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Background:We examined the impact of insulin-like growth factor binding protein-4 (IGFBP-4) on growth factor-induced
angiogenesis in vivo.
Results: IGFBP-4 inhibited IGF-1 and FGF-2, but not VEGF-induced angiogenesis, and this inhibition depended on p38MAPK
activity.
Conclusion: The anti-angiogenic activity of IGFBP-4 depends in part on p38 MAPK.
Significance:New insight is provided into howblood vessels respond to endogenous inhibitors during growth factor-stimulated
angiogenesis.

An in-depth understanding of the molecular and cellular
complexity of angiogenesis continues to advance as new stimu-
lators and inhibitors of blood vessel formation are uncovered.
Gaining a more complete understanding of the response of
blood vessels to both stimulatory and inhibitory molecules will
likely contribute to more effective strategies to control patho-
logical angiogenesis. Here, we provide evidence that endothelial
cell interactions with structurally altered collagen type IV may
suppress the expression of insulin-like growth factor binding
protein-4 (IGFBP-4), a well documented inhibitor of the IGF-1/
IGF-1R signaling axis.We report for the first time that IGFBP-4
differentially inhibits angiogenesis induced by distinct growth
factor signalingpathways as IGFBP-4 inhibitedFGF-2- and IGF-
1-stimulated angiogenesis but failed to inhibit VEGF-induced
angiogenesis. The resistance of VEGF-stimulated angiogenesis
to IGFBP-4 inhibition appears to depend on sustained activa-
tion of p38 MAPK as blocking its activity restored the anti-an-
giogenic effects of IGFBP-4 on VEGF-induced blood vessel
growth in vivo. These novel findings provide new insight into
how blood vessels respond to endogenous inhibitors during
angiogenesis stimulated by distinct growth factor signaling
pathways.

An expanding body of evidence indicates that angiogenesis,
or the development of new blood vessels from pre-existing ves-

sels, can be controlled by a balance of pro-angiogenicmolecules
such as growth factors and cytokines, as well as inhibitory fac-
tors, including thrombospondins and fragments of extracellu-
lar matrix (ECM)2 proteins (1–3). However, the molecular
mechanisms that govern the delicate balance that helps to
maintain vascular homeostasis within different tissues are not
well understood. The molecular mechanisms by which stimu-
latory and inhibitory factors influence new blood vessel forma-
tion may be modulated in part by extracellular cues from the
local microenvironment (4–6). The response of vascular cells
to angiogenic growth factors may depend on cellular commu-
nication with the surrounding ECM, and studies have docu-
mented important roles for the integrin family of ECM recep-
tors in modulating growth factor signaling (7–9). In addition,
previous reports have documented the biological relevance of
structurally altered or denatured ECMmolecules such as colla-
gen in regulating angiogenesis in vivo (10–17). To this end, a
phase I clinical trial to examine the effects of an anti-denatured
collagen antibody TRC093 on advancedmetastatic tumors was
recently completed with encouraging clinical results (18).
Previous reports have suggested that distinct integrin ECM

receptors such as �v�3 and �v�5 may differentially regulate
angiogenic signaling stimulated by different growth factors, as
antagonists of �v�3 inhibited FGF-2-induced angiogenesis
while exhibiting a reduced capacity to impact VEGF-induced
angiogenesis (7, 8). Integrin-dependent angiogenic signaling
pathways have been shown to involve downstream effector
molecules, including members of the mitogen-activated pro-
tein kinase (MAPK) family (7, 8). These studies and many oth-
ers suggest that the local composition and structural integrity of
the ECM, alongwith their respective cell surface receptors,may
play critical roles in coordinating and fine-tuning the response
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of vascular cells to diverse angiogenic stimuli to facilitate pro-
ductive angiogenesis.
Interestingly, members of the insulin-like growth factor

binding protein (IGFBP) family are rapidly gaining attention as
critical regulators of a variety of normal physiological and path-
ological processes, because IGFBPs have been shown to regu-
late diverse cellular events such as proliferation, migration,
apoptosis, and differentiation, all crucial processes thought to
govern specific steps within the angiogenic cascade (19, 20).
IGFBPs are an important family of secreted proteins that
exhibit high affinity binding to the peptide growth factors
IGF-1 and IGF-2, thereby functioning to modulate their bio-
availability and binding to IGF receptors (19, 20).
Among the six well characterized members of the IGFBP

