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Tumstatin and endostatin are two inhibitors of angiogenesis de-
rived from precursor human collagen molecules known as �3 chain
of type IV collagen and �1 chain of type XVIII collagen, respectively.
Although both these inhibitors are noncollagenous (NC1) domain
fragments of collagens, they only share a 14% amino acid homol-
ogy. In the present study we evaluated the functional receptors,
mechanism of action, and intracellular signaling induced by these
two collagen-derived inhibitors. Human tumstatin prevents angio-
genesis via inhibition of endothelial cell proliferation and promo-
tion of apoptosis with no effect on migration, whereas human
endostatin prevents endothelial cell migration with no effect on
proliferation. We demonstrate that human tumstatin binds to
�v�3 integrin in a vitronectin�fibronectin�RGD cyclic peptide in-
dependent manner, whereas human endostatin competes with
fibronectin�RGD cyclic peptide to bind �5�1 integrin. The activity
of human tumstatin is mediated by �v�3 integrin, whereas the
activity of human endostatin is mediated by �5�1 integrin. Addi-
tionally, although human tumstatin binding to �v�3 integrin leads
to the inhibition of Cap-dependent translation (protein synthesis)
mediated by focal adhesion kinase�phosphatidylinositol 3-kinase�
Akt�mTOR�4E-BP1 pathway, human endostatin binding to �5�1
integrin leads to the inhibition of focal adhesion kinase�c-Raf�
MEK1�2�p38�ERK1 mitogen-activated protein kinase pathway,
with no effect on phosphatidylinositol 3-kinase�Akt�mTOR�4E-
BP1 and Cap-dependent translation. Collectively, such distinct
properties of human tumstatin and human endostatin provide the
first insight into their diverse antiangiogenic actions and argue for
combining them for targeting tumor angiogenesis.

Angiogenesis is the formation of new capillaries from preex-
isting capillaries (1). Pathogenic angiogenesis plays an

important role in disease progression such as cancer, diabetic
retinopathy, psoriasis, rheumatoid arthritis, etc. (2–4). Under
stable conditions, vascular endothelium is in a quiescent state
associated with a relatively slow turnover (4). The switch involv-
ing conversion of quiescent endothelial cells to an active proan-
giogenic phenotype requires both up-regulation of endogenous
angiogenic stimulators and down-regulation of endogenous an-
giogenesis inhibitors (4, 5). Certain factors such as angiostatin,
endostatin, tumstatin, canstatin, arresten, and throm-
bospondin-1 and -2 are regarded as endogenous inhibitors of
angiogenesis in vivo (6–12).

Vascular basement membrane (VBM) constitutes an impor-
tant component of a blood vessel�capillary (13). Along with
providing structural support, VBM is also speculated to modu-
late capillary endothelial cell behavior, especially during the
sprouting of new capillaries (13). Several fragments of VBM
constituents, such as endostatin and tumstatin, have been iden-
tified as endogenous inhibitors of angiogenesis (7, 8). Human
tumstatin (hTumstatin) is an inhibitor of tumor angiogenesis and
growth in mice (8). It is the NC1 domain of the �3 chain of type
IV collagen and a component of basement membranes (8).
Within this 28-kDa protein, the antiangiogenic activity is local-
ized to a 25 aa stretch in the middle of the molecule, called T7

peptide (14). hTumstatin inhibits proliferation of endothelial
cells and induces apoptosis in an �v�3 integrin dependent
manner (15). Apoptosis of endothelial cells by recombinant
hTumstatin is mediated by �v�3 integrin and the phosphatidyl-
3-kinase (PI3-kinase)�Akt�mTOR pathway leading to protein
synthesis inhibition (15).

Human endostatin (hEndostatin) is the NC1 domain of the �1
chain of type XVIII collagen and an inhibitor of tumor angio-
genesis and growth in mice (7, 16). hEndostatin is liberated from
the collagenous domain by cleavage within a protease-sensitive
hinge by enzymes, such as elastase and cathepsins. hEndostatin
circulates in the blood at concentrations of 20–35 ng�ml (17, 18).

hEndostatin is an inhibitor of endothelial cell migration,
whereas mouse endostatin inhibits migration and also and causes
G1 cell cycle arrest (19–23). The reason for this difference is not
clear yet. hEndostatin binds to many cell surface proteins,
including heparan sulfate proteoglycans, glypicans, vascular en-
dothelial growth factor (VEGF) KDR receptor and integrins
(20, 24–27). Although many different intercellular pathways
have been identified as mediators of hEndostatin action, a
functional receptor mediating the action of hEndostatin via a
defined signaling pathway is yet unidentified (23, 26, 28–30).

