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Abstract
Angiopoietins are a family of factors that play important roles in angiogenesis, and their receptor,
Tie-2 receptor tyrosine kinase, is expressed primarily by endothelial cells. Three angiopoietins have
been identified so far, angiopoietin-1 (Ang-1), angiopietin-2 (Ang-2), and angiopoietin-3 (Ang-3).
It has been established that Ang-1 and Tie-2 play essential roles in embryonic angiogenesis. We have
demonstrated recently that, unlike Ang-2, Ang-1 binds to the extracellular matrix, which regulates
the availability and activity of Ang-1 (Xu, Y., and Yu, Q. (2001) J. Biol. Chem. 276, 34990–34998).
However, the role and biochemical characteristics of Ang-3 are unknown. In our current study, we
demonstrated that, unlike Ang-1 and Ang-2, Ang-3 is tethered on cell surface via heparan sulfate
proteoglycans (HSPGs), especially perlecan. The cell surface-bound Ang-3 is capable of binding to
its receptor, Tie-2; suggesting HSPGs concentrate Ang-3 on the cell surface and present Ang-3 to
its receptor to elicit specific local reaction. Mutagenesis experiment revealed that the coiled-coil
domain of Ang-3 is responsible for its binding to the cell surface. In addition, we demonstrated that
the cell surface-bound Ang-3 but not soluble Ang-3 induces retraction and loss of integrity of
endothelial monolayer, indicating the binding of Ang-3 to the cell surface via HSPGs is required for
this bioactivity of Ang-3.

Angiogenesis plays important roles in embryonic organogenesis, postnatal tissue repair, female
reproductive function, arthritis, diabetes, and tumor growth and metastasis (1–4). Numerous
molecules, including pro- and anti-angiogenic factors and their receptors, proteases, adhesion
receptors, and the ECM1 components, are involved in angiogenesis (5–7).

Angiopoietins are ligands of Tie-2 (tyrosine kinase with immunoglobulin and epidermal
growth factor homology domains-2) receptor kinase, which is primarily expressed by
endothelial cells and their precursors (8–11). Three Tie-2 ligands have been identified so far
(12–14), angiopoietin-1 (Ang-1), angiopietin-2 (Ang-2), and angiopoietin-3 (Ang-3) in mouse
or its ortholog in human, angiopoietin-4 (Ang-4). Angiopoietins all contain a signal peptide,
an amino-terminal coiled-coil domain, a linker peptide region, and a carboxyl-terminal
fibrinogen homology domain (FHD). Studies have shown that the coiled-coil region is
responsible for dimerization/multimerization of angiopoietins, whereas the FHD binds to the
Tie-2 receptor (13–15).
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It has been shown that the angiopoietin-Tie-2 pathway plays an essential role during the late
stages of vascular development. Knock out of Ang-1 or Tie-2, or overexpression of Ang-2, is
embryonic lethal with similar vascular defects. These mice display normal vascular growth
factor (VEGF)-dependent early vascular development, however, there are profound defects in
remodeling, organization, and stabilization of the primitive vasculature in these mice (11,13,
16, and 17). Studies have shown that, at least under some circumstances, Ang-2 and Ang-3 are
naturally occurring antagonists of Tie-2 receptor (13,14). Ang-2 and Ang-3 are believed to
compete with Ang-1 for the binding of Tie-2 and block Tie-2 phosphorylation induced by
Ang-1 (13,14,18, and 19). However, how Ang-3 affects endothelial cell behavior and how
bioactivity of Ang-3 is regulated have not been established.

We have demonstrated previously that Ang-2 is primarily secreted and that Ang-1 is
incorporated into the ECM and the ECM binding of Ang-1 regulates its availability and activity
(20). In our current study, we demonstrated that, unlike Ang-1 and Ang-2, Ang-3 is tethered
on cell surface via heparan sulfate proteoglycans (HSPGs), especially perlecan, through the
coiled-coil domain of Ang-3. Perlecan is an HSPG that is present in the basement membrane
and on the cell surface (21). Perlecan binds to the cell surface through integrin (22–24), and
plays important roles in vasculogenesis, angiogenesis, and tumorigenesis (21,31). In addition,
we have shown that the cell surface-bound Ang-3 is capable of binding to Tie-2-Fc fusion
protein. More importantly, the cell surface-bound Ang-3 but not soluble Ang-3 induces
retraction and loss of integrity of the endothelial monolayer, indicating that the cell surface
binding of Ang-3 is required for its function.

We have shown very recently that overexpression of Ang-3 inhibits pulmonary metastasis of
Lewis lung carcinoma and TA3 mammary carcinoma cells by blocking tumor angiogenesis
and promoting apoptosis of tumor cells (45). Furthermore, we have demonstrated that tethering
Ang-3 on the cell surface is required for effective inhibition of Ang-3 on tumor angiogenesis
and pulmonary metastasis (45). These results further confirmed that binding of Ang-3 to the
cell surface via HSPGs enhances/facilitates the bioactivity of Ang-3.

The results reported in our previous study (20) and current study demonstrate that angiopoietins
not only play different roles in regulating endothelial cell function, but also their activities are
differentially regulated by the ECM and HSPGs, which likely provides the basis for modulating
activities of angiopoietins in vivo therefore regulating angiogenesis in physiologic and
pathologic situations.

EXPERIMENTAL PROCEDURES
Cells and Reagents

Lewis lung carcinoma (LLC) cells, A10 embryonic aorta smooth muscle (A10) cells, bovine
pulmonary artery endothelial cells (CAPE), C2C12 myoblasts, and COS-7 cells were obtained
from the Cell Center Services Facility of University of Pennsylvania. LLC transfectants were
maintained in the condition as described previously (20,25). Anti-v5 epitope (Invitrogen), anti-
Tie2, and anti-Ang-1, -2, and -3, and anti-glypican-1 (Santa Cruz Biotechnology), anti-heparan
sulfate (Calbiochem), anti-perlecan (NeoMarkers), and anti-syndecan-1 (BD Biosciences)
antibodies, heparinases I and III (Sigma), Streptomyces hyaluronidase (ICN), and Tie-2-Fc
(R&D Systems) were used in the experiments.