family, IGFBP-4 has been associated predominately with inhib-
itory functions such as reducing cellular proliferation andDNA
synthesis as well as inducing apoptosis in a cell type- and tissue-
specific manner (21, 22). Importantly, studies have shown
reduced levels of IGFBP-4 in malignant colon cancer as com-
paredwith normal colon tissues and, in addition, increasing the
expression of IGFBP-4 in prostate and colon cancer cells
slowed the growth of these tumors in vivo (23, 24). Recently, we
showed reduced levels of IGFBP-4 are expressed in human
biopsies of metastatic melanoma as compared with primary
melanoma (25). However, opposite findings have been docu-
mented in other tumor types, reinforcing the complexity of the
cell type- and tissue-specific effects of IGFBP-4 (26, 27). Inter-
estingly, IGFBP-4 has been shown to modulate the behavior of
several distinct cell types, including endothelial and vascular
smooth muscle cells, and studies have shown that IGFBP-4 can
inhibit endothelial tube formation in vitro, and expression of
protease-resistant IGFBP-4 in mammary tumor cells is associ-
ated with smaller tumors and fewer blood vessels (28–32).
Given these interesting studies, it’s possible that IGFBP-4 may
function in part to help maintain vascular homeostasis and dif-
ferentiation thereby limiting pathological angiogenesis. How-
ever, relatively few studies have examined the impact of
IGFBP-4 on angiogenesis in vivo, or how IGFBP-4may regulate
angiogenesis induced by distinct growth factors. Therefore, we
sought to examine the expression of IGFBP-4 in endothelial
cells interacting with a physiologically relevant ECM molecule
expressed in the basementmembranes of angiogenic blood ves-
sels and to determine the biological impact of IGFBP-4 on
angiogenesis induced by distinct growth factors.
Here we present, for the first time, evidence for a reduc-

tion in endothelial cell expression of IGFBP-4 following
interactions with structurally altered collagen. Unexpect-
edly, our studies suggest that, although IGFBP-4 potently
inhibited FGF-2- and IGF-1-induced angiogenesis, it failed
to significantly inhibit VEGF-induced angiogenesis in vivo.
This lack of inhibitory activity was due, in part, to elevated
levels of activated p38 MAPK. Collectively, these finding
provide new molecular insight into the mechanisms by
which endogenously expressed inhibitors, such as IGFBP-4,
may differentially regulate distinct growth factor-induced
signaling pathways during angiogenesis.

EXPERIMENTAL PROCEDURES

Reagents, Kits, Chemicals, and Antibodies—Ethanol, metha-
nol, phosphate-buffered saline (PBS), bovine serum albumin
(BSA), purified human collagen type IV, and cortisone acetate
were obtained from Sigma. Human recombinant growth fac-
tors FGF-2, IGF-1, and VEGF, TNF-�, and recombinant
IGFBP-4 were obtained from R&D Systems (Minneapolis,
MN). Antibodies directed to p38MAPK, phosphorylated (Thr-
180/Try-182) p38 MAPK, and phosphorylated (Thr-202/Tyr-
204) p44/42 ERK were obtained from Cell Signaling Technol-
ogy (Danvers, MA). Anti-PCNA and anti-IGFBP-1, -3, -4, -6,
and -7 antibodies were from Abcam (Cambridge, MA), and
anti-vWF antibody was from Dako (Denmark). Peroxidase-la-
beled secondary antibody and Alexa 594- and 488-labeled anti-
bodies were obtained from Invitrogen. p38 MAPK inhibitor
(SB202190) and inactive control (SB202474) were obtained
from EMD Chemicals (Gibbstown, NJ). A BrdU cell prolifera-
tion assay kit was fromMillipore (Bedford, MA).
Cells and Cell Culture—Human umbilical vein endothelial

cells (HUVECs) were obtained from Lonza (Walkersville, MD)
and cultured in EBM-2medium in the presence of 20% FBS and
supplements (Lonza). HUVECs were maintained as subconflu-
ent cultures and used between passages 4 and 6.
Cell Proliferation Assays—Microtiter (96-well) culture plates

were either uncoated or coatedwith native or denatured (boiled
15 min) collagen type IV (1.0 �g/ml) for 18 h washed and
blocked for 1 h with 1.0% BSA in PBS. HUVECs (2500 cells per
well) were resuspended in proliferation buffer (EBM-2medium
containing 1.0 mM MgCl2, 0.2 mM MnCl2, and 0.01% BSA).
Cells were either un-stimulated or stimulated with VEGF (20
ng/ml) or FGF-2 (100 ng/ml) in the absence or presence (500
ng/ml to 2.0�g/ml) of IGFBP-4 and seeded (in triplicate) on the
coated wells and allowed to proliferate for either 24 or 48 h.
HUVEC proliferation was monitored using the BrdU prolifer-
ation assay kit according to themanufacturer’s instructions. All
assays were completed four times.
Real-time Quantitative RT-PCR—Real-time quantitative

RT-PCR was carried out essentially as described previously
(12). Briefly, wells from non-tissue culture plates were coated
(0.5 �g/ml) with either native triple helical or thermally dena-
tured (boiled 15min) collagen type IV. Equal numbers of endo-
thelial cells (1.0 � 106) were harvested, washed, and resus-
pended in RPMI buffer containing 1.0 mM MgCl2, 0.2 mM