Here we report that hEndostatin and hTumstatin, two base-
ment membrane collagen-derived inhibitors, use distinct integrin
receptors and signaling pathways to induce diverse effects on
vascular endothelial cells and angiogenic subprocesses.

Materials and Methods
For additional information regarding sources of materials see

Supporting Materials and Methods, which is published as sup-
porting information on the PNAS web site, www.pnas.org.

Cell Culture. Primary human umbilical vein endothelial cells
(HUVEC), were obtained from American Type Culture Col-
lection. HUVEC were maintained in EGM-2 media (Clonetics,
San Diego) at 37°C in a humidified 5% CO2 atmosphere.
Passages 3–5 were used for experiments as described (15).

Production of Recombinant Tumstatin and Synthetic T7 Peptide.
Recombinant hTumstatin (rhTum) was expressed by using 293
human embryonic kidney cell as described (15). Synthetic pep-
tide T7 (TMPFLFCNVNDCNFASRNDYSYWL) was synthe-
sized as described (15).

Endothelial Tube Formation Assay. The endothelial tube formation
assay was performed as described with minor modification (8)
(see Supporting Materials and Methods).

Abbreviations: MAP, mitogen-activated protein; FAK, focal adhesion kinase; PI3-K, phos-
phatidyl-3 kinase; HUVEC, human umbilical vein endothelial cells; VEGF, vascular endothe-
lial growth factor.
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Migration Assay. Migration assays with HUVEC were performed
by using a Boyden chamber system (Neuroprobe, Cabin John,
MD) as described (9) (see Supporting Materials and Methods).

Proliferation Assay. The proliferation assay was performed by
using [3H]thymidine incorporation as described (8) (see Sup-
porting Materials and Methods).

Cell Attachment Assay. The attachment assay was performed as
previously described with minor modification (31) (see Support-
ing Materials and Methods).

Immunoprecipitation and Immunoblotting Analysis. rhEndo treated
HUVEC were lysed in RIPA-DOC buffer (27), and cell lysates
were subjected to immunoprecipitation using antibodies to �5�1
as described with minor modifications (32). The samples were
separated by SDS�10% PAGE under reducing conditions and
transferred to nitrocellulose. The blots were immunolabeled
with primary antibodies to hEndostatin or �5�1 and horseradish
peroxidase-labeled secondary antibodies and product was visu-
alized by chemiluminescence (enhanced chemiluminescence kit,
Amersham Pharmacia).

Cell Signaling Experiments. For cell signaling experiments, 1 � 106

HUVEC were seeded into 10-cm2 dishes coated with fibronectin
or vitronectin. According to the experimental protocol the cells
were preincubated in some experiments with rhTum, rhEndo,
or Rapamycin. The cells were lysed and the cell extracts were
subjected to SDS�PAGE and immunoblotting using anti-
bodies to phosphorylated and unphosphorylated proteins as de-
scribed (15).

In Vitro Kinase Assay for mTOR Activity. Phosphorylation of mTOR
and GST 4EBP-1 fusion protein (mTOR substrate) was evalu-
ated in HUVEC transfected with HA-mTOR�FRAP expression
plasmid as described (15). Briefly, HUVEC were serum-starved
and transiently transfected with HA-mTOR�FRAP plasmid by
using Lipofectamine Plus (Invitrogen). Transfected HUVEC
(4 � 106 cells) were treated with rhTum, rhEndo (40 �g�ml), or
rapamycin (100 ng�ml) for 24 h according to the experimental
protocol. The cells were lysed as described, and the cell lysates
(200 �g) were subjected to immunoprecipitation with anti-HA
antibody (15). HA-mTOR�Anti-HA complexes were incubated

with recombinant GST-4E-BP1 fusion protein in the presence of
10 �Ci of [�32P]-ATP (1 Ci � 37 GBq) in kinase buffer. The
reactions were terminated by boiling before the samples were
subjected to SDS�PAGE, and phosphorylated proteins
(mTOR-P and GST-4EBP1-P) were detected by autoradiogra-
phy (15).

