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Angiogenesis is the process by which new capillaries are formed
by sprouting from pre-existing vessels. VEGF is a potent en-
hancer of angiogenesis and vascular permeability in vivo and has
been shown to be crucial to vasculogenesis and angiogenesis.
These biological effects are mediated by binding of one of the
isoforms of VEGF to members of the VEGF receptor (VEGFR)
family: FLT1 (also known as VEGFR1), KDR (also known as
VEGFR2 and FLK-1) or neuropilin. Both FLT1 and KDR are essen-
tial for normal vascular development. Experiments with mice
genetically engineered to lack either Kdr or Flt1 determined that
Kdr is essential for the development of endothelial cells, whereas
Flt1 is necessary for the organization of the embryonic vascula-
ture1–3. The Kd for VEGF binding to KDR is 75–770 pM4–7, which is
10–90 times higher than that for FLT1 (10 pM)7,8. Both receptors
undergo distinct signal transduction pathways after binding
VEGF, with KDR showing strong ligand-dependent tyrosine
phosphorylation in comparison with FLT14,7–9.

Remodeling of the extracellular matrix (ECM) is an important
regulator of neovascularization, vascular morphogenesis and
vascular invasion. The initiating stage in angiogenesis is believed
to be a proteolytic degradation of capillary basement membrane
by MMPs and serine proteases10. Members of the MMP family
have an important role in angiogenesis11–13. Mice deficient in
MMP2 and MMP9 show reduced angiogenesis in vivo14. TIMP3,
an ECM-bound protein that is expressed ubiquitously, is a po-
tent inhibitor of angiogenesis and tumor growth15–17. TIMP3 is a
member of a family of endogenous MMP inhibitors, of which

there are currently four members (TIMP1 through TIMP4). By
virtue of their MMP-inhibitory activity, TIMP family members
have a potentially important function in regulating matrix com-
position and thereby affect a wide range of physiological
processes including cell growth, invasion, migration, angiogene-
sis, transformation and apoptosis. Mutations in TIMP3 are asso-
ciated with Sorsby fundus dystrophy, a macular degenerative
disease manifested by sudden loss of visual acuity in the third to
fourth decades of life due to choroidal (submacular) neovascu-
larization18–20. We reasoned that because TIMP3 might con-
tribute to the regulation of VEGF-mediated angiogenesis, an
examination of its mechanism of action would be important in
understanding its role in physiological and pathological condi-
tions.

Effect of TIMP3 on VEGF-mediated angiogenesis
To determine the effect of TIMP3 on in vivo angiogenesis, we
used the chick embryo chorioallantoic membrane (CAM) assay21.
Recombinant human VEGF165 (100 ng), incorporated into
methylcellulose disks, induced branching and leakage of blood
vessels, presumably due to the induction of vascular permeabil-
ity. At doses of 0.75 µg/disk and 1.5 µg/disk, TIMP3 inhibited
both these responses in 75% (n = 8) and 90% (n = 10) of CAMs,
respectively (Fig. 1a). At similar doses, TIMP1 did not show any
angiogenesis inhibition (0% of CAMs tested, n = 10).
Quantitation of tertiary branchpoints of capillaries determined a
decreased angiogenic index with VEGF plus TIMP3 (90 ± 1) as
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compared with VEGF (190 ± 5) and VEGF plus TIMP1 (172 ± 8).
We previously showed inhibition of tumor growth by TIMP3
(ref. 15). Immunohistochemical staining of human breast tu-
mors expressing TIMP3, with antibodies against von Willebrand
factor, showed a decrease in neovascularization as compared
with control tumors (Fig. 1b), similar to that recently described
in a mouse tumor model22. These results suggest an important
regulatory function for TIMP3 in tumor-induced neovasculariza-
tion. Considering that VEGF is believed to induce angiogenesis
by engaging KDR, we tested the ability of TIMP3 to inhibit
VEGF-induced migration and proliferation of endothelial cells
expressing KDR. VEGF can induce endothelial cell chemotaxis,
an essential component of angiogenesis. When added exoge-
nously to endothelial cells, recombinant TIMP3 inhibited their
migration toward VEGF in a dose-dependent manner (Fig. 1c),
with complete inhibition occurring at a dose of 3 µg/ml. The in-
hibition of migration was not observed with TIMP1 or with the

synthetic MMP inhibitor BB3103 (Fig. 1d), indicating that
TIMP3 is unique in this regard. We generated stable endothelial
cell lines that expressed KDR or platelet-derived growth factor re-
ceptor-β (PDGFR-β) on their surface as well as functional TIMP3
in their ECM (Fig. 1e). The stable expression of TIMP3 was con-
firmed by western blot analysis using polyclonal antibodies
against TIMP3 (Fig. 1e). Reverse zymography confirmed that
TIMP3 was a functional MMP inhibitor in these cells (Fig. 1e).
Stable expression of TIMP3 in the endothelial cells resulted in an
attenuation of the chemotactic response to VEGF121 and VEGF165