MnCl2, and 1.0% BSA and added to the coated plates and
allowed to incubated for 1 h. Cells were harvested and washed,
and total RNA was isolated using an RNeasy plus kit Qiagen
(Valencia, CA). Real-time RT-PCR reactions were run in dupli-
cate on a Bio-Rad iQ5 system. Human IGFBP-4 primer sets
included 5�-GAGCTGGGTGACACTGCTTG-3� and 5�-CCC-
ACGAGGACCTCTACATCA-3�. �2-Macroglobulin was used
for normalization for all experiments, and primer sets for
�2-macroglobulin included 5�-AAAGATGAGTATGCCTG-
CCG-3� and 5�-CCTCCATGATGATGCTGCTTACA-3�. Ex-
periments were completed at least four times.
Chick CAM Angiogenesis Assay—The chick chorioallantoic

membrane (CAM) angiogenesis assay was carried out essen-
tially as described with somemodifications (33). Briefly, CAMs
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of 10-day-old chick embryos obtained from Charles River,
(North Franklin, CT) were separated from the shell membrane.
Filter discs pre-treated with cortisone acetate (3.0 mg/ml) con-
taining RPMI only or growth factors FGF-2, IGF-1, or VEGF or
TNF-� (40 ng) were place on the CAMs to induce angiogenesis.
Twenty-four hours later, dose-response studies were carried
out to estimate optimal concentrations of IGFBP-4 by adding
IGFBP-4 over a range of 0, 50, 100, or 200 ng per egg per day for
a total of 2 days. Maximal inhibition was achieved at 100
ng/egg/day. Therefore, the embryos were treatedwith IGFBP-4
or control BSA (100 ng/egg/day) topically for 2 days. In exper-
iments where p38 MAPK inhibitors were examined, active
(SB202190) p38 inhibitor and control inactive p38 compound
(SB202474)were used at a concentration of 10�M.At the end of
the incubation period, the embryos were sacrificed, and the
CAM tissues were analyzed. Angiogenesis was quantified by
counting the number of angiogenic branching blood vessels
within the area of the filter disc. The angiogenic index was
determined by subtracting the mean number of blood vessel
branch points from untreated CAM from each experimental
condition aswe described previously (33). Seven to ten embryos
were used per condition, and experiments were repeated two to
four times.
Immunofluorescence Analysis and Quantification of Blood

Vessel Proliferation—CAM tissues from each experimental
condition were harvested washed and embedded in OCT and
snap frozen. Frozen sections (4.0 �M) were fixed in 50% meth-
anol/50% acetone, air-dried, and blocked with 2.0% BSA in
TBS. Tissue sections were co-stained by incubating tissues with
anti-PCNA and anti-vWF antibody (1:500 dilution) for 18 h at
4 °C. Tissues were next incubated with Alexa 594- and Alexa
488-labeled secondary antibodies, at 1:500 dilution, for 1 h at
room temperature. Tissue sections were washed and examined
by immunofluorescence microscopy. Representative images
were taken at either 200� or 400� magnification with a Zeiss
AX10 compound microscope. To quantify vessel proliferation,
CAM tissues (n � 4) from each experimental condition were
co-stained for the endothelial cell marker vWF and PCNA. The
number of PCNA-positive blood vessels within 5 200� micro-
scopic fields from each of four different CAMs per experiment
condition was determined.
Western Blot—Equal numbers of endothelial cells or chick

CAM tissues from each experimental condition were har-
vested, washed, and lysed in RIPA lysis buffer (Santa Cruz Bio-
technology, Santa Cruz, CA) with 1� protease inhibitor mix-
ture containing phosphatase inhibitors (Sigma). Equal amounts
of cell or tissue lysate were separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes. Membranes were probed
with antibodies directed to IGFBPs-1, -3, -4, -6, and -7 and p38
MAPK, phosphorylated p38 MAPK, ERK, phosphorylated
ERK, or control �-actin.Western blots were carried out at least
three times with similar results and visualized by chemilumi-
nescence detection. Western blots were quantified by using
ImageJ (National Institutes of Health (NIH)) analysis.
Statistical Analysis—Statistical analysis was performed using

the InStat statistical program for Macintosh computers. Data
were analyzed for statistical significance using Student’s t test. p
values � 0.05 were considered significant.