RT-PCR, Mutagenesis, and Expression Constructions
RT-PCR was performed as described previously (25). Briefly, full-length Ang-1, -2, and -3
cDNAs were amplified using mouse placenta cDNAs as templates together with Pfu DNA
polymerase (Stratagene) and a pair of the primers corresponding to the 5′- and 3′-ends of 24
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nucleotides of the coding sequence of each molecule derived from the GenBank™ under the
accession numbers U83509, AF004326, and AF113707, respectively. The stop codons were
omitted from these reverse primers to fuse Ang-1, -2, and -3 to the C-terminal v5 epitope tag,
which is presented in the expression vector (pEF6/V5-His TOPO, Invitrogen). The resulting
PCR fragments were inserted into pEF6/V5-His TOPO vectors. Authenticity and correct
orientation of Ang-1, -2, and -3 inserts were verified by DNA sequencing.

The various deletion fragments of Ang-3 were generated as detailed in the Fig. 4 using the full-
length Ang-3 in pEF6/v5-His vector as a template and the ExSite PCR-based site-directed
mutagenesis kit (Stratagene). The accuracy of the deletions was confirmed by DNA
sequencing.

Transient and Stable Transfection
COS-7 cells and LLC cells were transfected using LipofectAMINE (Invitrogen) with the
expression constructs containing cDNA inserts encoding mouse Ang-1, -2, or -3 or the
deletional constructs of Ang-3. The transient transfected COS-7 cells were used 72 h after the
transfection. The stably transfected LLC cells were selected for blasticidin resistance. The
expression level of v5-epitope tagged Ang-1, Ang-2, and full-length and deletion fragments
of Ang-3 in COS-7 and LLC transfectants was determined by Western blotting with anti-v5
antibody as described previously (20).

Protein Sample Preparation and Western Blot Analysis
To determine the distribution pattern of angiopoietins, Western blotting was performed using
the proteins derived from the cell culture supernatants of LLC transfectants or transiently
transfected COS-7 cells, lysates of the EDTA-lifted cells, and the ECM materials deposited on
the cell culture dishes. The transfected cells were either treated with trypsin for 10 min at room
temperature and washed with 10% FBS Dulbecco’s modified Eagle’s medium, or released
from the culture dishes by phosphate-buffered saline (PBS) solution containing 5 mM EDTA
and washed. The trypsin or EDTA-released cells were washed and lysed in 2× SDS Laemmli
sample buffer. The ECM materials remaining on the cell culture dishes, after removal of the
cells with EDTA solution, were washed and extracted with 2× SDS sample buffer.

To determine the binding between the cell surface heparan sulfate (HS) and Ang-3, the EDTA-
lifted LLCAng-3 cells were treated with heparinase I (5 units/ml) plus heparinase III (0.5 unit/
ml) or Streptomyces hyaluronidase (5 units/ml, as a control for heparinase) at 37 °C for 2 h,
washed, lysed in 2× SDS sample buffer, and analyzed by Western blotting with anti-v5
antibody to determine whether heparinases have dissociated Ang-3 protein from LLCAng-3
cell surface.

To determine whether glycosylphosphatidylinositol-anchored glypicans bind to Ang-3,
LLCAng-3 cells were treated with or without 1 unit/ml phosphatidylinositol-specific
phospholipase C (PI-PLC) at 37 °C for 2 h. These LLC Ang-3 cells were washed and lysed
with radioimmune precipitation assay buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 μg/ml pepstatin A, 1 mM phenylmethyl-sulfonyl fluoride). 30 μl (50
μg) of lysed proteins was digested with or without heparinases I and III (1 unit/ml) at 37 °C
for 6 h (26), and the reactions were terminated by adding 5 μl of 8× SDS sample buffer and
analyzed by Western blot with anti-glypican-1 (Santa Cruz Biotechnology) or anti-v5 antibody.
Immunoprecipitation was performed using the protein G bead-bound anti-glypican-1 antibody
and the supernatants of the PI-PLC digestion reactions. The immunoprecipitated proteins were
digested with or without heparinases as described above and analyzed by Western blot for the
presence of glypican-1 and Ang-3 protein.
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Production and Purification of Angiopoietins
Five liters of cell culture supernatants derived from LLC transfectants expressing mouse or
human Ang-1, Ang-2, or Ang-3 protein were collected and purified through Ni+-Probond
affinity columns (Invitrogen), and the affinity columns were conjugated with anti-v5 antibodies
(Sigma). The purity of the purified proteins was determined by silver staining of SDS-10%
PAGE gel loaded with the purified proteins under reducing conditions. The results showed that
v5-epitope-tagged Ang-1, Ang-2, and Ang-3 reached more than 90% purity after two rounds
of affinity purification, which was demonstrated by the presence of a single silver-stained band
with the appropriate molecular weight. The concentration of the purified proteins was
determined by Bio-Rad Bradford protein assay using a serial diluted bovine serum albumin
(BSA, 2 mg/ml) as a standard.

Solid Phase and Cell-based Ligand Binding Assay
96-well ELISA plates were coated overnight at 4 °C with heparin, chondroitin sulfate, or
hyaluronic acid (HA, 1 mg/ml, Sigma), or BSA (1 mg/ml, Sigma) in triplicate. The coated
plates were washed and blocked with 0.5% BSA. Purified Ang-1v5 or Ang-3v5 proteins (500
ng/ml) were applied to the coated plates and incubated for overnight at 4 °C. After extensive
washing with phosphate buffer containing 300 mM NaCl, the 96-well bound Ang-1v5 or
Ang-3v5 proteins were detected and measured.

The cell-based ligand binding assays were performed by incubating purified Ang-3v5 (1 μg)
or Ang-1v5 (1 μg, as a control of Ang-3v5) with the EDTA-lifted 1 × 106 of C2C12, A10,
COS-7, and LLC cells; or by incubating purified Tie-2-Fc (2 μg, P&D System) or CD-8-Fc (2
μg, as a control of Tie-2-Fc) with the EDTA-lifted LLCAng-1, LLCAng-2, or LLCAng-3 cells
at 4 °C for 2 h. The cells were then washed with PBS and lysed in 2× SDS sample buffer. The
cell surface-bound v5-tagged angiopoietins or Tie-2-Fc fusion proteins were detected by
Western blotting with anti-v5 mAb or anti-human IgG antibody, respectively.