Determination of eIF4E–4E-BP1 Complexes. HUVEC were serum
starved for 24 h and then treated with rhTum, T7 peptide,
rhEndo (40 �g�ml), or rapamycin (100 ng�ml), in the presence
of 10% FCS for 24 h. Cell lysates were incubated with 7-methyl-
GTP-Sepharose (Amersham Pharmacia) for 30 min at 25°C. The
bound proteins were eluted with 2� SDS sample buffer, and the
samples were analyzed by SDS�PAGE and immunoblotting
using antibodies to eIF4E and 4E-BP1 as described (15).

Results and Discussion
Distinct Antiangiogenic Activities of rhEndo and rhTum on HUVEC.
hEndostatin and hTumstatin both inhibit tumor angiogenesis in
mice by targeting vascular�capillary endothelial cells in the
tumors (7, 8). Here we attempted to delineate the antiangiogenic
mechanisms of these two human molecules. We compared the
anti-endothelial cell activity of recombinant human Endostatin
(rhEndo) and recombinant human Tumstatin (rhTum) by using
human umbilical vein endothelial cells (HUVEC) and cow
pulmonary arterial endothelial cells (C-PAE cells). First, we
used an antiangiogenic assay known as endothelial tube forma-
tion assay (33). Tube formation involving endothelial cells
represents the net contribution of cell migration, proliferation
and survival (33). Addition of rhTum to the culture media
significantly inhibited HUVEC tube formation in a dose depen-
dent manner with a maximal inhibition seen at 60 �g�ml (Fig. 1A
Left). rhEndo inhibits the formation of tubes significantly at 60
��ml and higher (Fig. 1 A Right) (21). Next, the antimigratory
and antiproliferative effect of rhEndo and rhTum was assessed.
In [3H]thymidine-incorporation assays, in vitro proliferation of
HUVEC was significantly inhibited by rhTum (Fig. 1B), whereas
hEndostatin demonstrated an insignificant effect on [3H]thymi-
dine incorporation into HUVEC at equimolar concentration
(Fig. 1B). Similar results were also obtained when C-PAE cells
were used (data not shown). The capacity of HUVEC to migrate
through a fibronectin-coated membrane toward FCS�VEGF
gradients in a Boyden chamber is not inhibited by rhTum even

Fig. 1. In vitro antiangiogenic activities of rhTum and rhEndo. (A) Tube formation assay. HUVEC were plated on Matrigel-coated plates in presence of rhTum
(Left) or rhEndo (Right). Tube formation was evaluated after 24 h by using a light microscope, and representative fields (�100 magnification) are pictured. (B)
Proliferation assays. The graph summarizes the relative [3H]thymidine incorporation in HUVEC on treatment with rhEndo or rhTum compared with the 20% FCS
control of three independent experiments. (C and D) Migration assays. (C) The graph displays the average results of three independent experiments. (D)
Representative photographs of the underside of Boyden chamber membrane. FCS and VEGF in the lower chamber induce HUVEC migration (arrows, lower left).
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at a concentration of 60 �g�ml (Fig. 1 C and D), whereas
hEndostatin starting at a concentration of 1 �g�ml significantly
inhibited migration of HUVEC in this same assay, as also shown

by others (Fig. 1 C and D) (19–21). Similar results were also
obtained when C-PAE cells were used (data not shown). Col-
lectively, these results demonstrate that HUVEC tube formation
is inhibited by both rhEndo and rhTum, because both migration
and proliferation are essential for endothelial tube formation.

Binding of rhTum and rhEndo to Integrins. Next, we examined the
binding characteristics and the role of integrins in mediating the
distinct antiangiogenic properties of rhEndo and rhTum.

Attachment of HUVEC is significantly enhanced on plates
coated with rhTum or rhEndo when compared with uncoated
plates (data not shown). Binding of HUVEC to rhTum is
inhibited by blocking antibodies specific for �v�3 and the
antiproliferative action of rhTum is mediated by �v�3 integrin,
suggesting that �v�3 integrin is the functional receptor for
rhTum (31). Preincubation of HUVEC with rhTum does not
inhibit binding of endothelial cells to vitronectin, fibronectin, or
RGD cyclic peptide (31). Binding of HUVEC to rhEndo-coated
plates was significantly inhibited by blocking antibodies specific
for �5�1 integrins, whereas blocking of �v�3 or �1�1 integrins
(two other prominent proangiogenic integrins) had no signifi-
cant effect (data not shown). This observation supports recent
studies, which demonstrate possible �5�1 integrin binding to
rhEndo (20, 27). HUVEC tube formation is inhibited by rhEndo
(Fig. 1 A) and preincubation of HUVEC with equimolar amount
of �5�1 integrin soluble protein reverses the antiangiogenic
action of rhEndo (Fig. 2A). Such reversal is not seen with �v�3
or �1�1 integrin soluble proteins (Fig. 2 A). Similar results were
also obtained when migration assays were used (data not shown).
These experiments suggest that �5�1 integrin serves as a func-
tional receptor for rhEndo.