(Fig. 1f).
Purified recombinant TIMP3, when added exogenously to en-

dothelial cells at doses of 0.3–1 µg/ml, inhibited the proliferative
response to VEGF165 and VEGF121 (Fig. 2a). Recombinant TIMP3
(1 µg/ml and 10 µg/ml), but not recombinant TIMP2 or syn-
thetic MMP inhibitor, could also inhibit DNA synthesis of cells
in response to VEGF165, as measured by uptake of [3H]thymidine

a b

c d

f

e

Fig. 1 TIMP3 inhibits VEGF-mediated angiogenesis. a, Chicken CAMs (3 d)
were exposed to control buffer (top left), 100 ng VEGF (bottom left), 100 ng
VEGF plus 1.5 µg TIMP3 (top right) or 100 ng VEGF plus 1.5 µg TIMP1 (bot-
tom right) for 48 h. b, Tumors from mice injected subcutaneously with
MDA-MB435 human breast carcinoma cells, transfected with empty pCEP4
vector (control) or pCEP4-TIMP3 (TIMP3; left panel). Representative pho-
tographs of immunohistochemical staining of 3-µm sections with antibodies
to von Willebrand factor (right; control, top; TIMP3, bottom). Brown reac-
tion product depicts endothelial cells lining the vessels. c, Inhibition of
VEGF165 (10 ng/ml)-mediated migration of PAE-KDR cells by recombinant
TIMP3 (rTIMP3). d, Comparison of the effects of rTIMP3, rTIMP1 and
BB3103 on VEGF165-induced migration of PAE-KDR cells. c and d, �, VEGF165;
�, unstimulated. e, Analysis of endothelial cells expressing TIMP3.
Expression of TIMP3 protein was confirmed by immunoblotting with TIMP3-
specific antibody in PAE-KDR cells (top left) and PAE–PDGFR-β cells (top
right). Ability of overexpressed TIMP3 to inhibit gelatinases was analyzed by
reverse zymography in ECM preparations of PAE-KDR (bottom left) and
PAE–PDGFR-β cells (bottom right). f, Migration of PAE-KDR cells expressing

TIMP3 (KDR-TIMP3) toward VEGF121 and VEGF165. In all migration experi-
ments, migrating cell number is expressed as mean ± s.e.m. of quadruplicate
samples. All experiments were done in triplicate. Open symbols, KDR-vector;
closed symbols, KDR-TIMP3. *, P < 0.01; **, P < 0.05.
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termined by reverse zy-
mography (top right).
Corresponding densito-
metric quantitation is
expressed as arbitrary
optical density (OD)
units ± s.d. f, DNA syn-
thesis in adenovirus-in-
fected cells in response
to VEGF. Effect of ex-
pression of ‘inactive’
TIMP3 on DNA synthe-
sis induced by VEGF
was measured by incor-
poration of [3H]thymidine. In all proliferation experiments, total number
of cells was counted at 48 h. Proliferating cell number is expressed as
means ± s.e.m. of quadruplicate samples. DNA synthesis data represent
the means ± s.e.m. of triplicate samples; similar results were obtained in
at least 2 different experiments. �, VEGF165; �, control. *, P < 0.01.
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(Fig. 2c). As with exogenously added recombinant TIMP3, over-
expression of TIMP3 in endothelial cells resulted in an attenua-
tion of the proliferative response to VEGF165 and VEGF121 (Fig.
2d). Neither recombinant TIMP3 nor TIMP3 overexpression af-
fected the proliferative response of endothelial cells to PDGF-BB
or basic fibroblast growth factor (bFGF; Fig. 2b and d), suggesting
the inhibitory effect to be specific for VEGF. None of the other
TIMPs tested (Fig. 2a) could inhibit this response, indicating that
this VEGF-inhibitory function is unique to TIMP3 and may be
independent of its MMP-inhibitory activity. The N-terminal do-
main of TIMP3 contains the Cys 1 residue that is critical for met-
alloproteinase inhibition. To confirm that MMP inhibition is
not required for the anti-angiogenic effect, we infected mouse
endothelial cells (MS1) with an adenovirus (Rad66; see Methods)
expressing a recombinant TIMP3 protein (TIMP3Cys1-Ser) that has
reduced metalloproteinase-inhibitory activity, as previously de-
scribed23. Earlier studies showed that infection with the aden-
ovirus expressing wild-type TIMP3 could promote apoptosis in
some cell lines such as vascular smooth muscle cells, HeLa and
HT1080 (refs. 24–26), but not in others such as COS-7 (ref. 27)

