filters was determined under
a microscope. Five high power fields (X 200) were chosen at
random.

Cell Adhesion Assay—Immunological plates (96-well)
were coated with 5-20 //g/ml rCTGF containing 0.1% BSA
in PBS at 4'C, blocked with 6% BSA in PBS for 1 h at room
temperature, and then washed with PBS three times. In
some experiments anti-CTGF antibodies or the IgG frac-
tion of pre-immune serum was incubated for 15 min at
room temperature. BAE cells were plated at 3 x 104/well in
serum-free DMEM. After incubation for 1 h, DMEM
containing 10% FBS was added to full wells and the plates
were placed bottom up for 15 min at room temperature.
After discarding the floating cells, TetraColor ONE was
added to the cultures, followed by incubation for 1 h at 37'C
under 5% CO2 in air. The attachment efficiency was
determined by measurement of extract A(M.

Tube Formation Assay—BAE cells were inoculated at a
density of 3xlO5/well into 35-mm-diameter dishes with
3.0 ml of DMEM containing 10% FBS. The medium was
changed on day 3, and the cells were cultured for 5 days. On
day 5, when monolayers had developed, the medium was
changed to serum-free DMEM. After 24 h incubation, the
factors were added to the cultures at the concentrations
indicated and the cells were cultured for 12 h.

Chorioallantoic Membrane (CAM) Assay—Angiogenic
activity was assayed on CAM as described by Takigawa et
al. (17). Embryonic CAM were treated on day 10 with 1 ng
of rCTGF or bFGF absorbed on sterile Whatman GB/B
glass fiber filter disks (6 mm in diameter; Reeve-Angel,
Clifton, USA). The disks prepared with 20 /*1 of factor were
placed upside down on windows which had been made in the
egg shells on day 8 of incubation. The embryos were killed
5 days later by injection of 10% formalin in PBS. Each CAM
was excised, fixed in 10% formalin in PBS, inverted, and
then examined under a stereomicroscope. Angiogenesis
was determined from the density of capillaries on the glass
fiber filters. The response of the CAM was scored qualita-
tively as follows: + + + (very strong), + + (strong), +
(moderate), ± (slight), or — (no effect). The double bund
method was used to determine the angiogenesis activity.

Subcutaneous Implantation of rCTGF—The carrier was
Type I collagen derived from bovine skin (Collagen PC-I;
Koken, Japan). rCTGF at 10 //g was mixed with 10 mg of
type I collagen in a centrifuge tube and then lyophilized.
The rCTGF/carrier mixture was pressed into globular
pellets immediately before implantation. Pellets contain-
ing 10 mg of type I collagen alone were made and lyophil-
ized as a control. The rCTGF/carrier and control pellets
were implanted into the dorsal subcutaneous tissues of rats
(Wister, male, 5 weeks after birth). The rats (six from each
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group) were sacrificed on day 7 as described (25).
Histological and Immunohistochemical Analyses—The

explants of rCTGF/carrier and control pellets were fixed in
10% paraform-aldehyde in PBS for 24 h, dehydrated in
alcohol and then embedded in paraffin. Sections of 5 /xm in
thickness were then deparaffined with xylene and rehydrat-
ed by ethanol treatment. For routine histology, the sections
were stained with hematoxylin and eosin. For immunohis-
tochemistry, the sections were incubated in a moist cham-
ber at 4'C overnight with anti-factor Vm antibodies
diluted 1:500 with PBS or anti-laminin antibodies diluted
1:500 with PBS. Then, they were stained with a PAP
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Fig. 1. Effect of rCTGF on the proliferation of BAE cells in
vitro, (a) BAE cells were inoculated at a density of 5 X lOVwell into
3.5 cm-diameter dishes and then cultured in serum-free DMEM.
After 24 h (on day 1), rCTGF was added to the cultures at the con-
centrations indicated and the cells were cultured for a further 4 days.
The medium was changed on day 3 and rCTGF was added simultane-
ously. The cell number was determined on day 5. Asterisks indicate
significant differences between controls and rCTGF at the significance
level of *p<0.01. (b) BAE cells were inoculated at a density of 5X
lOVwell into 96-well plates and then cultured in DMEM containing
10% FBS. After 24 h (on day 1), the medium was changed to DMEM
containing 0.5% FBS and rCTGF (30 ng/ml), or rCTGF (30 ng/ml)
with pre-immune IgG (25^g/ml) or anti-CTGF antibodies (IgG, 25
fig/ml). On day 3, the medium was changed to DMEM containing
0.5% FBS and the factors. On days 1-5, 10 //I of TetraColor ONE was
added to 100 //I of culture. The wells were incubated for 1 h at 3TC
under 5% CO2 in air and then proliferation was quantitated by
measurement of the absorbance at 450 nm (*p<0.05, *'p<0.01).