In contrast to rhTum, preincubation of HUVEC with hEndo
significantly decreased attachment of HUVEC to fibronectin,
the major ligand for �5�1 integrin (Fig. 2B). In the same
experimental setting, the addition of soluble �5�1 integrin
captured rhEndo and reversed the impaired binding of HUVEC
to fibronectin, further suggesting that rhEndo competes for
fibronectin binding to �5�1 integrin (Fig. 2B). Immunocyto-
chemistry experiments revealed that rhEndo colocalizes with

Fig. 2. �5�1 integrin is a receptor for rhEndo. (A) Tube formation assay. HUVEC
were plated on Matrigel-coated plates in media containing rhTum (40 �g�ml)
without (Upper) or with (Lower) soluble �5�1 protein (1 �g�ml). Representative
fields are shown (�100 magnification). Soluble �v�3 and �1�1 integrins had no
significant effect on rhEndo-induced inhibition of HUVEC tube formation (not
shown). (B) Cell attachment assay. HUVEC were allowed to attach to plates that
were coated with fibronectin in presence of soluble integrins �5�1, �v�3, �1�1,
rhEndo or without protein, BSA-coated plates were used as negative control. The
graph summarizes the average results of three independent experiments. (C)
Immunoprecipitation and immunoblot. HUVEC treated with rhEndo in a dose-
dependent manner for 30 min (Right) or over a time course at a constant dose (20
�g�ml, Left) were lysed and �5�1 protein immunoprecipitated. Western analysis
of the precipitate for bound rhEndo are shown. A specific band at 20 kDa was
present after 15, 30, and 45 min of incubation with rhEndo. This band was absent
in lysates of untreated cells.

Fig. 3. Cell attachment assays. The graphs display results of three independent experiments, presented as relative percentage compared with PBS control. (A)
Attachment of HUVEC was increased to plates that were coated with synthetic peptides CNGRC (25 �g�ml) or RGD-4C (25 �g�ml) compared with uncoated control
plates. (B) Attachment of HUVEC on fibronectin-coated plates was significantly inhibited by preincubation of the cells with RGD-4C peptide (73% at 1 mg�ml; 89% at
a concentration of 5 �g�ml), whereas preincubation of with CNGRC-peptide had no effect on adhesion of HUVEC. (C) Attachment of HUVEC on rhEndo-coated plates
was significantly inhibited by RGD cyclic peptide or �5�1 blocking antibodies, whereas CNGRC peptide had no significant effect. Addition of soluble �5�1 integrin
protein into the wells significantly inhibited attachment of PBS or CNGRC peptide treated HUVEC, whereas it had no additional effect when the cells were pretreated
with RGD cyclic peptide. (D) Attachment of HUVEC on rhEndo-coated plates was significantly inhibited by incubation with �5�1 soluble protein, whereas �v�3 or �1�1
integrins had no significant effect. �5�1 integrin-induced inhibition was reversed by addition of soluble rhEndo to the culture media.
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�5�1 integrin on proliferating endothelial cells (see Supporting
Materials and Methods and Fig. 7, which is published as support-
ing information on the PNAS web site). To further confirm
binding of hEndostatin to �5�1 integrin, we performed immu-
noprecipitation and immunoblotting experiments to demon-
strate rhEndo binding to �5�1 integrin (Fig. 2C).

RGD-Sequence Requirement for rhEndo�rhTum Binding to �v�3 and
�5�1 Integrins. Integrins �v�3 and �5�1 bind vitronectin�
fibronectin by using their RGD-sequence motif (34). To further
characterize the binding of rhTum and rhEndo to their recep-
tors, we used synthetic RGD-4C cyclic peptide (competes for
RGD-binding site on vitronectin and fibronectin) and CNGRC
peptide (also binds to endothelial cells) in competition cell
adhesion assays (31, 34). Attachment of endothelial cells to
vitronectin and fibronectin is inhibited by blocking the RGD-site
with RGD-4C cyclic peptide, whereas CNGRC peptide has no
effect (31). Binding of endothelial cells to tumstatin-coated
plates is not inhibited by RGD-4C cyclic peptide, CNGRC
peptide, vitronectin, or fibronectin, suggesting that rhTum binds
�v�3 integrin in an RGD binding site-independent manner (31).