Heparin Affinity Column
To determine the binding profile and relative affinity of Ang-3 to heparin, 20 μg of purified
Ang-3v5 was applied into a heparin affinity column (heparin-conjugated agarose, Sigma).
Ang-3 protein was eluted from the column using non-continuous gradient of NaCl (0.15, 0.3,
0.6, and 1.2 M). Three fractions (2 ml/each) were collected for each NaCl concentration, and a
20-μl sample from each fraction was analyzed by Western blotting with anti-v5 mAb.

Endothelial and Tumor Cell Co-culture Assay
Subconfluent LLCAng-3, LLCAng-2, and LLCAng-1 cells were labeled with CellTracker
Green CMFDA fluorescein (Molecular Probes) as described previously (27) and lifted with
the EDTA solution, which was known to preserve Ang-3 protein on the cell surface. These
EDTA-lifted cells or soluble angiopoietin (200 ng/ml) were applied to the monolayers of
bovine pulmonary artery endothelial cells (CAPE, ATCC) in triplicate for 4 h at 37 °C. The
cells were then fixed and observed under microscope and photographed, and the endothelial
retraction lesions were counted in ten randomly selected microscopic (40×) fields.

Immuocytochemistry
LLC transfectants expressing Ang-1, Ang-2, or Ang-3, or transfected with the empty
expression vector were cultured in 35-mm dishes until confluence. Some cells were lifted with
the EDTA solution as described (20), and the cell-free ECM and the confluence LLC
transfectants were fixed with methanol at −20 °C for 15 min. The fixed cells and ECM were
washed and blocked, and antibodies against v5 epitope, Ang-1, Ang-2, Ang-3, and perlecan
were used to detected Ang-1, -2, -3, or perlecan.
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To investigate the relative localization of Ang-3 protein and heparan sulfate (HS) on the
LLCAng-3 cell surface, an immunocolocalization experiment was performed using anti-v5
antibody and TRITC-conjugated secondary antibody to detect Ang-3v5 protein and anti-
heparan sulfate (Calbiochem) antibody and FITC-conjugated secondary antibody to detect HS,
respectively. To determine the relative localization of Ang-3 and perlecan, glypican, or
syndecan and determine whether HS side chains on proteoglycans are required for the binding
of Ang-3 to cell surface, LLCAng-3 cells were cultured in the absence or presence of 100
mM sodium chlorate and fixed. Immunocolocalization experiments were performed using anti-
v5 antibody with TRITC-conjugated secondary antibody to detect Ang-3v5, and anti-perlecan
(NeoMarkers) or anti-glypican-1 antibody with FITC-conjugated secondary antibody to detect
perlecan or glypican-1, respectively, or using FITC-conjugated anti-v5 antibody to detect
Ang-3v5 protein and phycoerythrin-conjugated anti-syndecan-1 (BD Biosciences) antibody to
detect syndecan-1. The inhibitory effect of sodium chlorate on the synthesis of HS in
LLCAng-3 cells was revealed by anti-HS antibody (Calbiochem).

RESULTS
Unlike Ang-1 and Ang-2, Ang-3 Is Retained on the Surface of Various Cells

It was noted previously that, unlike producing Ang-2, it is difficult to produce and purify Ang-1
and Ang-3 proteins (13,14). We have demonstrated recently that, unlike Ang-2, which is
primarily secreted, Ang-1 is secreted and incorporated into the ECM and the binding of Ang-1
to the ECM regulates availability and activity of Ang-1 (20). To determine whether Ang-3
binds to the ECM as well, we investigated the distribution pattern of Ang-3 protein in the
established LLC transfectants expressing the C-terminal v5 epitope-tagged Ang-3 (Ang-3v5).
The v5 epitope is a 14-amino acid epitope derived from P and V proteins of the paramyxovirus,
SV5 (28).

The proteins used in the Western blotting were derived from culture supernatants, from the
ECM materials deposited on the cell culture dishes, and from the EDTA-lifted LLC
transfectants expressing v5-tagged Ang-1 (LLCAng-1), Ang-2 (LLCAng-2), or Ang-3
(LLCAng-3). The results showed that Ang-2 is largely secreted, Ang-1 is incorporated into the
ECM, and a large fraction of Ang-3 is associated with the transfected cells (Fig. 1). The similar
result was obtained in several other cell lines tested, including COS-7, 293, and TA3 mammary
carcinoma cells (data not shown). Like all the proteins containing the coiled-coil domain,
angiopoietins are aggregated to form dimers and oligomers through their coiled-coil region,
and treatment of the proteins with β-mercaptoethanol releases these aggregates to monomers
(Refs. 12–15 and data not shown). Angiopoietins are glycosylated, which causes the multiple
banding patterns in Western blot (12–14). The ECM-bound Ang-1 is aggregated to form
oligomers, whereas the cell-associated Ang-3 exists in monomeric, dimeric, and some
oligomeric forms (Figs. 1C and 2).

To determine whether endogenous Ang-3 behaves in the same way as the transfected one, we
performed Western blot analysis of the proteins derived from C2C12 myoblasts and A10
embryonic aortic smooth muscle cells, both of which express endogenous Ang-3 as assessed
by RT-PCR (45). Proteins derived from lysates of these cells were analyzed by Western blotting
with anti-Ang-3 antibody (Santa Cruz Biotechnology), and the results showed that Ang-3
protein is associated to A10 and C2C12 cells as well (data not shown).

To determine whether the association of Ang-3 with LLC cells merely reflects the presence of
Ang-3 protein in the intra-cellular secretory pathway of the cells or represents binding of Ang-3
to the cell surface, we performed the following experiments. First, LLCAng-3 cells were treated
with trypsin (0.5 mg/ml) or EDTA solution for 10 min at room temperature, lifted, washed,
lysed, and analyzed by Western blotting with anti-v5 mAb. The result showed that the treatment
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of trypsin, but not EDTA, dislodges Ang-3 protein from the cells suggesting that Ang-3v5 is
localized on the cell surface, where it is accessible to trypsin (Fig. 2A, lanes 3 and 4). To confirm
this, we performed Western blot analysis of the proteins derived from the cell membrane and
soluble cytosolic fractions of LLCAng-3 cells and found that Ang-3v5 is indeed present in the
cell membrane fraction (Fig. 2B, lanes 1 and 2).

Finally, a cell-based binding assay was performed by incubating the EDTA-lifted C2C12, A10,
COS-7, and LLC cells (1 × 106) with purified Ang-3v5 or Ang-1v5 (2 μg) at 4 °C for 2 h. The
cells were washed with cold PBS, lysed, and analyzed by Western blotting with anti-v5 mAb.
The result showed that Ang-3v5 but not Ang-1v5 binds to all the cells tested (Fig. 2C).