Universal DAKO Stain Kit according to the manufacturer's
protocol (DAKO).

Statistical Analysis—Data were analyzed by means of
Student's t test. All experiments were repeated at least
twice with similar results.

RESULTS

rCTGF Stimulates Directed Proliferation of BAE Cells—
To assess the potential angiogenic activity of CTGF direct-
ly, we prepared recombinant CTGF (rCTGF) by gene
transfer of CTGF cDNA inserted in a mammalian expres-
sion vector (pcDNA 3.1) to HeLa cells (15).

At first, we evaluated the ability of rCTGF to induce the
proliferation of BAE cells. When BAE cells were cultured
for 4 days in serum-free medium with various concentra-
tions of rCTGF, the cell number increased dose-depen-
dently, the maximal stimulation being seen at the concen-
tration of 30-50 ng/ml (Fig. la). In addition, when 30 ng/
ml of rCTGF was added to subconfluent cultures of BAE
cells, the incorporation of [3H]thymidine increased to
145% (36,552± 2,272 cpm/well versus 53,161±970cpm/
well) (p < 0.01) of that in those treated with PBS after 24 h
(data not shown). As shown in Fig. lb, BAE cells inoculated
at a density of 5,000/96-well microwells and cultured with
20 ng/ml rCTGF in medium containing 0.5% FBS from day
1 grew faster than the control ones. When the anti-CTGF
antibodies were added with rCTGF, the cells proliferated
more slowly than those treated with pre-immune IgG (Fig.
lb), indicating that growth promoting ability is an intrinsic
property of CTGF and cannot be attributed to possible
contaminants in the protein preparations.

1201 C : PBS
AB: Anti-CTGF AB
Pre: Pre-immune IgG

C AB Pre C AB Pre

PBS rCTGF20ng/ml

Fig. 2. Effect of anti-CTGF antibodies on the proliferation of
BAE cells induced by rCTGF. BAE cells were inoculated at a
density of 3 x lOVwell into 35-mm-diameter dishes and then cultured
in DMEM containing 10% FBS. After 24 h (on day 1), the medium was
changed to DMEM containing 0.5% FBS and rCTGF with pre-immune
IgG (50^g/ml) or anti-CTGF antibodies (IgG, 50//g/ml). On day 3,
the medium was changed to DMEM containing 0.5% FBS and rCTGF
with pre-immune IgG (50//g/ml) or anti-CTGF antibodies (IgG, 50
^g/ml). On day 5, the number of cells was determined. The values
represent mean cell numbers ± SD for five cultures. Asterisks denote
statistically significant differences from PBS controls (*p<0.01) or
pre-immune IgG controls (**p<0.01).
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Anti-CTGF Antibodies Inhibited the Proliferation of
BAE Cells—The inhibitory effect of the anti-CTGF anti-
bodies was also confirmed by determining the cell number
using BAE cultures inoculated with cells at a lower density
(Fig. 2). The cell number of rCTGF (20 ng/ml)-treated
cultures was 129% (*p<0.01) of that of controls after 4
days, when the control cultures were subconfluent (Fig. 2).
Anti-CTGF antibodies also inhibited this stimulatory effect
to 57% (*•/>< 0.01) of the CTGF stimualted culture one
(Fig. 2). The anti-CTGF antibodies also inhibited the
spontaneous proliferation of BAE cells to 66.4% (**p<
0.01) of the pre-immune IgG-treated control level (Fig. 2),
suggesting the autocrine action of CTGF in BAE cells (22).
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Fig. 3. Stimulation by rCTGF of the migration of BAE cells
and its inhibition by anti-CTGF antibodies. The migration of cells
was measured by the modified Boyden chamber technique, as de-
scribed under "MATERIALS AND METHODS." To the lower cham
ber, 800 //I of DMEM containing BSA (0.2 mg/ml) and rCTGF (a), or
800 ^1 of DMEM containing BSA (0.2 mg/ml), and rCTGF and anti-
CTGF antibodies (b) was added. To the upper chamber, cells suspend-
ed in 400 !i\ of DMEM containing BSA (0.2 mg/ml) were added (4 x
104 cells in each well). Asterisks indicate significant differences
between pre-immune antibodies and anti-CTGF antibodies at the
significance level of *p<0.01.