RESULTS

Endothelial Cell Interactions with Denatured Collagen Type
IV Suppresses Expression of IGFBP-4 in Vitro—Among the ear-
liest events associated with angiogenesis is the structural
remodeling of the vascular basement membrane leading to the
formation of denatured collagen (10–17). Remodeling of the
non-cellular stroma surrounding blood vessels is thought to
promote the creation of a local environment that facilitates
angiogenesis. However, the cellular andmolecularmechanisms
bywhich biomechanical changes in ECMstructure control new
vessel development are poorly understood. Previous studies
have shown that denatured collagen type IV is often associated
with angiogenic vessels in vivo, and cellular interactions with
denatured collagen have been shown to regulate angiogenesis
in multiple models (10, 11, 13–17, 34). Our previous observa-
tions suggested that disruption of tumor cell interactions with
denatured collagenmight enhance the expression of IGFBP-4, a
member of the insulin-like growth factor-binding protein fam-
ily. Given that IGFBP-4 has been implicated in regulating the
behavior of vascular cells, such as vascular smooth muscle and
endothelial cells, we sought to determine whether endothelial
cell interaction with denatured collagen might alter expression
of IGFBP-4. To examine this possibility, HUVECs were seeded
on triple helical or denatured collagen-IV and the relative level
of IGFBP-4 was assessed. As shown in Fig. 1A, the levels of
IGFBP-4 from HUVECs seeded on denatured collagen was
reduced by �40% as indicated by scanning and quantification
by ImageJ (NIH) analysis of the blots from three independent
experiments as compared with that observed from cells seeded
on triple helical collagen. In similar experiments, the relative
levels of other members of the IGFBP family, including
IGFBP-1, -3, and -6, exhibited little if any change in expression
following HUVEC interactions with native or denatured colla-
gen type IV (supplemental Fig. S1). IGFBP-7, however, could
not be detected consistently in lysates of HUVECs. Moreover,
endothelial cell interactions with denatured collagen resulted
in an �50% reduction of IGFBP-4 mRNA as compared with
triple-helical collagen. These findings suggest that endothelial
cell interactionswith denatured collagen-IV, which is known to
be present within the vascular basement membrane of angio-
genic blood vessels in vivo (10, 11, 13–17, 34), may suppress the
expression of IGFBP-4.
IGFBP-4 Inhibits IGF-1 and FGF-2, but Not VEGF-induced

Angiogenesis—Prior studies have implicated IGFBP-4 in regu-
lating endothelial cell behavior, as IGFBP-4 was shown to
inhibit endothelial cord formation in vitro (32). Moreover,
studies have demonstrated that different growth factors can
induce angiogenesis by distinct molecular mechanisms. There-
fore, we sought to examine the inhibitory activity of IGFBP-4
on angiogenesis induced by distinct growth factors in vivo. To
facilitate these studies, chick embryoswere treatedwith various
concentrations of IGFBP-4 (50–200 ng/CAM/day) or control
to establish an optimal inhibitory dose of IGFBP-4, which was
determined to be �100 ng/CAM/day. As shown in Fig. 2A,
IGFBP-4 significantly (p � 0.05) inhibited IGF-1-induced
angiogenesis by�70% as comparedwith controls. Surprisingly,
IGFBP-4 also significantly (p � 0.05) inhibited FGF-2-induced
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angiogenesis by �60% as compared with controls (Fig. 2B);
however, IGFBP-4 failed to inhibit VEGF-induced angiogenesis
(Fig. 2C). To the best of our knowledge, these findings suggest
for the first time that IGFBP-4 exhibits differential inhibitory
effects on angiogenesis stimulated by distinct growth factors.
Reduced Proliferation Detected within IGF-1- and FGF-2-in-

duced Angiogenic Blood Vessels Treated with IGFBP-4—
IGFBPs are known to regulate IGF signaling by binding to
IGF-1, thereby modulating the ability of this growth factor to
bind and activate its cognate receptors (19, 20). Although cer-
tain members of the IGFBP family may have both stimulatory
and inhibitory activity, IGFBP-4 has been predominately asso-
ciatedwith inhibitory activity by reducing IGF-1R signaling (19,
20, 35, 36). IGF-1R signaling has been shown to regulate cellular
behavior by modulating processes such as proliferation, sur-
vival, and differentiation (36, 37). Therefore, we sough to exam-
ine whether the ability of IGFBP-4 to inhibit IGF-1- and FGF-
2-induced angiogenesis was associated with alterations in
blood vessel proliferation. Frozen sections of CAMs were ana-
lyzed by staining for expression of von Willebrand Factor
(vWF), a marker of endothelial cells previously used to mark
blood vessels in the chick CAM (38) and proliferating cell
nuclear antigen (PCNA). As shown in Fig. 3, PCNA staining
could be detected within growth factor-stimulated blood ves-
sels from untreated (NT) and BSA-treated CAMs. Importantly,
the relative levels of PCNA-positive blood vessels were signifi-
cantly (p � 0.05) reduced by �40% within IGF-1- and FGF-2-
stimulated CAMs treated with IGFBP-4 (Fig. 3, A and B). In
contrast, no significant (p � 0.05) reduction in the levels of
PCNA-positive blood vessels were observed within VEGF-
stimulated CAM tissues treated with IGFBP-4. To assess
whether IGFBP-4 could impact endothelial cell proliferation in
vitro, we examined the effects of IGFBP-4 on HUVEC prolifer-
ation. Interaction with denatured collagen type IV failed to sig-

nificantly alter HUVEC proliferation in the absence of growth
factors as compared with native collagen (supplemental Fig. S2,
A andB). Interestingly, IGFBP-4 also failed to significantly alter
FGF-2- and VEGF-induced proliferation on either native or
denatured collagen type IV at concentrations up to 2.0 �g.ml
(supplemental Fig. S2, C and D). Although IGFBP-4 failed to
inhibit growth factor-induced proliferation of HUVEC in vitro,
IGFBP-4 did significantly (p � 0.05) inhibit CAM blood vessel
proliferation induced by FGF-2 and IGF-1 by �40% but failed
to inhibit proliferation of VEGF-stimulated blood vessels in
vivo.
Elevated Levels of Phosphorylated p38 MAPK Detected in