The Cell Surface-bound Ang-3 Is Capable of Binding to Tie-2-Fc Protein
RT-PCR results indicated that these non-endothelial cells that displayed the binding affinity
to Ang-3 protein (Fig. 2C) do not express Tie-2 receptor (data not shown), suggesting that
Ang-3 binds to these cell surface via binding partner(s) other than Tie-2 receptor. To determine
whether the cell surface-bound Ang-3 is capable of binding to Tie-2-Fc fusion protein, 1 ×
106 of the EDTA-lifted LLC transfectants (LLCAng-1, -2, and -3) were incubated with 2 μg
of Tie-2-Fc or CD8-Fc (as a negative control) at 4 °C for 2 h. After extensive washing, the
cells were lysed and Western blotting was performed using anti-human IgG antibody to detect
cell surface-bound Tie-2-Fc or CD8-Fc. The result showed that Tie-2-Fc but not CD8-Fc binds
to LLCAng-3 cells but not to LLCAng-1 or LLCAng-2 cells (Fig. 3A).

To confirm this result, confluent LLCAng-3 cells were fixed and blocked, and the binding
assay was performed by applying 2 μg/ml Tie-2-Fc or CD8-Fc proteins (with or without prior
incubation with 20 μg/ml soluble Ang-3 protein) to these fixed cells. The cell surface-bound
Tie-2-Fc was revealed by FITC-conjugated anti-human Fc antibody. The result showed that
Tie-2-Fc but not CD8-Fc binds to the surface of LLCAng-3 cells in a pattern that is similar to
that of cell surface-tethered Ang-3 protein, and the binding is blocked by the prior incubation
of T-e-2-Fc with an excess amount of soluble Ang-3 protein (Fig. 3B). To demonstrate the
colocalization of the cell surface-tethered Ang-3 and Tie-2-Fc fusion protein, the distribution
of Ang-3 and Tie-2-Fc was revealed by anti-v5 antibody with the FITC-conjugated secondary
antibody, and TRITC-conjugated anti-human Fc antibody, respectively. The result showed that
Tie-2-Fc is colocalized with the cell surface-tethered Ang-3 (Fig. 3C, panel c). Together, these
results suggest that tethering Ang-3 on the cell surface likely provides a mechanism to localize,
concentrate, and present Ang-3 to its receptor, rather than to sequester Ang-3, and that the
domains of Ang-3 that bind to Tie-2 and the putative cell surface binding partner(s) are
different.

The Coiled-coil Domain of Ang-3 Mediates the Cell Surface Binding of Ang-3
To determine which domain of Ang-3 mediates the binding of Ang-3 to the cell surface, we
made several Ang-3 deletion constructs, which contain the coiled-coil domain plus the linker
peptide region, the coiled-coil domain, or the linker peptide region plus the FHD (Fig. 4A).
The cDNA fragment encoding the signal peptide (SP) of Ang-3 was constructed to the amino-
terminal of all the deletion fragments, so that they can be expressed and secreted properly
(20). In addition, v5-epitope was tagged at the carboxyl termini of these fragments for easy
identification. The expression constructs containing full-length Ang-3 and various Ang-3
fragments were used to transfect COS-7 cells in triplicate.

72 h after the transfection, one set of the transfected COS-7 cells was treated with trypsin (0.5
mg/ml) at room temperature for 10 min, which was known to release the cell surface-bound
Ang-3 (Fig. 2A). Equal amounts of the proteins, derived from culture supernatants (Fig. 4B,
panel a) or cell lysates (Fig. 4B, panels b and c) of the transfected COS-7 cells that were treated
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with (panel c) or without (panel b) trypsin, were analyzed by Western blotting with anti-v5
mAb. The results showed that, like full-length Ang-3, the coiled-coil fragment of Ang-3 binds
to the cells and the binding is sensitive to the trypsin treatment. On the contrary, the FHD
fragment of Ang-3 is either secreted or resides inside the transfected cells and is insensitive to
the trypsin treatment (Fig. 4B, panels b and c, lane 4). This result suggests that the coiled-coil
domain of Ang-3 mediates the binding of Ang-3 to the cell surface. This conclusion was further
supported by the immunocytochemistry analysis of these transfected COS-7 cells. The results
showed that the coiled-coil fragment of Ang-3 displayed a cell surface distribution pattern that
is similar to that of full-length Ang-3, whereas the FHD fragment is indeed localized in the
intracellular compartment (data not shown).

Perlecan Is a Major HSPG That Mediates the Cell Surface Binding of Ang-3
Our RT-PCR results indicated that the cells that displayed binding affinity to Ang-3 (Fig.
2C) do not express Tie-2 (data not shown), suggesting that Ang-3 binds to the cell surface via
protein(s) other than Tie-2. To determine which of the one or more cell surface proteins binds
to Ang-3, we first investigated localization of Ang-3 in LLCAng-3 cells by
immunocytochemistry. We found that the localization of Ang-3 resembles that of HS
glycosaminoglycans (GAGs) observed previously (not shown). To determine whether Ang-3
is tethered on the cell surface via HS, we performed a solid phase binding assay to assess the
binding affinity of purified Ang-3v5 protein to heparin (an analog of HS), chondroitin sulfate,
and hyaluronan (HA); the latter two of which are both negatively charged GAGs and used as
controls of heparin. Purified Ang-1v5 was used as a control of Ang-3v5 in the assay. The result
showed that Ang-3v5 but not Ang-1v5 binds to heparin but not to chondroitin sulfate or HA
(Fig. 5A), suggesting that Ang-3 likely binds to the cell surface via HSPGs.

To determine the binding profile and relative affinity of Ang-3 to heparin, we applied purified
Ang-3 to a heparin affinity column, and Ang-3 was eluted using non-continuous gradient of
NaCl (0.15, 0.3, 0.6, and 1.2 M). The result showed that Ang-3 protein was eluted at two different
salt concentrations, 0.3 and 0.6 M NaCl, which implies the presence two subsets of Ang-3
proteins that bind to heparin with different affinities (low and high, Fig. 5B).