rCTGF Stimulates the Migration of BAE Cells and Anti-
CTGF Antibodies Inhibit the Migration of BAE Cells—As
shown in Fig. 3a, rCTGF also stimulated the migration of
BAE cells dose-dependency and the effect was observable
at a concentration of 10 ng/ml, a plateau being reached at

0 ng/ml 10 ng/ml 50 ng/ml

0 ng/ml

10 ng/ml

50 ng/ml

Fig. 4. Checkerboard analysis of the response to rCTGF of
BAE cells. The factor was added to the upper compartment (UC)
and/or lower compartment (LC) at the concentrations indicated. The
solid arrow indicates the chemotactic gradient (most cells migrate
when the concentration of the stimulant is highest in the LC and
lowest in the UC). The dashed arrow indicates the gradient of
chemokinesis [most cells migrate when the concentration of the
stimulant is highest overall (in the UC or LC)]. The results are the
averages for three experiments.
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Fig. 5. Adhesion of BAE cells to rCTGF. Immunological plates
(96-well) were coated with 5-20 //g/ml rCTGF containing 0.1% BSA
in PBS at 4'C and then blocked with 6% BSA in PBS for 2 h at 4"C.
Then the plates were washed with PBS three times. In some experi-
ments, anti-CTGF antibodies or the IgG fraction of pre-immune
serum was incubated for 15 min at room temperature. BAE cells were
plated at 3 x lOVwell in serum-free DMEM. After incubation for 1 h,
serum-free DMEM was added to full wells and the plates were
inverted for 15 min. For determination of the attached cell number,
TetraColor ONE was added to the wells, followed by incubation for 1
h at 37'C under 5% CO, in air. The attachment efficiency was
determined by measurement of the absorbance at 450 nm. Asterisks
indicate significant differences between pre-immune IgG and anti-
CTGF antibodies at the significance level of *p<0.05 or ••p-CO.Ol
respectively. Data in the figure are representative of three experi-
ments yielding similar results.
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Angiogenic Activity of Connective Tissue Growth Factor (CTGF) 141

30 ng/ml. Anti-CTGF antibodies, but not pre-immune
antibodies, almost completely inhibited the stimulation of
cell migration by rCTGF (Fig. 3b).

rCTGF Stimulates Directed Migration of BAE Cells-To
determine whether the effect of rCTGF comprised chemo-
taxis (directed cell migration) or chemokinesis (random cell
movement), we performed checkerboard analysis (Fig. 4).
rCTGF stimulated cell migration most effectively when it
was placed only in the lower chamber, which is consistent
with the directed chemotactic activity of CTGF. Cell
migration was also induced by the presence of rCTGF in the

upper chamber, and both the upper and lower chambers,
but the effects were less than that observed in the presence
of rCTGF only in the lower chamber. These findings showed
that rCTGF stimulates directed chemotaxis of BAE cells,
although it has chemokinesis activity.

rCTGF Stimulates the Adhesion of BAE Cells and Anti-
CTGF Antibodies Inhibit the Adhesion of BAE Cells—We
next assessed the ability of CTGF to mediate cell attach-
ment. As shown in Fig. 5, many more BAE cells became
attached to rCTGF-coated plastic plates than control plates
without rCTGF. The effect depended on the concentration