and endothelial cells (A.B., unpublished observations). No apop-
tosis was observed in the MS1 cells after infection with wild-type
or mutant virus. Whereas expression levels in cells infected with
the recombinant adenovirus Rad-TIMP3Cys1-Ser were similar to
those produced by the adenovirus expressing wild-type TIMP3
(Fig. 2e), reverse zymography of ECM extracts showed that re-
combinant TIMP3Cys1-Ser had reduced metalloproteinase-
inhibitory activity (Fig. 2e). Endothelial cells infected with 
Rad-TIMP3Cys1-Ser were still inhibited in their proliferative re-
sponse to VEGF, as measured by incorporation of [3H]thymidine
(Fig. 2f).

TIMP3 inhibits VEGF-induced KDR and MAPK phosphorylation
VEGF mediates its activity by binding to its receptor, leading to
phosphorylation of the receptor and a series of downstream sig-
naling events. We found that 1 µg/ml of recombinant TIMP3
strongly inhibited VEGF165-induced phosphorylation of KDR in
response to VEGF165 (Fig. 3a) but did not affect the phosphoryla-
tion of PDGFR-β when stimulated with PDGF-BB. Similarly,
overexpression of TIMP3 in endothelial cells also attenuated the

Fig. 2 TIMP3 inhibits VEGF-mediated endothelial cell proliferation. a,
Proliferative response of PAE-KDR cells to VEGF165 (5 ng/ml; left) and
VEGF121 (30 ng/ml; right). Effects of recombinant TIMP3 (rT3; 0.3 µg/ml
and 1 µg/ml), TIMP1 (rT1; 1 µg/ml) and BB3103 (10 µm) were examined
by pretreatment of cells for 30 min before the addition of VEGF. �,
VEGF165 (left) or VEGF121 (right); �, control. b, Effect of TIMP3 (1 µg/ml
and 5 µg/ml) on proliferative response of PAE-PDGFR-β to PDGF-BB (�,
left) and PAE-FGFR1 to bFGF (�, right) compared to control, �. c, DNA
synthesis of endothelial cells in response to VEGF165 (�). Effects of rTIMP3,
rTIMP2 and synthetic MMP inhibitor were examined by pretreatment of
cells before addition of VEGF. [3H]thymidine incorporation was measured
during the last 5 h of incubation. �, control. d, Proliferative response of
endothelial cells expressing KDR-TIMP3 (left) or PDGFR-β-TIMP3 (right)
to VEGF121 (�) and VEGF165 (�) was compared with response in cells lack-
ing TIMP3 (KDR-vector and PDGFR-β–vector, respectively). PDGF-BB (�,
right); �, unstimulated. e, Analysis of mouse endothelial cells infected
with adenovirus expressing WT-TIMP3 (WT-T3) and TIMP3Cys1-Ser (T3-
C1S). Expression of TIMP3 protein was determined by immunoblotting
with antibody against TIMP3 (top left). MMP-inhibitory activity was de-
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response to VEGF165 but not to PDGF-BB (Fig. 3b). As expected,
downstream phosphorylation of ERK1 and ERK2 was inhibited
in response to VEGF, but not to PDGF-BB, by recombinant
TIMP3 (Fig. 3a), as well as in cells overexpressing TIMP3 (Fig.
3b). Neither exogenous addition of TIMP3 nor overexpression of
TIMP3 affected the protein expression of KDR, ERK1 or ERK2.

TIMP3 functions independently of its TIMP activity
We examined the effect of TIMP3 on the binding of VEGF to one
of its receptors, KDR, on the surface of endothelial cells.
Exogenous addition of recombinant TIMP3 (Fig. 4a) as well as
overexpression of TIMP3 in endothelial cells (Fig. 4b) resulted in
decreased binding of [125I]VEGF to the surface of cells expressing
KDR. Pretreatment of KDR-transduced porcine aortic endothelial
(PAE-KDR) cells with recombinant TIMP3 inhibited the binding
of [125I]VEGF to PAE-KDR cells in a concentration-dependent
manner, with a half-maximal inhibitory concentration (IC50) of
3.3–4.5 µg/ml (Fig. 4a). In comparison, cold VEGF competed