To determine whether Ang-3 colocalizes with HS on the cell surface, we performed
immunocolocalization experiment using anti-v5 mAb and TRITC-conjugated secondary
antibody to detect Ang-3v5 and anti-heparan sulfate antibody and FITC-conjugated secondary
antibody to detect HS, respectively. Our results showed that Ang-3v5 is colocalized with HS
on the surface of LLCAng-3 cells (Fig. 5C, panels a–c). It is well established that HS can exist
as side chains of protein core structures in the forms of HSPGs, which are present in the ECM
and on the cell surface (29–31). To confirm that Ang-3 binds to the cell surface via HSPGs,
the EDTA-lifted LLCAng-3 cells were treated with heparinase or hyaluronidase (as a control
of heparinase) at 37 °C for 2 h, washed, lysed, and analyzed by Western blotting with anti-v5
mAb. The results showed that the treatment of LLCAng-3 cells with heparinase but not
hyaluronidase releases Ang-3v5 from the cell surface (Fig. 5D), suggesting that Ang-3 is bound
to the cell surface through HSPGs.

The major cell surface HSPGs are syndecans, glypicans, CD44 variants containing v3 exon
(CD44v3) (32,33), and perlecan (21,30,31). Our RT-PCR results demonstrated that LLC cells
express syndecan-1, -2, and -4, glypican-1, -2, -3, and -6, and perlecan, and LLC cells express
little CD44 variant isoforms containing v3 exon (data not shown). Thus, CD44 is not likely
involved in the binding of Ang-3 to LLC cell surface. To investigate whether syndecans bind
to Ang-3, immunoprecipitation was performed by incubating Ang-3v5 with the protein-A
beads that were bound with syndecan-1-Fc, syndecan-2-Fc, syndecan-4-Fc fusion proteins, or
human IgG (as a control of syn-Fc). The results showed that syndecan-1-Fc and to a lesser
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extent syndecan-4-Fc and syndecan-2-Fc, but not human-IgG, bind to Ang-3v5 (data not
shown). This result indicates that syndecans binds to Ang-3 in vitro.

To determine whether syndecan, perlecan, and/or glypican are responsible for tethering Ang-3
on surface of the cells, we performed immunocolocalization of Ang-3v5 and perlecan,
syndecan-1, or glypican-1. The results showed that Ang-3v5 is colocalized with perlecan in
both LLC and TA3 cells (Figs. 6 and 7 (G–I)), however, Ang-3 did not display significant
colocalization with syndecan-1 (Fig. 7, A–C) or glypican-1 (Fig. 7, D–F). To determine whether
HS side chains on perlecan are required for the binding of Ang-3 to the cell surface, LLCAng-3
cells were cultured in the absence or presence of 100 mM sodium chlorate. The inhibitory effect
of sodium chlorate on synthesis of HS was demonstrated by the absence of HS on the chlorate-
treated LLCAng-3 cells using anti-HS antibody (Fig. 6H). Immunocolocalization experiments
showed that perlecan core protein, lacking HS side chains, is incapable of tethering Ang-3 to
LLC cells. We only detected Ang-3 protein located inside of the chlorate-treated LLCAng-3
cells (Fig. 6F). Together, these data suggest that perlecan tethers Ang-3 to the cell surface
through HS side chains.

Western blot result demonstrated that some Ang-3 is deposited into the ECM (Fig. 1). To
investigate whether the ECM-bound Ang-3 is colocalized with perlecan, confluent Ang-3 cells
were lifted with the EDTA solution, the cell-free ECM on the cell culture dishes were fixed,
and immunocytochemistry was performed to detect the ECM-bound Ang-3 or perlecan. The
result showed that the EDTA treatment lifted the LLC cells and the pericellular perlecan;
however, there were patches of perlecan remaining in the cell-free ECM (Fig. 6I), and Ang-3
was found to be colocalized with these perlecan patches in the ECM (Fig. 6J and K).

To further confirm that syndecan and glypican are not the major HSPGs that are responsible
for the cell surface binding of Ang-3, we performed the following biochemical experiments.
We treated LLCAng-3 cells without or with PI-PLC, which releases
glycosylphosphatidylinositol-anchored proteins, including glypicans from the cell surface. The
cells were washed and lysed. The protein lysates were digested with or without heparinases
and analyzed for the presence of glypican-1 or Ang-3, respectively, by Western blotting. The
reaction supernatants were immunoprecipitated to recover cleaved glypican-1 and potential
glypican-1-bound Ang-3. The results showed that the PI-PLC treatment did release a large
fraction of glypican-1 from the cell surface; however, it had little effect on the cell surface
binding of Ang-3. In addition, the released glypican-1 did not form a complex with Ang-3
protein in the reaction supernatant, suggesting that glypicans are not the major cell surface
HSPGs that bind to Ang-3 in LLC cells (Fig. 8C).

To confirm that syndecan-1 play no major role in tethering Ang-3 on LLC cells, we treated
LLCAng-3 cells without or with 10 μg/ml trypsin on ice for 15 min, which is known to be
sufficient to cleave syndecans from the epithelial cell surface (34), or with 100 μg/ml trypsin
in room temperature for 15 min. The cells were then washed and lysed for Western blotting
analysis. The mild trypsin treatment (10 μg/ml) did not lift LLCAng-3 cells from the culture
dishes, which allowed us to perform immunocytochemistry to determine whether the treatment
released syndecan-1 from the cell surface. Our results showed that there is a significant
reduction of syndecan-1 but not perlecan-1 level on the surface of these LLCAng-3 cells, which
were treated with 10 μg/ml trypsin (Fig. 8A and B); however, there was a small change in the
level of the cell surface-bound Ang-3 (Fig. 8A and B), suggesting that syndecan-1 does not
play a major role in tethering Ang-3 on the surface of LLC cells. Together, these results (Fig.
6 –8) indicate that, at least in LLC and TA3 cells, perlecan is the major HSPG that tethers
Ang-3 to the cell surface.
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The Cell Surface-bound Ang-3 Induces Retraction and Loss of Integrity of the Endothelial
Monolayer

It is well established that the interaction between endothelial-endothelial cells and endothelial-
periendothelial cells is important for maintaining the vascular integrity and formation of
functional blood vessels. Ang-1 has been shown to play an important role in maintaining
integrity of blood vessels (35–40). To assess function of the cell surface-tethered Ang-3, we
performed tumor and endothelial cell co-culture assay by seeding green fluorescein-labeled
LLCAng-3, LLCAng-2, and LLCAng-1 cells onto the monolayers of bovine pulmonary artery
endothelial (CAPE) cells. As controls, purified soluble angiopoietins (200 ng/ml) alone were
applied to the monolayers. The cells were cultured for 4 h at 37 °C, fixed, and observed under
a microscope. The results demonstrated that the cell surface-bound Ang-3, but not soluble
Ang-3, LLCAng-1, or LLCAng-2 cells, induces retraction and loss of integrity of the CAPE
monolayers (Fig. 9).