Fig. 6. Induction of capillary-like
tube formation on the addition of
rCTGF. BAE cells were inoculated at a
density of 3xlO'/well into 35-mm-
diameter dishes with 3.0 ml of DMEM
containing 10% FBS. The medium was
changed on day 3, and the cells were
cultured for 5 days. When the cells be-
came monolayers (day 5), the medium was
changed to serum-free DMEM. After 24 h
incubation, 50 ng/ml of rCTGF (a), bFGF
(b), VEGF (c), or PBS (d) was added to the
cultures. After 12 h, photomicrographs of
the BAE cells were taken directly. Bar, 20
flTH.

Fig. 7. Representative results of
chorioallantoic membrane (CAM) as-
says. Embryonic CAM were treated on
day 10 with rCTGF or bFGF absorbed on
sterile glass fiber filter disks. The disks
prepared using 20 fx\ of factor were
placed upside down on windows which
had been made in the egg shells on day 8
of incubation. The embryos were killed 5
days later by injection of 10% formalin in
PBS. The CAM were excised, fixed in
10% formalin in PBS, inverted, and then
examined under a stereomicroscope.
Neovascularization occurred in chorio-
allantoic membranes at 5 days after the
application of glass fiber disks containing
1 ng of rCTGF (a), 2 Mg of rCTGF (b), 1
Hg of bFGF (c), or PBS as a control (d).
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FactorVIII h
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of rCTGF in the coating solution. Furthermore, cell adhe-
sion mediated by up to 20 ft g/ml of rCTGF was inhibited by
anti-CTGF antibodies, indicating that the adhesion is an
intrinsic activity of rCTGF.

rCTGF Stimulates the Tube Formation of BAE Cells-
Tube formation is the result of a process of dynamic
remodeling of vascular systems. When rCTGF was added
to a monolayer of BAE cells, the attached endothelial cells
extended cell processes, formed cell-cell contacts, and
established a branched network comprising elongated,
bipolar cells (Fig. 6b). On the other hand, when bFGF and
VEGF were added, BAE cells extended cell processes and
overlapped each other, but no obvious network was formed
(Fig. 6, candd).

rCTGF Induces Neovascularization and Anti-CTGF
Antibodies Blocked the Angiogenesis in Chorioallantoic
Membranes—The above in vitro findings allowed us to
investigate the angiogenic activity of rCTGF in vivo.
Firstly, we carried out a chorioallantoic membrane (CAM)
assay. When glass fiber disks containing rCTGF and bFGF
were placed on CAM of chick embryos, these factors
induced the formation of small vessels radically directed
toward the center of the membrane (Fig. 7, a, b, and c). As
a control, PBS showed no effect on the vascular pattern
(Fig. 7d). The effect of rCTGF was dose-dependent, and
significant at 1 and 2 fig (Table I; p = 0.05 at 0.5 fig, p<
0.001 at 1 and 2ftg). Furthermore, the effect of rCTGF
was almost the same as that of bFGF (Fig. 7 and Table
I). Pre-incubation of rCTGF with anti-CTGF antibodies
before absorption to glass fiber filter disks abolished
neovascularization entirely (Table I; p = 0.016).

rCTGF in Collagen Pellets Induces Neovascularization in
the Backs of Rats—Next, we injected rCTGF in a collagen
pellet into the backs of mice. As shown in Fig. 8, strong

TABLE I. The effect of rCTGF on neovascularization in chor-
ioallantoic membranes.

Test substances

PBS
rCTGF (0.5 fig)
rCTGF (1 MS)
rCTGF (2 fig)
bFGF (1 Mg)
bFGF (2 Mg)
rCTGF (1 Mg)

-(-anti-CTGF A
rCTGF (1 Mg)

-fpre-immune

No. of
eggs
used

7
3
6

11
4
7

7
LB (200 ^g)

IgG(200^g) 5

No.

-
3
0
0
0
0
0

2

0

of eggs with angiogenesis
activity*

±
3
3
0
0
0
0

3

0

+
1
0
2
0
0
0

2

3

f +
0
0
4
5
3
3

0

2

+ + +
0
0
0
6
1
4

0

0

•The scoring of angiogenesis is described in the text.