VEGF-stimulatedAngiogenicCAMTissues—Given the surpris-
ing lack of anti-angiogenic effects of IGFBP-4 following VEGF
stimulation in vivo, we sought to study potentialmechanisms to
account for this differential inhibitory activity. CAM lysates
were prepared from unstimulated tissues or following 30-min
and 3-day stimulation with FGF-2, VEGF, and IGF-1. Altera-
tions in downstream signalingmoleculeswithin theMAPKcas-
cade were examined, as MAPK signaling is thought to play an
important role in angiogenesis in the CAMmodel (39, 40). Spe-
cifically, pooled CAM tissues (n � 4) from each experimental
condition were examined for the relative levels of phosphory-
lated ERK and p38 MAPKs (p38). As shown in Fig. 4A, 30-min
stimulation with FGF-2 and IGF-1 resulted in a slight increase
in phosphorylation of ERK as compared with unstimulated
CAMs, whereas little change in phosphorylated p38 was
detected among any of the growth factors tested. Interestingly,
by day 3, which represents the end of the angiogenesis assay, the
levels of phosphorylated p38 within VEGF-stimulated angio-
genic CAM tissues were increased by �4-fold as estimated by
scanning and quantification by ImageJ (National Institutes of
Health) analysis of the blots (Fig. 4B). Importantly, phosphory-
lated p38 within these VEGF-stimulated angiogenic CAM tis-

FIGURE 1. Suppression of IGFBP-4 following endothelial cell interactions with denatured collagen. The relative expression of IGFBP-4 was examined in
HUVECS following binding to either native collagen type IV (N Coll-IV) or denatured collagen type IV (D Coll-IV). HUVEC were seeded on collagen-coated wells
and allowed to incubate, and total cell lysates (A) or mRNA (B) were isolated. A, Western blot of IGFBP-4 expression in HUVECs following 4-h interactions with
either native or denatured collagen type IV. B, quantitative RT-PCR analysis of the relative abundance of IGFBP-4 mRNA following 1-h interaction with either
native or denatured collagen type IV.
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sues remained elevated (�3-fold) even after treatment with
IGFBP-4 at the end of the 3-day angiogenesis assay (Fig. 4C). To
examine whether blood vessels within VEGF-stimulated CAM

tissues express phosphorylated p38, VEGF-stimulated CAMs
were co-stained with anti-phosphorylated p38 (red) and anti-
vWF (green) to mark endothelial cells within the blood vessels.

FIGURE 2. IGFBP-4 differentially inhibits growth factor-induced angiogenesis. Angiogenesis was induced within the CAMs of 10-day-old chick embryos with 40
ng of IGF-1 (A), FGF-2 (B), and VEGF (C), and 24 h later the CAMs were either untreated or treated with IGFBP-4 or BSA (100 ng/egg/day) for 2 days. Angiogenesis was
quantified by counting the number of branched blood vessels within the confined area of the filter disc. Left panels, representative example of CAM tissue from each
experimental condition. Right panel, mean angiogenic index for each condition from four independent experiments expressed as a percentage of control.
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As shown in Fig. 4D, although little phosphorylated p38 was
detected in unstimulated blood vessels, VEGF-stimulated ves-
sels expressed phosphorylated p38 (red). Phosphorylated p38
was also detected in other cell typeswithin theCAMs, including
macrophages (supplemental Fig. S3) as indicated by co-staining
for phosphorylated p38 (red) and the monocyte/macrophage
marker (green) (41). These data indicate that, although phos-
phorylated p38 is expressed in multiple cell types in VEGF-
stimulated CAMs, elevated levels of phosphorylated p38 is
present in VEGF-stimulated endothelial cells within the blood
vessels as compared with non-stimulated vessels. Although it is
clear that alterations in phosphorylation of ERK occurred over
the time course examined, it is also likely that additional time-
dependent changes occur in other downstream effectors fol-
lowing differential growth factor stimulation.Our findings pro-
vide evidence that, during VEGF-stimulated angiogenesis,
elevated levels of phosphorylated p38 persist following
IGFBP-4 treatment and that part of the increased phosphory-
lated p38 observed in VEGF-stimulated CAMs is expressed
within the endothelial cells of the blood vessels.
Blocking p38 MAPK Activation Restores the Anti-angiogenic