with labeled VEGF for binding to PAE-KDR cells with an IC50 of
8.5–15 ng/ml (Fig. 4b). Neither recombinant TIMP3 nor overex-
pression of TIMP3 could inhibit binding of PDGF-BB to
PAE–PDGFR-β cells (Fig. 4a and c) in which PDGF-BB could in-
hibit binding with an IC50 of 19–23 ng/ml (Fig. 4c). The effect of
TIMP3 on the affinity and binding capacity of VEGF for PAE-
KDR cells was evaluated in a binding assay (Fig. 4d). Scatchard
plot analysis revealed that untreated PAE-KDR cells possessed a
large number of high-affinity VEGF-binding sites (3.3 × 106–6.9 ×
106 sites/cell), which bound VEGF with a Kd of 50–100 pM. These
results are consistent with those reported earlier for endothelial
cells4. Treatment with recombinant TIMP3 resulted in reduced
binding affinity of VEGF165 with a Kd of 333 pM and expression
of 1.9 × 106 binding sites per cell (Fig. 4d). Similar experiments in
PAE-KDR-TIMP3 cells stably transfected with TIMP3 cDNA
showed a reduction in the binding affinity of VEGF 
(Kd = 250 pM) and the number of binding sites for VEGF 
(1.4 × 105 binding sites per cell), compared with cells transfected

with an empty vector (Kd = 50–100 pM; Fig. 4e). These
results suggest that the mechanism of inhibition of
VEGF binding by TIMP3 is likely to be competitive.
Overexpression of TIMP3 in PAE cells expressing
PDGFR-β did not affect either the binding affinity of
[125I]PDGF (Kd = 1 nM) or the number of binding sites
per cell (4.2 × 107 binding sites per cell), as compared
with cells expressing PDGFR-β but not TIMP3 
(Kd = 1.1 nM and 3.9 × 107 binding sites per cell; Fig. 4c
and f). We also found that recombinant TIMP1, recom-
binant TIMP2, synthetic MMP inhibitor BB3103, and
MMP-2 and MMP-9 inhibitor (2R)-[(4-biphenylylsul-
fonyl)amino]-N-hydroxy-3-phenylpropionamide could
not inhibit binding of VEGF to PAE-KDR cells under
the same conditions (Fig. 4g). Endothelial cells infected
with adenovirus expressing TIMP3 with reduced MMP-
inhibitory activity (TIMP3Cys1-Ser) also showed reduced
binding of VEGF to its cell surfaces (Fig. 4h). This indi-
cated that the inhibition of VEGF binding by TIMP3
was likely to be independent of its MMP-inhibitory ac-
tivity. Taken together, these results suggest that TIMP3
is capable of specifically and competitively inhibiting
VEGF binding to KDR, thereby attenuating receptor ac-
tivation and downstream signaling. To ensure that

a

b

Fig. 3 TIMP3 inhibits KDR-mediated signaling. a, Effect of re-
combinant TIMP3 on growth factor–mediated phosphorylation
of the receptor was examined by immunoprecipitation (Ip) of
cell lysates with antibody specific for KDR (anti-KDR) and im-
munoblotting (Ib) with phosphotyrosine-specific antibody 4G10
in PAE-KDR cells treated with 50 ng/ml of VEGF165 (top left
panel). PDGF-BB-mediated phosphorylation was examined simi-
larly in PAE−PDGFR-β cells (anti-PDGFR-β; top right panel). 
b, VEGF165-mediated phosphorylation of KDR in PAE-KDR cells
overexpressing TIMP3 (top left). PDGF-BB–mediated phosphory-
lation of PDGFR-β in PAE-PDGFR-β cells overexpressing TIMP3
(top right). KDR protein or PDGFR-β protein was analyzed by
both immunoprecipitation and immunoblotting with antibodies
specific for KDR (left) or for PDGFR-β (right; a and b, second pan-
els from top). Phosphorylation of ERK1 and ERK2 in response to
VEGF or PDGF-BB was detected by immunoblotting with phos-
phospecific ERK1/2 antibodies (anti-ERK1/2 phosphospecific; a
and b, third panels from top). Total protein levels of ERK were de-
termined by immunoblotting with antibodies specific for ERK1/2
(anti-ERK1/2; a and b, bottom).
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TIMP3 was blocking the binding of VEGF to KDR specifically, we
conducted cross-linking and immunoprecipitation experiments
using KDR antisera. The expected cross-linked monomeric and
dimeric KDR receptor forms were recovered from PAE-KDR cells
(Fig. 5a), but not in the presence of excess unlabelled VEGF or
from PAE-KDR-TIMP3 cells. We ruled out the possibility that
TIMP3 induced internalization of surface KDR because the ex-
pression of KDR in plasma membrane and lysates of PAE-KDR
and PAE-KDR-TIMP3 cells (Fig. 5b) was similar.