Blocking of the RGD-binding capacity within �5�1 integrin
with soluble RGD-4C cyclic peptide inhibited attachment of
HUVEC to fibronectin and also rhEndo-coated plates, whereas
preincubation of HUVEC with CNGRC peptide had no signif-
icant effect (Fig. 3 B and C). We also demonstrated that soluble
�5�1integrin protein could bind rhEndo that was coated onto
cell culture plates and subsequently inhibited attachment of
HUVEC to rhEndo (Fig. 3D). This effect was reversed by
capturing the soluble �5�1 integrin with soluble rhEndo (Fig.
3D). These results suggest that rhEndo binds to �5�1 integrin in
a RGD motif-dependent manner and competes for the RGD-
binding sites within fibronectin. rhEndo does not contain a RGD
sequence motif (20). Thus, the mechanism by which rhEndo
inhibits RGD cyclic peptide or fibronectin binding to �5�1
integrin remains unclear.

Signal Transduction Cascades Induced by rhTum and rhEndo. In
endothelial cells, ligand binding to integrins induces phosphor-
ylation of focal adhesion kinase (FAK), which serves as a
platform for different downstream signals (35). rhTum and
rhEndo both inhibit phosphorylation of FAK when endothelial
cells are plated on fibronectin or vitronectin (Fig. 4A) (15, 26).
Downstream of FAK, protein kinase B (PKB�Akt) plays an
important role in mediating pathways that are involved in the
regulation of endothelial cell survival, proliferation, and migra-
tion (36). Akt is a serine�threonine protein kinase that is
activated by PI3-K (37). Akt is also known to regulate protein
synthesis by mediating phosphorylation of eukaryotic initiation
factor 4E-binding protein (4E-BP1) via mTOR kinase (15, 38,
39). Akt is also involved in regulation of cell cycle and cell
senescence via E2F and p21 (36). Additionally, it has been
suggested that Akt is involved in regulation of endothelial cell
migration, possibly via an interaction with the Rho family of
small G proteins (36).

rhTum inhibited the sustained phosphorylation of Akt and
activation of phosphatidyl-3-kinase in HUVEC that are plated
on fibronectin or vitronectin (Fig. 4C) (15). Downstream of Akt,
mTOR directly phosphorylates eukaryotic initiation factor
4E(eIF4E)-binding protein (4E-BP1) (Fig. 4D) (40). Unphos-
phorylated 4E-BP1 interacts with eIF4E and inhibits Cap-
dependent protein synthesis (40). rhTum suppresses mTOR
activity and thus inhibits phosphorylation of 4E-BP1 in HUVEC
(Fig. 4 D and E) (15). Inhibition of 4E-BP-1 phosphorylation
enhanced binding to eIF-4E, which in turn becomes unavailable
to initiate cap-dependent translation (Fig. 4E) (15). rhEndo also
inhibits phosphorylation of FAK, but phosphorylation (activa-
tion) of Akt was not inhibited (Fig. 4 A and C) (26). rhEndo had

insignificant effect on the PI3-K-Akt-4E-BP-1 Cap-dependent
translation pathway, in contrast to rhTum (Fig. 4 C and E). These
results suggest that hEndostatin regulates migration of endo-
thelial cells in an Akt-independent manner.

Collectively, our results suggest that despite different integrin
binding characteristics, both rhEndo and rhTum inhibit phos-
phorylation of FAK. The mechanism by which rhEndo and
rhTum mediate inhibition of FAK-phosphorylation is obviously
quite different. Although Akt has been implicated as important
for migration of cells, rhEndo does not inhibit activation of Akt
(41). In contrast, rhTum inhibits Akt activation and leads to
inhibition of Cap dependent protein synthesis with no effect on
migration (15). Such differences in the signaling cascade by
rhEndo and rhTum possibly explain their different effects on
endothelial cell function. To investigate the molecular pathways
leading to inhibition of endothelial cell migration by rhEndo,
further experiments were carried out as described below.