Fig. 8. Histological and inununohistochemical analyses of
type I collagen/rCTGF implants harvested at 1 week, (a) The
explant of a control type I collagen pellet, (b) Low-power magnifica-
tion of a hematoxylin-eosin stained section of a control pellet, (c)
High-power magnification of hematoxylin-eosin staining of a control
pellet, (d) The explant of a type I collagen/rCTGF pellet, (e) Low-
power magnification of a hematoxylin-eosin stained section of a type
I collagen/rCTGF pellet, (f) High-power magnification of hematoxyl-
in-eosin staining of endothelial cells (arrow heads) and blood vessels
(arrows) around a type I collagen/rCTGF pellet, (g) Immunohisto-
chemical staining demonstrating positive factor VOL (h) Immunohis-
tochemical staining demonstrating positive laminin. Original magni-
fication: 10x for (b and e), and 50 / for (c, f, g, and h).

angiogenesis into the collagen pellets containing 10 fig of
rCTGF had occurred after 1 week. Microscopy revealed
many vessels which were immunostained with antibodies
against factor VHI (Fig. 8g) and laminin (Fig. 8h), markers
of endothelial cells and the basement membrane, respec-
tively. On the other hand, no vessel was observed in the
collagen pellets in the control groups.

DISCUSSION

In the process of angiogenesis, endothelial cells first
migrate from the parent vessel and proliferate along a
gradient of a chemoattractant toward angiogenic signals,
resulting in the formation of nascent capillary sprouts (26-
28) and tubes with a new basement membrane (29).
Cellular attachment is also important in this process (30).
Although CTGF was found in conditioned medium of
human umbilical vein endothelial cells (HUVEC) (1), there
has been no report on the effect of CTGF on angiogenesis in
vivo and only one report on the effect of CTGF on cultured
endothelial cells. That was Kireeva et al. 's report showing
that Fispl2, the mouse homolog of human CTGF, promoted
HUVEC adhesion and enhanced bFGF-induced DNA syn-
thesis (31). In the present study, we confirmed that rCTGF
promoted the adhesion (Fig. 5) of endothelial cells using
BAE cells. However, although Kireeva et al. (31) reported
that Fispl2 has no detectable mitogenic activity without
bFGF, we found that rCTGF stimulated the proliferation of
BAE cells in medium without serum or growth factors (Fig.
1), suggesting a direct effect of CTGF on the proliferation of
endothelial cells. However, BAE cells are known to produce
much more bFGF than HUVEC do (32), so the growth
stimulatory effect on the addition of rCTGF alone might
comprise a potentiating effect on the autocrine growth
stimulatory action of endogenous bFGF. Further investiga-
tion is needed to clarify the cause of this discrepancy.

In addition to cell proliferation and cell adhesion, we
found for the first time that rCTGF promoted not only the
migration but also the chemotaxis of endothelial cells (Figs.
3 and 4). The stimulatory effects of rCTGF on the prolifera-
tion, adhesion and migration of endothelial cells were
inhibited by anti-CTGF antibodies, indicating that these
effects are indeed due to CTGF itself, and not to any
contaminants in the rCTGF preparation. Moreover, we
showed that rCTGF, but not bFGF or VEGF, induced
capillary-like tube formation by BAE on plastic dishes
without any matrix component (Fig. 6). Some investigators
reported that bFGF and VEGF induce tube formation by
endothelial cells on/in collagen gels (33-36), but others
failed to induce tube formation in collagen or a fibrin matrix
(37, 38). So far, there has been no explanation for this
discrepancy but it might be due to differences in culture
conditions or the different origins of endothelial cells (33-
38). Anyway, our results clearly demonstrate that rCTGF
has strong capillary-like tube forming activity. All these
findings indicate that CTGF is a strong angiogenesis factor
in vitro.