TIMP3 specifically blocks VEGF-KDR interaction
To determine whether TIMP3 could directly block the interac-
tion between KDR and VEGF, we used an in vitro solid-phase
binding assay with soluble KDR-IgG and [125I]VEGF165. Binding of
VEGF was decreased in the presence of recombinant TIMP3 (Fig.
5c), in a concentration-dependent manner (Fig. 5d) with an ap-
parent IC50 of 2.9 µg/ml, which is similar to what we observed in
PAE-KDR cells. In contrast, similar doses of TIMP3 could not in-
hibit [125I]VEGF binding to soluble FLT1-IgG (Fig. 5d), indicating
the inhibitory effect of TIMP3 to be specific for KDR. These re-
sults suggested the possibility of TIMP3 binding to either VEGF
or KDR to mediate this inhibition. Solid-phase binding assays
using [125I]VEGF and wells coated with KDR-IgG, TIMP1, TIMP2

or TIMP3 did not detect direct binding of VEGF to TIMP3 or any
of the other members of the TIMP family (Fig. 5e).

TIMP3 binds directly to KDR
To determine whether TIMP3 could interact directly with KDR,
we first tested whether TIMP3 and KDR formed a complex on
the surface of PAE-KDR-TIMP3 cells. Co-immunoprecipitation
experiments with lysates from PAE-KDR and PAE-KDR-TIMP3
cells confirmed this interaction. Immunoprecipitation with
TIMP3 antisera could pull down KDR protein; reciprocal im-
munoprecipitation with KDR antisera could pull down TIMP3
protein only in PAE-KDR cells expressing TIMP3 or treated with
exogenous recombinant TIMP3 (Fig. 6a). [125I]TIMP3 could be co-
valently cross-linked to KDR-IgG by bis(sulfosuccinimidyl)suber-
ate (Fig. 6b). In addition, both unlabeled VEGF and TIMP3 (Fig.
6c) could inhibit the binding of labeled TIMP3 to the surface of
endothelial cells. To determine if this KDR-TIMP3 interaction
occurs in vivo, we conducted immunoprecipitation experiments
on extracts of human placenta that are known to be rich in
TIMP3 protein. Co-immunoprecipitation experiments con-
firmed that immunoprecipitation with TIMP3 antisera could
pull down KDR and that reciprocal immunoprecipitations with
KDR antisera could pull down TIMP3 (Fig. 6d). These data

a b c d

e f g h

Fig. 4 TIMP3 inhibits binding of VEGF to its receptor, KDR. a, Effect of
TIMP3 on the binding of [125I]VEGF (�) to the surface of PAE-KDR cells and
[125I]PDGF-BB (�) to the surface of PAE-PDGFR-β cells. The amount of
bound radioligand in the absence of TIMP3 is taken as 100%. Radioligand
binding is expressed as percent binding and is the mean ± s.e.m. of tripli-
cate samples. b, Confluent cultures of PAE-KDR cells (�) and PAE-KDR-
TIMP3 cells (�) were incubated with 250 pM [125 I]VEGF165 in the absence or
presence of various concentrations of unlabeled VEGF. Results are ex-
pressed as percent maximum, with binding to PAE-KDR cells in the absence
of unlabeled VEGF as 100%. All values are expressed as mean ± s.e.m. of
triplicate samples. c, [125I]PDGF-BB binding to PAE-PDGFR-β (�) and PAE-
PDGFR-β-TIMP3 (�). d, Scatchard representation of specific binding of

[125I]VEGF165 to PAE-KDR cells in the absence (�) or presence (�) of recom-
binant TIMP3. e, Scatchard representation of specific binding of
[125I]VEGF165 to PAE-KDR-vector (�) or PAE-KDR-TIMP3 (�) cells. f,
Scatchard representation of specific binding of [125I]PDGF-BB to PAE-
PDGFR-β-vector (�) or PAE-PDGFR-β-TIMP3 (�) cells. g, Comparison of the
effect of rTIMP1, rTIMP2, rTIMP3, BB3103 and MMP-2/MMP-9 synthetic
inhibitor on the binding of [125I]VEGF165 to PAE-KDR cells. Binding is ex-
pressed as mean ± s.e.m. Data is shown as percent binding of triplicate
samples, with binding to PAE-KDR cells in the absence of any inhibitor as
100%. *, P < 0.01. h, Effect of expression of WT-TIMP3 (�) and TIMP3-C1S
(�) on binding of 125I-labeled VEGF165 to MS1 endothelial cells. �, control
adenovirus. *, P < 0.01.
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strongly suggest that TIMP3 can bind to KDR in vivo and regulate
its interaction with VEGF to inhibit angiogenesis.