rhEndo Signaling Downstream of FAK. The mitogen-activated pro-
tein (MAP) kinase pathway is an important downstream target
of FAK that is involved in the regulation of endothelial cell

Fig. 4. Effects of rhTum and rhEndo on the FAK�Akt�mTOR�4EBP1 Cap-
dependent translation pathway. (A–C) Serum-starved HUVEC were plated on
fibronectin-coated dishes in incomplete medium supplemented with rhEndo
(20 �g�ml) or rhTum (20 �g�ml) for the indicated times and lysates analyzed
by Western blot. (A and B) Phosphorylation of FAK. Immunoblots of phos-
phorylated FAK (Upper) and total FAK (Lower) demonstrate that both rhEndo
(A) or rhTum (B) inhibit sustained phosphorylation. (C) Phosphorylation of
Akt. Immunoblots of phosphorylated Akt (Upper) and total Akt (Lower)
demonstrate no changes in phosphorylation on rhEndo treatment, whereas
rhTum significantly inhibited the sustained phosphorylation of Akt. (D) mTOR
kinase Assay. Autoradiography of autophosphorylated mTOR (Upper) and
phosphorylated 4E-BP1 (Lower) isolated from hemagglutinin (HA)-mTOR
transfected HUVEC. mTOR activity was not inhibited by rhEndo� (D, lane 2)
compared with untreated transfected cells (D, lane 1). rhTum (D, lane 4) and
T7 peptide (D, lane 5) significantly inhibited mTOR activity, similar to rapa-
mycin (D, lane 3). Lane 6 is the nontransfected control. (E) eIF4E-4E-BP1
complex formation. Immunoblots for anti-4E-BP1 (Upper) and anti-eIF4E
(Lower) of lysates precipitated with m7GTP-agarose beads. HUVEC were
treated as indicated. Rapamycin (E, lane 3) and rhTum (E, lane 5) increased
eIF4E-4E-BP1 complexes, whereas rhEndo (E, lane 4) had no significant effect
compared with the untreated control (E, lane 2).
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migration (42). Mice deficient in FAK or fibronectin are em-
bryonic lethal and display severely impaired vasculogenesis and
cell migration (43, 44). Mice deficient in the �5 integrin also
suffer from embryonic lethality and exhibit defects in cell
migration (45). Overexpression of FAK significantly increases
the migratory capacity of cells via activation of the ERK pathway
(46). These findings suggest that the fibronectin��5�1 integrin�
FAK�ERK pathway plays a major role in regulation of ECM-
mediated migration. Attachment of endothelial cells to fibronec-
tin via �5�1integrin activated the FAK�cRaf�MEK�ERK
pathway in HUVEC (Fig. 5). Pretreatment of HUVEC with
rhEndo inhibited sustained phosphorylation of Raf (Fig. 5A) and
its downstream target MEK1�2 (Fig. 5B), which resulted in the
attenuation of sustained phosphorylation of ERK1. Phosphor-
ylation of ERK2 remained unchanged (Fig. 5C). ERK1 is
involved in matrix-mediated migration as has been reported
recently in experiments using the �v�3 (47).

Migration of endothelial cells requires cytoskeleton reorga-
nization and cell adhesion (21). During VEGF-induced migra-
tion of endothelial cells, the ERK pathway mediates actin
reorganization, whereas the MAP kinase homologue p38 path-
way regulates the expression of integrins and proteases in
endothelial cells, suggesting that these two pathways regulate

endothelial cell migration in a coordinated manner (48). Our
results demonstrate that rhEndo significantly decreases sus-
tained phosphorylation of p38 (Fig. 5D), suggesting that rhEndo
inhibits both ERK1 and p38 MAP kinase pathways. rhTum has
no effect on phosphorylation of cRaf and ERK in HUVEC on
fibronectin matrix, suggesting that rhTum has no effect on MAP
kinase pathways downstream of FAK (Fig. 5).