The extent of endothelial monolayer retraction was determined by counting the retraction
lesions in ten randomly selected 40× microscopic fields. There are 17 retraction lesions/
microscopic field that were induced by LLCAng-3 cells, whereas only 0.2, 0.33, or 0 retraction
lesions/microscopic field were induced by LLCAng-1, LLCAng-2 cells, or by soluble Ang-3
alone. Thus, we have demonstrated that inducing endothelial monolayer retraction is a specific
function of the cell surface-tethered Ang-3. This result suggests that binding of Ang-3 to the
cell surface via HSPG regulates Ang-3 activity.

DISCUSSION
Ang-3 Is Tethered on the Cell Surface via HSPGs, Especially Perlecan, and the Cell Surface-
tethered Ang-3 Binds to Tie-2-Fc Fusion Protein

In our current study, we demonstrated that, unlike Ang-1 and Ang-2, Ang-3 binds to the cell
surface via the interaction between its coiled-coil domain and HSPGs. The cell surface binding
of Ang-3 is saturable, and the access amount of Ang-3 is present in soluble form and secreted
(Fig. 1 and data not shown), suggesting the local concentration of HSPGs can be used to
establish the Ang-3 gradient, which may be important during morphogenesis of the blood
vessels. At least in LLC and TA3 cells, perlecan is a major HSPG that tethers Ang-3 to the cell
surface, which does not exclude the possibility that other HSPGs may mediate cell surface
binding of Ang-3 in other cell types.

HSPGs often serve as binding proteins for growth factors and play important roles in
modulating functions of these factors (29–31,41). In the current study, we have shown that the
cell surface-bound Ang-3 is capable of binding to Tie-2-Fc fusion protein (Fig. 3). This result
suggests that, instead of sequestering Ang-3 from its receptor, tethering of Ang-3 on the cell
surface such as that of perivascular cells localizes and presents Ang-3 to Tie-2 receptor on
adjacent endothelial cells to elicit specific local reaction. Furthermore, binding of Ang-3 to the
cell surface via HSPGs and sharing the common binding partners with other HSPG-binding
growth factors such as basic fibroblast growth factor and VEGF imply that Ang-3 may cross-
talk with these factors, and vice versa.

It has been established that the coiled-coil region of angiopoietins is responsible for
dimerization/multimerization of the proteins, whereas the FHD binds to Tie-2 receptor (13–
15). We have shown that soluble Ang-3 protein tends to form oligomers, whereas the cell
surface-bound Ang-3 tends to form monomers, dimers, and some oligomers (Figs. 1, 2, and
4). Because the HSPG binding domain of Ang-3 is in the coiled-coil region, binding of Ang-3
to HSPG is likely responsible for the altered aggregation pattern. Thus, tethering Ang-3 on the
cell surface by HSPGs likely concentrates Ang-3 protein in the particular aggregated forms,
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which may generate the distinct local signal that is different from the one derived from soluble
Ang-3 protein.

The Function of Ang-3 Is Regulated by Its Binding to Cell Surface
It is well established that the interaction between endothelial-endothelial cells and endothelial-
periendothelial cells is important for maintaining vascular health and integrity. Ang-1 has been
shown to enhance the interactions between endothelial-endothelial and endothelial-
periendothelial mural cells (17,35,38,39,40,42). However, previous work has shed little light
on the function of Ang-3. In our present study, we have shown that the cell surface-bound
Ang-3, but not soluble Ang-3, induces retraction and loss of integrity of the endothelial
monolayers (Fig. 9). This result implied that the cell surface-bound Ang-3 plays a distinct
important role in regulating endothelial cell behavior, and mechanisms that regulate the cell-
surface binding of Ang-3 and release Ang-3 from the cell surface (including shedding of
HSPGs from the cell surface by matrix metalloproteinases (30,43)) likely regulate the function
of Ang-3.

Very recently, we have shown that overexpression of Ang-3 inhibits pulmonary metastasis of
LLC and TA3 mammary carcinoma cells by inhibiting tumor angiogenesis and promoting
apoptosis of the tumor cells, and that the cell surface binding of Ang-3 is required for its
effective inhibition on tumor angiogenesis and metastasis. Furthermore, we have demonstrated
that Ang-3 inhibits endothelial cell proliferation and survival and blocks Ang-1- and VEGF-
induced activation of extracellular signal-regulated kinase 1/2 and Akt kinase, which likely
underlie the Ang-3-mediated inhibition on tumor angiogenesis and metastasis (45). Together
with the results obtained in the current study, these results suggest that Ang-1 and Ang-3 play
opposite roles in maintaining endothelial layer integrity and in inducing endothelial cell
sprouting/retraction, proliferation, and survival. Ang-1 and Ang-3 likely represent two
important factors that are produced by periendothelial cells and play antagonistic roles in
maintaining health and integrity of blood vessels in adult tissues. Furthermore, these data imply
that the balanced activity of Ang-1 and Ang-3 is important for angiogenesis during
embryogenesis and tissue repairing; the imbalanced up-regulation of Ang-3 activity and/or
down-regulation of Ang-1 activity may contribute to blood vessel regression and other vascular
diseases such as atherosclerosis and restenosis.