Discussion
The stimulatory role of MMPs in the process of angiogenesis and
subsequent tumor growth has been recently investigated28,29.
Our previous report of the angio-inhibitory properties of TIMP3
suggested that this might be a consequence of simply inhibiting
MMPs. We undertook the present study to examine the exact
molecular mechanism by which TIMP3 inhibits VEGF-mediated
angiogenesis. Much to our surprise, we discovered that TIMP3
can inhibit angiogenesis by attenuating the binding of VEGF to
KDR, thereby inhibiting the downstream signaling pathways
necessary to stimulate the cell. This property appeared to be in-
dependent of its MMP-inhibitory activity, because other TIMPs
(TIMP1 and TIMP2) and synthetic MMP inhibitors could not in-
hibit the binding of VEGF to KDR in intact cells. TIMP3 could in-
hibit binding of VEGF to purified soluble KDR in an in vitro
system in the absence of cell membranes. In addition, the over-
expression of a TIMP3 with reduced activity could inhibit bind-
ing of VEGF, a finding that confirmed that MMP inhibition is
not required for inhibition of angiogenesis. This inhibition ap-
peared to be specific for VEGF, because signaling by PDGF and
bFGF through their receptors was unaffected. A higher dose of
TIMP3 (IC50 = 3.3–4.5 µg/ml) was required to block the binding
of VEGF to KDR compared with the dose required to block the
biological responses of in vivo angiogenesis, endothelial cell pro-
liferation and migration (0.3–3 µg/ml). Although the difference
in the amount of TIMP3 required to induce these effects is prob-
ably due to the difference in the sensitivity of readout of the dif-
ferent assays, there is a possibility that TIMP3 might act through
two different mechanisms—one at low doses to block the biolog-
ical responses and the other at a higher dose to compete for
binding to KDR. In addition, the inhibition of VEGF binding was
specific for KDR with no effect on FLT1. This suggests a unique
function for TIMP3 that is independent of its MMP-inhibitory
activity. It also suggests a direct specific interaction between

TIMP3 and KDR rather than between TIMP3 and VEGF or other
receptor-like molecules present on the surface of endothelial
cells. We found no evidence of a direct binding of TIMP3 to
VEGF, nor could it induce internalization of surface KDR in in-
tact cells. However, in vitro cross-linking analysis showed that
TIMP3 could directly bind soluble KDR (KDR-Fc). The affinity of
KDR for TIMP3 is weaker than its affinity for VEGF because
TIMP3 could inhibit VEGF binding to cells with an IC50 of
3.3–4.5 µg/ml, as compared with 8.5–15 ng/ml for VEGF. TIMP-2
can directly suppress the mitogenic response to tyrosine kinase-
type epidermal growth factor (EGF), bFGF and PDGFR-β in an
MMP-independent fashion30. TIMPs have been shown to alter in
vitro cell growth and survival of a variety of cell types, indepen-
dent of their MMP-inhibitory activity. Thus, TIMPs may be mul-
tifunctional, with specific effects based on their localization in
tissues.

TIMP3 is a secreted 24-kD protein that distinguishes itself
from other members of the TIMP family by its ability to bind to
the ECM. In the outer retina, TIMP3 is synthesized by the retinal
pigment epithelium (RPE) and deposited into Bruch’s mem-
brane31–34. The relationship between the choriocapillaris, Bruch’s
membrane and the RPE has been a focus of interest to both clin-
icians and basic scientists for a number of years. The specific lo-
calization of KDR at the inner choriocapillaris, facing the RPE,
supports the notion that VEGF secreted by the RPE is involved in
a physiological paracrine association with the choriocapillaris35.
By virtue of its angio-inhibitory properties, as well as its presence
in Bruch’s membrane, a major function can be hypothesized for
TIMP3 in the regulation of the angiogenic state of the chorio-
capillaris. Sorsby fundus dystrophy is an early-onset, inherited
form of macular degeneration, characterized by thickening of
Bruch’s membrane and submacular neovascularization, which
are also features of age-related macular degeneration. Mutations
in the TIMP3 gene have been associated with the disease20,27, and
increased amounts of the protein were observed in the large sub-
retinal deposits in the eye of one patient31. TIMP3 levels are ele-
vated in drusen and Bruch’s membranes from the eyes of

a b c d

Fig. 5 TIMP3 inhibits binding of VEGF to KDR but not to Flt-1. a, Cross-linking of VEGF isoforms to PAE-
KDR-vector cells or PAE-KDR-TIMP3 cells. di-KDR, dimeric KDR; mono-KDR, monomeric KDR. b, Expression
of KDR in the lysate and plasma membrane (PM) of PAE-KDR and PAE-KDR-TIMP3 was analyzed by im-
munoprecipitation (Ip) and western blot (Ib) analysis with antibody specific for KDR. c, Solid-phase binding
of [125I]VEGF165 to purified recombinant soluble KDR-IgG in the absence (�) or presence (�) of recombinant
TIMP3. d, Competitive displacement of [125I]VEGF165 from soluble KDR (�) but not soluble FLT1 (�) with in-
creasing concentrations of recombinant TIMP3 protein. Binding is expressed as percent binding, with bind-
ing to KDR and FLT1 in the absence of TIMP3 as 100%.  e, Direct binding of [125I]VEGF165 to TIMP1, TIMP2 or
TIMP3. Values are the mean ± s.e.m. of triplicate wells.
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age-related macular degeneration patients32. In the same study,
TIMP3 immunoreactivity was markedly reduced in areas where
choroidal neovascularization was observed, and where the RPE
was absent. It is possible that RPE atrophy leads to a decrease in
TIMP3 expression, which in turns allows VEGF to bind its recep-
tors on the endothelial cells of the choriocapillaris and promote
choroidal neovascularization.