Activity of IGFBP-4 during VEGF-induced Angiogenesis—
Given the enhanced levels of phosphorylated p38 in VEGF-
stimulated angiogenic CAM vessels, we sought to examine
whether elevated levels of phosphorylated p38 play a role in the
failure of IGFBP-4 to inhibit VEGF-induced angiogenesis. To

this end, angiogenesis was induced with VEGF within the
CAMs of 10-day-old chick embryos. Twenty-four hours later,
embryos were either untreated or treated with IGFBP-4 in the
presence or absence of an active (p38IN) or inactive (p38Con)
inhibitor of p38. As shown in Fig. 5A, IGFBP-4 failed to signif-
icantly (p � 0.05) inhibit VEGF-induced angiogenesis. In con-
trast, IGFBP-4 in the presence of the p38 inhibitor (p38IN) sig-
nificantly (p � 0.05) reduced VEGF-induced angiogenesis by
�70%, whereas a combination of IGFBP-4 with the control
compound (p38Con) failed to significantly (p � 0.05) inhibit
angiogenesis. To confirm that the p38 inhibitor was blocking
phosphorylation of p38, lysates from pooled VEGF-stimulated
CAM tissues (n � 4) were examined. As shown in Fig. 5B, the
levels of phosphorylated p38 were sharply reduced in IGFBP-4-
treated angiogenic CAMs in the presence of the active inhibitor
(p38IN) but not the inactive control compound (p38Con).
Importantly, BSA alone or in combination with the active
inhibitor of p38 failed to significantly reduce VEGF-induced
angiogenesis (Fig. 5C) suggesting that blocking p38 alone was
not sufficient to inhibit VEGF-induced angiogenesis under
these conditions. Previous studies have suggested that p38may
play different roles in angiogenesis induced by distinct growth
factors, and inhibiting p38 during FGF-2 stimulation was
shown to increase angiogenesis in the chick CAM (40). Consis-
tent with these previous finding, inhibiting p38 in our CAM
experiments also increased angiogenesis induced with FGF-2

FIGURE 3. Reduced blood vessel proliferation associated with IGFBP-4-mediated inhibition of angiogenesis. CAM tissues from each experimental
condition were harvested and snap frozen. 4-�m tissue sections were analyzed by immunofluorescence co-staining. CAM tissues stimulated with IGF-1 (A),
FGF-2 (B), and VEGF (C) were co-stained for expression of vWF to mark blood vessels (red) and PCNA (green) to mark proliferating cells. Left panels, representative
examples of CAMs co-stained for vWF and PCNA from each experimental condition. Right panels, quantification of the number of PCNA-positive proliferating
blood vessels per 200� microscopic field for each experimental condition. Data bars represent the mean number of proliferating blood vessels (� S.E.) from
five 200� fields from each of four different CAMs per condition.

FIGURE 4. Elevated levels of phosphorylated p38 MAPK detected in VEGF-stimulated angiogenic CAM tissue. To examine changes in expression of
MAPKs within angiogenic CAM tissues, lysates were prepared from pooled CAM tissues (n � 4) from each experimental condition. Equal amounts of CAM
lysates from each experimental condition were analyzed for the relative levels of p38 and ERK. A, Western blot of untreated CAMs (NT) and CAMs stimulated for
30 min with FGF-2, VEGF, and IGF-1 and analyzed for the expression of total and phosphorylated p38 and ERK. B, Western blot of untreated CAMs (NT) and CAMs
stimulated for 3 days with FGF-2, VEGF, and IGF-1 and analyzed for the expression of total and phosphorylated p38 and ERK. C, Western blot of untreated CAMs
(NT) and CAMs stimulated for 3 days with FGF-2, VEGF, and IGF-1 in the presence of IGFBP-4 and analyzed for the expression of total and phosphorylated p38
and ERK. D, representative examples of CAMs (n � 4) co-stained for vWF (green) and phosphorylated p38 (red) from untreated and VEGF-treated CAMs. Photos
were taken at 400� magnification.
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(supplemental Fig. S4). Given previously published evidence
suggesting that p38 plays a role inTNF-�-induced angiogenesis
(42), we also examined the effects of IGFBP-4 on TNF-�-in-
duced angiogenesis in the chick CAM. As expected, TNF-�
induced high levels of phosphorylated p38 in the CAM vessels
(supplement Fig. 5A). Consistent with our observations with
VEGF-induced angiogenesis in which elevated levels of phos-
phorylated p38 were induced, IGFBP-4 failed to significantly
(p � 0.05) inhibit TNF-�-induced angiogenesis (supplemental
Fig. S5B). However, in contrast, the p38 inhibitor alone com-
pletely inhibited TNF-�-induced angiogenesis (supplemental
Fig. S5B), reinforcing the concept that p38 may play distinct
roles in regulating angiogenesis induced by different growth
factors. Taken together, our studies suggest for the first time,
that the ability of IGFBP-4 to impact VEGF-driven angiogene-
sis may depend in part on relative levels of phosphorylated p38.