HSPGs may enhance/regulate Ang-3 bioactivity by the following mechanisms. We found that
Ang-3 protein is cleaved (data not shown). Thus, tethering Ang-3 to the cell surface via HSPGs
likely protects Ang-3 from proteolytic cleavage and, thereby, extends its half-life. In addition,
binding of Ang-3 to the cell surface via HSPGs concentrates Ang-3 protein in a small area in
a certain configuration to evoke specific local reaction. Finally, Ang-3 and HSPG, together in
a complex, may generate signals that are different from the ones derived from soluble Ang-3
and HSPGs separately.
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Fig. 1.
Ang-3 protein is associated with LLC cells. Western blotting was performed using anti-v5
antibody to determine the distribution patterns of the v5-epitope-tagged Ang-1 (Ang-1v5),
Ang-2 (Ang-2v5), and Ang-3 (Ang-3v5) in the cell culture supernatants (A), the ECM materials
(B), and the EDTA-lifted LLC transfectants (C) that express Ang-1 (lanes 1 and 2), Ang-2
(lanes 3 and 4), or Ang-3 (lanes 5 and 6). The Western blot analyses were performed under
non-reducing conditions. Arrows indicate the monomer, dimmer, and oligomer of Ang-3.
To determine whether the cell surface-bound Ang-3 binds to Tie-2-Fc fusion protein, the
methanol-fixed LLCAng-3 cells were washed, blocked, and incubated with Tie-2-Fc. The cell
surface-bound Tie-2-Fc fusion protein was revealed by TRITC-conjugated anti-human Fc
antibody, and Ang-3v5 protein in the same cells was detected with anti-v5 mAb with FITC-
conjugated anti-mouse secondary antibody.
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Fig. 2.
Ang-3 binds to the surface of various cells.  A, the binding of Ang-3v5 to LLC cells is sensitive
to the trypsin treatment (10 min in room temperature with 500 μg/ml trypsin). Two independent
clonal LLCAng-3 transfectants were treated and lifted with trypsin (lanes 3 and 4) or EDTA
solution (lanes 1 and 2), and these cells were washed and lysed with 2× SDS sample buffer
and analyzed by Western blotting with anti-v5 mAb. B, Ang-3v5 protein is present in the cell
membrane fraction. LLCAng3 transfectants were fractionated into the crude cell membrane
(lanes 1 and 2) and soluble cytosolic fractions (lanes 3 and 4) as described previously (44). 30
μg of proteins from each fraction was analyzed by Western blotting with anti-v5 mAb. C, the
cell-based binding assay was performed by incubating the purified Ang-3v5 (1 μg, lanes 1–
4) or Ang-1v5 (1 μg, lanes 5–8) with 1 × 106 of C2C12 (lanes 1 and 5), A10 (lanes 2 and 6),
COS-7 (lanes 3 and 7), and LLC (lanes 4 and 8) cells at 4 °C for 2 h. After washing with PBS,
the cells were lysed in 2× SDS sample buffer. The cell-bound v5-tagged angiopoietins were
detected by Western blotting with anti-v5 mAb. Arrows indicate the monomer, dimer, and
oligomer of Ang-3.
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Fig. 3.
The cell surface-bound Ang-3 is capable of binding to Tie-2-Fc protein.  A, Tie-2-Fc binds
to LLCAng-3 cells. The binding assay was performed by incubating 2 μg of Tie-2-Fc (lanes
2, 4, and 6) or CD8-Fc (lanes 3, 5, and 7) fusion protein with 1 × 106 of the EDTA-lifted
LLCAng-1 (lanes 2 and 3), LLCAng-2 (lanes 4 and 5), and LLCAng-3 (lanes 6 and 7) cells
at 4 °C for 2 h. The cell surface-bound Tie-2-Fc proteins were visualized by Western blotting
with HRP-conjugated anti-human IgG antibody. 100 ng of purified Tie-2-Fc fusion proteins
were loaded in lane 1. B, the binding pattern of Tie-2-Fc to the cell surface-bound Ang-3 was
revealed by applying 2 μg/ml Tie-2-Fc (B, panel b) or CD8-Fc (B, panel c) to the fixed
LLCAng-3 cells with (B, panel d) or without (B, panel b) prior to incubation with 20 μg/ml
purified soluble Ang-3. The cell surface-bound Tie-2-Fc or CD8-Fc was revealed by FITC-
conjugated anti-human Fc antibody. The distribution of Ang-3v5 was revealed by anti-v5
antibody (B, panel a). C, Tie-2-Fc binds to LLC cell-tethered Ang-3v5. The fixed LLCAng-3
cells were reacted with Tie-2-Fc with TRITC-conjugated anti-human Fc antibody (C, panel
b) and anti-v5 mAb with FITC-conjugated secondary antibody (C, panel a). Panels a and b
were merged to show the colocalization of Tie-2-Fc and Ang-3 v5 in yellow color (C, panel
c). Bar, 30 μm.
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Fig. 4.
The coiled-coil domain of Ang-3 mediates its binding to the cell surface.  A, several
deletional constructs of Ang-3 were made, which contain the full-length of Ang-3 (1), the
coiled-coil domain plus the linker peptide region (2), the coiled-coil domain (3), and the linker
peptide region plus FHD of Ang-3 (4). These expression constructs were used to transfect
COS-7 cells. 72 h after the transfection, the cells were treated with (B, panel c) or without (B,
panel b) trypsin, washed, and lysed. 50 μg of proteins derived from the cell culture supernatants
(B, panel a) and the cell lysates (B, panels b and c) were analyzed by Western blotting with
anti-v5 antibody. Arrows indicate the monomer, dimer, tetramer, and oligomer of the coiled-
coiled fragments of Ang-3.
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Fig. 5.
Ang-3 binds to and colocalizes with HS. A, Ang-3 specifically binds to heparin in a solid
phase binding assay. Heparin, chondroitin sulfate (CS), hyaluronan (HA), and BSA (1 mg/ml)
were coated onto 96-well ELISA plates in triplicate. Ang-3v5 or Ang-1v5 (500 ng/ml) was
incubated with the plates at 4 °C overnight. After washing, the ELISA plate-bound Ang-3v5
or Ang-1v5 was detected and measured. B, binding of Ang-3 to a heparin affinity column. 20
μg of Ang-3v5 was applied onto a heparin column. The flow through (FT) was collected (lane
2), and the column was washed with a non-continuous gradient of NaCl from 0.15 m (lanes
3–5), 0.3 M (lanes 6–8), 0.6 M (lanes 9–11), to 1.2 M (lanes 12–14), and collected for Western
blot analysis using anti-v5 mAb. 100 ng of Ang-3v5 was loaded into lane 1. C, Ang-3
colocalizes with HS on the LLCAng-3 cell surface. Confluent LLCAng-3 (C, panels a–c and