TIMP3 overexpression suppresses primary tumor growth and
metastasis15,16,22,36. Adenovirally delivered TIMP3 has recently
been shown to have potent antitumor activity as well as a by-
stander effect in an animal model of human melanoma37.
Although decreased TIMP3 expression has been observed in a va-
riety of tumor cell lines15,36,38,39, its localization in tumor tissue is
variable. The expression of TIMP3 in stroma adjacent to cancer
cells, as well as a focal concentration around blood vessels in col-
orectal tumors40–44, might be indicative of a host response to

limit and restrict the extent of local tissue
degradation, tumor invasion and angiogene-
sis. This warrants further exploration of the
possible therapeutic use of TIMP3 in the reg-
ulation of VEGF-mediated pathological an-
giogenesis.

Methods
Cells and reagents. PAE cell lines expressing KDR,
PDGFR-β and fibroblast growth factor receptor-1
(ref. 7) were cultured in Ham’s F-12 DMEM supple-
mented with 10% FBS (Cambrex, East Rutherford,
New Jersey). Recombinant VEGF121 and bFGF was
from R&D Systems (Minneapolis, Minnesota); re-
combinant human PDGF-BB was from Chemicon
International (Temecula, California); monoclonal
antibodies specific for KDR and PDGFR-β were from
Sigma (St Louis, Missouri); MMP-9 and MMP-2 
inhibitor (2R)-[(4-biphenylylsulfonyl)amino]-N-
hydroxy-3-phenylpropionamide, MAPK-specific an-
tibody and antibody against phosphorylated MAPK
were from Calbiochem (San Diego, California).
Recombinant human VEGF165 was a gift from
Genentech, B3103 was a gift from British Biotech
(Oxford, UK) and TIMP3-specific polyclonal anti-
body was a gift from S. Apte (Cleveland, Ohio).
Recombinant forms of human TIMP1, TIMP2 and
TIMP3 were expressed in NSO myeloma cells and
purified as described45. Monoclonal antibodies
against phosphotyrosine (clone 4G10) were pur-
chased from Upstate Biotechnology (Lake Placid,
New York).

Generation of TIMP3–expressing endothelial cell
lines. A 550-bp TIMP3 insert from a human cDNA
clone was fused in frame with the FLAG epitope
DYKDDDK at its C-terminal end and cloned into ex-
pression vector pCEP4 (Invitrogen, Carlsbad,
California) to be used for transfection.

Adenovirus infection. Recombinant adenovirus
Rad66 containing the cytomegalovirus immediate-
early promoter and polyadenylation signal and a
wild-type TIMP3 or TIMP3Cys1-Ser transgene has been
described23,25. MS1 mouse endothelial cells
(American Type Culture Collection, Manassas,
Virginia) were cultured until 80% confluent and in-
fected with adenovirus as described23. Cells were in-
fected at 50 or 200 plaque-forming units per cell for
18 h. Medium was then replaced with fresh complete
medium and left for 48 h until analysis.

Reverse zymography. Conditioned medium, cell lysates and ECM fractions
from transfected cells were prepared. Equal amounts of protein were
loaded onto a 12% gel with 1 mg/ml gelatin plus RPE cell-conditioned
medium, as a source of MMPs, for reverse zymography and processed as
described46.

Immunoprecipitation and immunoblotting. Serum-deprived cells were
pretreated for 30 min with or without 3 µg/ml recombinant TIMP3 and
then stimulated for 10 min with the indicated concentrations of ligands.
Cell fractions, prepared as described earlier, or immunoprecipitates of the
lysates with the indicated antibodies, were subjected to SDS-PAGE. Proteins
were detected with horseradish peroxidase–conjugated antibodies specific
for either rabbit or mouse IgG (Amersham Pharmacia, Piscataway, New
Jersey) followed by enhanced chemiluminescence.