DISCUSSION
Angiogenesis or the formation of new blood vessels from

pre-existing vessels involves a highly coordinated and intercon-
nected set ofmolecular and cellular events (1–3). The complex-
ity of the angiogenic cascade is further increased as multiple
cells types such as smooth muscle cells, pericytes, fibroblasts,
tumor cells, bone marrow-derived progenitor cells, inflamma-

tory cells, and endothelial cells contribute to new blood vessel
formation (1–3). The stimulatory and inhibitory factors within
a particular microenvironment are likely derived frommultiple
sources and may impact multiple cell types that contribute to
blood vessel formation. In addition to the numerous cell types
that govern angiogenesis, a complex network of ECM proteins
that surround pre-existing blood vessels has been shown to reg-
ulate neovascularization (7–17). Themajority of quiescent ves-
sels are surrounded by intact basement membranes. These
observations are consistent with the notion that cellular inter-
actions with intact vascular basement membranes may func-
tion in part, as a physiological breaking system that helpsmain-
tain vessels in a differentiated and quiescent state. During
processes such as angiogenesis, physical alterations can occur
within the three-dimensional structure of ECM proteins, and
this is often associatedwith a transition of cells fromquiescence
to a proliferative phenotype (10–17). To this end, evidence sug-
gests that cellular interactions with denatured basement mem-
brane components such as collagen type IV and laminin can
facilitate new vessel formation, because specific antagonists of
these denatured ECM proteins inhibit angiogenesis in vivo
(10–17). These studies are consistent with the possibility that
structural alterations within the ECMmay trigger local biome-

FIGURE 5. Blocking p38 MAPK activation restores the anti-angiogenic activity of IGFBP-4 during VEGF-induced angiogenesis. Angiogenesis was
induced in the CAMs with VEGF and subsequently treated with IGFBP-4 alone (BP4), IGFBP-4, and the active p38 inhibitor (BP4�P38In) or IGFBP-4 and the
inactive control (BP4�P38Con). A, data bars represent mean (� S.E.) angiogenic index from each experimental condition (n � 8 –10 CAM per condition).
Experiments were completed twice with similar results. B, angiogenesis was induced in the CAMs with VEGF and subsequently treated with IGFBP-4 or BSA in
the presence of the active p38 inhibitor (p38In) or in active control compound (P38Con). Equal amounts of pooled CAM lysate (n � 4) from each experimental
condition were analyzed for the relative levels of total and phosphorylated p38 by Western blot. C, angiogenesis was induced in the CAMs with VEGF and
subsequently treated BSA alone or BSA in the presence or the active p38 inhibitor (p38In). Data bars represent mean (� S.E.) angiogenic index from each
experimental condition (n � 8 –10 CAMs per condition). Experiments were completed twice with similar results.
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chanical ECM switches that may release complex breaking
mechanisms that normally helps keep blood vessel growth in
check.
Our studies suggest that endothelial cell expression of

IGFBP-4 is suppressed following binding to denatured as com-
pared with triple helical collagen-IV. Given the known suscep-
tibility of IGFBP-4 to proteolytic cleavage by PAPP-A as well as
other matrix metalloproteinase (43, 44), we cannot completely
rule out the possibility that proteolytic cleavage contributes to a
reduction in IGFBP-4, however, the relative levels of IGFBP-4
mRNA were also reduced in endothelial cells. Our findings are
consistentwith previously published reports demonstrating the
ability of distinct ECM proteins such as fibronectin and colla-
gen type IV to differentially alter expression of IGFBPs such as
IGFBP-5 (28). Given the important role of integrins in mediat-
ing endothelial cell interactions with ECM proteins, studies are
currently underway to examine the potential roles of specific
integrin-mediated interactions with denatured collagen in the
suppression of endothelial cell IGFBP-4.
Members of the IGFBP family are critical regulators of IGF-

1/IGF-1R signaling, and this important pathway is known to
modulate the behavior of numerous cell types that contribute
to angiogenesis, including tumor cells, vascular smoothmuscle
cells, and endothelial cells (19, 20). Although IGFBP-4 has been
shown to inhibit endothelial tube formation in vitro (32), to the
best of our knowledge, its impact on angiogenesis induced by
distinct growth factors has not been specifically addressed. In
this regard, we examined the effects of IGFBP-4 on angiogene-
sis induced by several growth factors, including IGF-1, FGF-2,
TNF-�, and VEGF. IGFBP-4 inhibited IGF-1-induced angio-
genesis by �70% as compared with controls. Although these
findings were not surprising given the ability of IGFBP-4 to
inhibit IGF-1-mediated signaling through the IGF-1R, IGFBP-4
also inhibited FGF-2-induced angiogenesis by �60%. The pre-
cisemolecularmechanisms bywhich IGFBP-4 inhibited IGF-1-
and FGF-2-induced angiogenesis are presently unclear, but this
inhibitory activity was associatedwith a significant reduction in
blood vessel proliferation in vivo. Interestingly, IGFBP-4 failed
to directly inhibit growth factor-induced HUVEC proliferation
in vitro. The lack of the ability of IGFBP-4 to inhibit endothelial
cell proliferation in vitro, yet inhibit blood vessel proliferation
in vivomight be do the distinct growth conditions used in the in
vitro setting as compared with the complex stromal microenvi-
ronment in vivo. Alternatively, this lack of activity might be
associated with the use of HUVECs. Moreover, IGFBP-4 may
indirectly inhibit blood vessel proliferation in vivo by altering
recruitment and/or behavior of stromal cells important for
blood vessel proliferation such as pericytes, macrophages, or
fibroblasts. Given the numerous cell types that contribute to
angiogenesis in the CAM and the potential impact of IGFBP-4
might have on distinct cell types, it is possible that the anti-
angiogenic activity of IGFBP-4 on IGF-1- and FGF-2-induced
angiogenesis in vivo may be associated with both direct and
indirect effects of IGFBP-4 on endothelial cells as significantly
reduced blood vessel proliferation was observed.
Our studies indicate that IGFBP-4 has a markedly different