These results demonstrate that although rhEndo and rhTum
are both antiendothelial cell agents, rhEndo targets the migra-
tory capacity of endothelial cells, whereas rhTum targets endo-
thelial cell proliferation. These actions are mediated by �5�1
integrin in the case of rhEndo and by �v�3 integrin in the case
of rhTum. It is apparent that the functional receptors for these
two inhibitors of angiogenesis are different, suggesting that the
mechanism of receptor binding is also distinct. rhEndo competes
with vitronectin�fibronectin�RGD cyclic peptide to bind �5�1
integrin on the endothelial cell surface. This finding suggests that
rhEndo mediates its antimigratory effect by competing with
ligands which provide proangiogenic�migratory cues, whereas
rhTum does not compete with vitronectin�fibronectin�RGD
cyclic peptide to bind �v�3 integrin on endothelial cells. Thus,
this finding suggests that rhTum binds to a site distinct from
vitronectin�fibronectin�RGD cyclic peptide binding site. Be-
cause binding of rhTum to �v�3 integrin does not displace
proangiogenic ligands on �v�3 integrin, the antiproliferative
effect is likely caused by active reversal of pro-proliferative
signals induced by vitronectin and fibronectin. Such action of
rhTum therefore differs from the proposed action of rhEndo on
endothelial cells.

Further insight into the diverse action of rhTum and rhEndo
was realized when intracellular signaling cascades induced by
these two inhibitors were examined. rhTum and rhEndo bind to
different integrins by distinct mechanisms, but both induce
inhibition of FAK phosphorylation. Inhibition of FAK activation

Fig. 6. Schematic illustration of distinct signaling pathways induced by
rhTum and rhEndo. rhTum binds to �v�3 integrin, whereas rhEndo binds to
�5�1 integrin. Both rhEndo and rhTum inhibit phosphorylation of FAK (yel-
low). Downstream of FAK, rhTum inhibits the PI3-K�Akt�mTOR�4EBP1 path-
way, resulting in inhibition of endothelial protein synthesis and proliferation.
MAP kinase pathways are not affected by rhTum. In contrast, inhibition of FAK
activation by rhEndo binding to �5�1 integrin leads to inhibition of ERK1�p38
MAP kinase pathways with no effect on PI3-K�Akt�mTOR�4EBP1 pathways,
resulting in inhibition of endothelial cell migration.

Fig. 5. Effects of rhEndo and rhTum on ERK and p38 MAP kinase signal
transduction pathways. Serum-starved HUVEC were plated on fibronectin in
incomplete medium containing 10 �g�ml rhEndo (A–D) or rhTum (E and F) and
lysed at the indicated times (0–60 min). The levels of phosphorylated proteins
after incubation with rhEndo or rhTum (Middle) were compared with un-
treated controls (Top) by immunoblot. (Bottom) The total signaling protein
levels in rhEndo or rhTum-treated HUVEC. (A and E) Raf phosphorylation.
Immunoblots for phopho-Raf indicate that sustained phosphorylation of Raf
(p-Raf) (A and E, Upper) was inhibited by treatment with rhEndo (A Middle)
but not with rhTum (E Middle). (B) MEK1�2 phosphorylation. The prolonged
phosphorylation of MEK1�2 (B Top), downstream of Raf, was significantly
inhibited by rhEndo (B Middle). (C and F) ERK1�2 phosphorylation. Immuno-
blots for phosphorylated ERK1�2 (p-ERK) indicate sustained phosphorylation
of ERK1 (Upper) and ERK2 (Lower) after HUVEC were seeded on fibronectin (C
and F, Upper). Treatment with rhEndo inhibited phosphorylation of ERK1 but
had no significant effect on ERK2 phosphorylation (C Middle). Treatment with
rhTum had no effect on phosphorylation of ERK1�2 (F). (D) p38 phosphory-
lation. Immunoblots for phosphorylated 38 MAP kinase (p-p38) indicate that
prolonged phosphorylation of p38 (D Top) was decreased after treatment
with rhEndo (D Middle).
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by rhTum leads to inhibition of Cap-dependent translation
(protein synthesis), mediated by PI3-K�Akt�mTOR�4EBP1
pathway. MAP kinase pathways are not affected by rhTum. In
contrast, inhibition of FAK activation caused by rhEndo binding
to �5�1 integrin leads to inhibition of ERK1�p38 MAP kinase
pathways with no effect on PI3-K�Akt�mTOR�4EBP1 pathway
(Fig. 6). Inhibition of FAK activation by rhEndo and rhTum,
leading to such distinct downstream signaling, requires further
investigation and might involve novel intracellular molecules
downstream of FAK.

Lastly, our results provide further support for the notion that
basement membrane-derived angiogenesis inhibitors are not
mutually exchangeable in their mode of action and offer hope

that these inhibitors could be used in combination to realize
effective synergy in the control of tumor angiogenesis and
growth.
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