Endothelial cell migration and proliferation assays. A modified Boyden
chamber assay for migration and proliferation assays were carried out as 

Fig. 6 TIMP3 interacts with KDR. a, Immunoprecipitation (Ip) and western blot (Ib) analysis of
TIMP3 and KDR from PAE-KDR-vector and PAE-KDR-TIMP3 cells. Immunoprecipitation of cell
lysates with antibodies specific for TIMP3 was followed by immunoblotting with antibodies spe-
cific for KDR (top). As a control for KDR receptor, cell lysates were immunoprecipitated with anti-
bodies specific for KDR and probed with antibodies specific for KDR. Immunoprecipitation with
antibodies specific for KDR and immunoblotting with antibodies specific for TIMP3 (bottom) were
carried out on PAE-KDR cells exposed to recombinant TIMP3 or PAE-KDR-vector and PAE-KDR
cells overexpressing TIMP3, to confirm the interaction. b, Direct binding of [125I]TIMP3 to soluble
KDR protein. Interaction of soluble KDR with [125I]TIMP3 was analyzed after cross-linking, SDS-
PAGE and autoradiography. Competition with unlabeled TIMP3 was carried out to ensure speci-
ficity. As a control for KDR, cross-linking of [125I]VEGF165 and KDR was carried out in the absence or
presence of unlabeled VEGF. c, Competitive displacement of [125I]TIMP3 from the surface of en-
dothelial cells by unlabeled recombinant VEGF (2 µg/ml) and TIMP3 (10 µg/ml) protein. *, P <
0.01. d, In vivo interaction of KDR and TIMP3 in human placenta. Immunoprecipitation using an-
tibodies specific TIMP3 (top) and KDR (bottom) was followed by immunoblotting with antibodies
specific for KDR (top) and TIMP3 (bottom).

a b

c d
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described16. [3H]thymidine incorporation was measured in cells stimulated
with 5 ng/ml VEGF for 24 h and subjected for 5 h to the addition of 
1 mCi/ml of [3H]thymidine.

CAM assays. The CAM assay was done as described47 with slight modifica-
tions. Fertilized 3-day-old white Leghorn eggs (Sunnyside, Beaver Dam,
Wisconsin) were cracked and embryos with the yolk intact were placed in
glass-bottomed Petri dishes. Methylcellulose disks of 5 mm diameter con-
taining VEGF with or without inhibitors were implanted on the CAM on day
3, injected with India ink and photographed after 3 d. Angiogenesis was re-
ported as the angiogenic index (mean number of tertiary branchpoints
from experimental conditions minus the mean number of branchpoints
from buffer controls with no angiogenic stimulator).

Radio-iodination of VEGF165 and TIMP3 and cross-linking experiments.
Purified recombinant human VEGF165 or TIMP3 was radiolabeled with Na125I
by Iodobeads (Pierce, Rockford, Illinois) to a specific activity of 1.5 × 105

c.p.m. per ng VEGF or 1.0 × 105 c.p.m. per ng TIMP3. Ligand–receptor
complexes on the cell surface were crosslinked with 0.5 mM disuccinimidyl
suberate (Pierce) and analyzed by immunoprecipitation and SDS-PAGE fol-
lowed by autoradiography. For in vitro assays, radioligand was crosslinked
with 250 ng soluble KDR.

Ligand-binding experiments. Pre-incubation of PAE cells with unlabeled
recombinant TIMPs for 1–2 h at 37 °C was followed by a 2-h incubation
with 250–500 pM [125I]VEGF165 (specific activity 1,805 Ci/mmol) or
[125I]PDGF-BB (specific activity 1,325 Ci/mmol; Amersham) on ice. For mea-
surement of Max (maximum number of binding sites) and the Kd value, in-
creasing concentrations of radiolabeled ligand were added to cells that
were pre-incubated with or without 30 µg/ml recombinant TIMP3. Data
were analyzed by Scatchard plot analyses.

For [125I]VEGF165 binding to soluble KDR or FLT1 receptor (R&D Systems),
the wells of 96-well enzyme- and radioimmunoassay strip plates were
coated with 100 µl of Fc-specific IgG (8 µg/ml; Sigma). Soluble KDR-Fc or
FLT1-Fc (50 ng) was added to each well. After incubation and blocking, the
wells were incubated with either (i) 0.8 ng/ml of [125I]VEGF165 in the absence
or presence of indicated concentrations of recombinant TIMP3, or (ii) in-
creasing concentrations of [125I]VEGF165 in the absence or presence of 
10 µg/ml recombinant TIMP3 for 2 h. After washing, the bound protein
was solubilized with 1% SDS and 1 M NaOH and radioactivity measured in
a γ counter.

Statistical analysis. The statistical significance of differential findings be-
tween experimental and control groups was determined by Student’s t-test
and considered significant if two-tailed P values were <0.05.
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