f), LLCAng-1 (C, panel d), and LLCAng-2 (C, panel e) cells were fixed, and the localization
of Ang-3v5 and HS were detected with anti-v5 mAb and TRITC-conjugated secondary
antibody (C, panel a, red fluorescence) or anti-HS antibody and FITC-conjugated secondary
antibody (C, panel b, green fluorescence), respectively. In C, panels a and b were merged to
show the colocalization of Ang-3v5 and HS in yellow color (C, panel c). Ang-1v5 (C, panel
d) and Ang-2v5 (C, panel e) were detected by anti-v5 mAb. In C, panel f, only secondary
antibody was used. Bar, 32 μm. D, binding of Ang-3 to the cell surface is sensitive to heparinase
treatment. 1 × 106 of LLCAng-3 cells were incubated with 50 mM Tris-HCl buffer alone (150
mM NaCl, 0.1% BSA, and 3.5 mM CaCl2, lane 1), or containing heparinase I (5 units/ml) plus
heparinase III (0.5 unit/ml, lane 2), or Streptomyces hyaluronidase (lane 3, 5 units/ml) at 37 °
C for 2 h, washed, and lysed. The remaining cell-bound Ang-3v5 was detected by Western
blotting with anti-v5 mAb.
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Fig. 6.
Ang-3 is colocalized with perlecan on the surface of LLCAng-3 cells, and HS side chains
on perlecan are required for the colocalization. LLCAng-3 cells were cultured in the
presence (E–H) or absence (A–D and I–L) of 100 mM sodium chlorate. The confluence cells
(A–H, and L) or the cell-free ECM (I–K) were fixed. The localizations of perlecan and Ang-3v5
on the surface of LLCAng-3 cells (A–H) or in the ECM materials (I–K) deposited by LLCAng-3
cells were detected with anti-perlecan antibody and FITC-conjugated secondary antibody (A,
E, and I; green fluorescence) and anti-v5 mAb and TRITC-conjugated secondary antibody
(B, F, and J; red fluorescence), respectively. Panels A and B, E and F, and I and J were merged
to show the colocalization of Ang-3v5 and perlecan HSPG on the LLCAng-3 cell surface (C)
in the ECM (K) in yellow color and non-colocalization of Ang-3v3 and perlecan core protein
on the LLCAng-3 cell surface (G). HS synthesized by LLCAng-3 cells was revealed by anti-
HS antibody (D and H). In panel L, only secondary antibody was used. Bar, 35 μm.
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Fig. 7.
Ang-3 is colocalized with perlecan but not with syndecan-1 or glypican-1. LLCAng-3 (A–
F) and TA3Ang-3 (G–I) cells were fixed, and the relative localization of Ang-3v5 and
syndecan-1 were detected with FITC-conjugated anti-v5 mAb (A, green fluorescence) or
TRITC-conjugated anti-syndecan-1 antibody (B, red fluorescence), respectively. Panels A and
B were merged to show that there is little colocalization between Ang-3v5 and syndecan-1
(C). The relative localizations of glypican-1 (D, green fluorescence) and Ang-3v5 (E, red
fluorescence) were revealed by anti-glypican-1 antibody with FITC-conjugated secondary
antibody and anti-v5 mAb with TRITC-conjugated secondary antibody, respectively. Panels
D and E were merged to show that there is little colocalization between Ang-3v5 and glypican-1
(F). The relative localizations of Ang-3v5 (G, green fluorescence) and perlecan (H, red
fluorescence) in the fixed TA3Ang-3 cells were revealed by anti-v5 mAb with FITC-
conjugated secondary antibody and anti-perlecan antibody with TRITC-conjugated secondary
antibody, respectively. Panels G and H were merged to show that Ang-3v5 and perlecan are
colocalized on surface of these cells (I). Bar, 35 μm.
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Fig. 8.
Syndecan-1 and glypican-1 do not play major roles in tethering Ang-3 on LLC cell
surface. LLCAng-3 cells were treated without (A, panels a, c, and e; B, lane 1) or with (A,
panels b, d, and f; B, lane 2) 10 μg/ml trypsin on ice for 15 min, or with 100 μg/ml trypsin in
room temperature for 15 min (B, lane 3). These cells were either lysed and analyzed by Western
blotting with anti-v5 antibody (B) to detect the cell-bound Ang-3v5 or fixed and analyzed by
immunocytochemistry (A) to detect the cell-bound Ang-3v5, syndecan-1, or perlecan using
anti-v5 (A, panels a and b), anti-syndecan-1 (A, panels c and d), or anti-perlecan (A, panels e
and f) antibody. Bar, 35 μm. C, LLCAng-3 cells were treated without (C, panels a and b, lane
1) or with 1 unit/ml phosphatidylinositol-specific phospholipase C (PI-PLC, C, panels a and
b, lane 2) at 37 °C for 2 h, washed, and lysed. The lysed proteins were analyzed directly for
the cell surface-tethered Ang-3 (C, panel b, lanes 1 and 2) or digested with heparinases I and
III (1 unit/ml) at 37 °C for 6 h and analyzed by Western blot with anti-glypican-1 antibody to
detect cell surface-bound glypican-1 (C, panel a, lanes 1 and 2). Immunoprecipitation was
performed using the protein G bead-bound anti-gnypican-1 antibody and the supernatants
derived from the PBS treated (lane 3) or PI-PLC digestion (lane 4) LLCAng-3 cells. The
immunoprecipitated proteins were analyzed by Western blot for the presence of glypican-1
(C, panels a, lanes 3 and 4) or Ang-3 protein (C, panels b, lanes 3 and 4).
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Fig. 9.
The cell surface-bound Ang-3 induces retraction and loss of integrity of the endothelial
monolayers. 5 × 105 of green fluorescein-labeled LLCAng-3 (G–I), LLCAng-1 (A–C), or
LLCAng-2 (D–F) cells in 2% FBS medium, 2% FBS medium alone (J), or containing soluble
Ang-1 (K) or Ang-3 (L, 200 ng/ml) were applied to the monolayers of CAPE (bovine pulmonary
artery endothelial) cells for 4 h at 37 °C. The cells were fixed and observed under light (A, D,
G, J, K, and L) or fluorescence microscope (B, E, and H). The images under the same
microscopic fields of light or fluorescence were overlaid on top of each other to show the exact
location of the green fluorescein-labeled tumor cells and the unlabeled CAPE cells (C, F, and
I). The results showed that the cell surface-bound Ang-3, but not the soluble Ang-3, LLCAng-1,
or LLCAng-2 cells, induces retraction and loss of integrity of CAPE monolayers. Bar, 150
μm.
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