In addition to with the in vitro assay, we also demonstrat-
ed that rCTGF induced angiogenesis in vivo using the CAM
assay (Fig. 7), and the rat subcutaneous implantation model
(Fig. 8). Anti-CTGF antibodies blocked the in vivo angio-
genesis induced by rCTGF, indicating that this is also due to
rCTGF itself, not contaminants in the rCTGF preparation
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(Table I). From these in vivo and in vitro findings, we
conclude that CTGF is a novel, strong angiogenic factor
capable of inducing principal aspects of the angiogenic
process in vitro and in vivo.

CTGF is a member of an emerging family of extracellular
proteins known as the CCN family (1-3). Lau and his
colleagues (4, 39) reported that CYE61, a product of a
growth factor-inducible immediate early gene in mouse
fibroblasts, which is a member of the CCN family and
exhibits 50% amino acid identity with CTGF stimulated the
adhesion and directed migration of HUVEC in culture
through an a\03 integrin-dependent pathway. Therefore,
it would be interesting to determine the roles of integrin
aw/33 in the adhesion and chemotaxis of endothelial cells to
CTGF.

Recently, we demonstrated the presence of receptors
specific for CTGF on a human chondrosarcoma-derived
chondrocytic cell line, HCS-2/8, by means of a binding
assay and a cross-Unking study involving 125I-CTGF-label-
ed recombinant CTGF (15). In our preliminary cross-Unk-
ing study with BAE cells, we also found the formation of a
126I-CTGF-receptor complex with a similar apparent
molecular weight to that of HCS-2/8 (unpublished data).
Therefore, it is feasible that CTGF promotes the adhesion
and chemotaxis of endotheUal ceUs through integrin «v/J3,
because of the structural similarity of CTGF and CYR61,
and stimulates the proUferation of endotheUal cells through
such specific receptors.

No expression of CTGF has been observed in normal
blood vessels in vivo (40, 41), or in quiescent endotheUal
cells in vitro, but we previously demonstrated that the
factor is markedly overexpressed in migrating and proUfer-
ating endothelial cells in vitro (22). Moreover, we reported
that immuno8taining with anti-CTGF antibodies was ob-
served not only in the hypertrophic region of cartilage but
also in the endotheUal cells invading cartilage from bone in
the cost-chondral junctions of newborn mouse ribs, and the
endotheUal cells were stained more intensely than the
hypertrophic chondrocytes (22). On the other hand, in situ
hybridization using the cost-chondral junctions of mice of
the same age revealed that the mRNA expression of CTGF
was higher in hypertrophic chondrocytes than in the en-
dotheUcal cells invading cartilage from bone, although the
endotheUcal cells expressed CTGF mRNA (unpublished
data). The vasculature is normally quiescent but neovas-
cularization occurs during growth and development, and the
newborn mouse rib is a rapidly growing tissue. Therefore,
it is feasible that CTGF produced by hypertrophic chon-
drocytes is released toward endothelial cells in the cost-
chondral junctions and acts as a paracrine angiogenesis
factor, and then the stimulated endotheUal cells produce
CTGF as an autocrine angiogenesis factor like bFGF (42).
In other words, CTGF detected in/on endotheUal cells
might be the sum of CTGF produced by the hypertrophic
chondrocytes and the endotheUcal cells. Through this
mechanism, hypertrophic chondrocyte-derived CTGF may
induce angiogenesis as a prelude to the replacement of
cartilage with bone .From this point of vie w, the finding that
CTGF is an angiogenesis inducer provides a novel insight
into its biological functions in growth and development.

In the adult, endotheUal cells are almost in a quiescent
stage, but angiogenesis occurs during the processes of
wound healing and tumor development (17). So, the

biochemical finding that the expression of CTGF is induced
in granulation tissues during wound healing (3, 40, 41) may
also suggest a role for CTGF in neovascularization during
wound repair. Moreover, the finding that CYR61 promotes
angiogenesis and tumor growth (43) may also suggest a
similar role of CTGF in tumor angiogenesis. Futhermore,
some CD31-positive endotheUal cells in atherosclerotic
plaque vessels, but not normal arteries, express high levels
of CTGF mRNA and protein (44). Therefore, CTGF and a
related protein like CYR61 may also play possible roles in
the pathological angiogenesis.
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