capacity to inhibit angiogenesis induced by distinct growth fac-
tors. Similar to these findings, IGFBP-4 exhibited differential

inhibitory effects on histologically distinct tumor types as
reports have documented the ability of IGFBP-4 to slow the
growth of prostate and colon carcinomas, but showed no inhib-
itory activity in other tumor types such as renal cell carcinoma
(23, 24, 27). Our findingsmay provide insight to explain in part,
the variation in IGFBP-4 inhibitory activity on tumor growth, as
angiogenesis within these different tumor types may be driven
in part, by distinct growth factor signaling pathways. To this
end, angiogenesis associatedwith renal cell carcinoma has been
suggested to be dependent in large part on VEGF-mediated
signaling (45). In addition, it is interesting to note that antago-
nists of integrin �v�3, which can bind denatured collagen,
exhibit reduced capacity to inhibit VEGF-induced angiogenesis
while potently inhibiting FGF-2-induced angiogenesis (7).
To begin to examine potential mechanisms to account for

the differential inhibitory effects of IGFBP-4, we examined the
relative levels of signaling molecules within the MAPK path-
way, as this signaling cascade is known to play a role in regulat-
ing angiogenesis within this model (39, 40). A small increase in
the levels of activated ERKwas detected within 30min of IGF-1
and FGF-2 stimulation, whereas little change in activation of
p38was observed at this time point. However, by 72 h following
stimulationwith VEGF, CAM tissues exhibited increased levels
of activated p38, and although phosphorylated p38 was
detected within multiple cell types, including macrophages, it
was also detected in endothelial cells. In addition, activated p38
remained high 72 h following VEGF stimulation even in the
presence of IGFBP-4. These observations are consistent with a
possible role for p38 in regulating the resistance of VEGF-in-
duced angiogenesis to IGFBP-4 treatment. Consistent with this
possibility, IGFBP-4 failed to inhibit TNF-�-induced angiogen-
esis, which also up-regulates phosphorylated p38 in multiple
cell types, including endothelial cells, within the blood vessels.
Interestingly, previous reports have documented that p38

can play a role in angiogenesis, because blocking its activation
enhances FGF-2-induced endothelial tube formation and
enhances FGF-2-induced angiogenesis in the chick CAM (40).
In other studies, angiogenesis induced with TNF-� depended,
in part, on p38 activation, suggesting a positive role for p38 in
newvessel formation (46).Moreover, VEGF-induced activation
of p38 is associated with enhanced endothelial cell motility and
plays a positive role in VEGFR-2-associated shear stress-in-
duced angiogenesis (46). Moreover, p38 knockout mice exhibit
embryonic lethality due in part to defects in placental vascular-
ization (47). Interestingly, the relative levels of activated p38
were shown to be higher in FGF-2-stimulated endothelial cells
plated on native as comparedwith denatured collagen, suggest-
ing that the ability of specific growth factors to regulate p38
may be controlled in part by the structural integrity of ECM
proteins (40). Taken together, these and other studies indicate
that the contribution of p38 to angiogenesis is complex and
likely depends on the particular cell types and tissue context
where angiogenesis is occurring. In this regard, our findings
suggest that IGFBP-4 can inhibit IGF-1- and FGF-2-induced
angiogenesis but not VEGF-induced angiogenesis. This lack of
inhibitory activity was due in part to activated p38, because
inhibiting p38 in VEGF-stimulated CAM tissues in combina-
tion with IGFBP-4 inhibited VEGF-induced angiogenesis. In
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contrast, the p38 inhibitor alone or in combination with BSA
failed to inhibit VEGF- or TNF-� induced angiogenesis.
Given our experimental findings it would be interesting to

speculate that structural remodeling of the vascular basement
membrane leading to the formation of denatured collagen may
lead to the suppression of an endogenous angiogenesis regula-
tor (IGFBP-4) that may function in part to keep blood vessel
growth in check. Collectively, our studies provide addition
mechanistic insight into the differential inhibitory activity of
IGFBP-4 has on angiogenesis induced by distinct growth fac-
tors in vivo.
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