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(Background: Hyaluronan (HA)-mediated angiogenesis has been implicated in tumor progression.
Results: LMW-HA-mediated transactivation of EphA?2 is required for PAT] and Dbs membrane recruitment and subsequent

Conclusion: EphA?2 plays a crucial role in HA-mediated angiogenesis.
Significance: Targeting downstream effectors of LMW-HA could be a useful therapeutic intervention for angiogenesis-asso-
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Angiogenesis or the formation of new blood vessels is impor-
tant in the growth and metastatic potential of various cancers.
Therefore, understanding the mechanism(s) by which angio-
genesis occurs can have important therapeutic implications in
numerous malignancies. We and others have demonstrated that
low molecular weight hyaluronan (LMW-HA, ~2500 Da) pro-
motes endothelial cell (EC) barrier disruption and angiogenesis.
However, the mechanism(s) by which this occurs is poorly
defined. Our data indicate that treatment of human EC with
LMW-HA induced CD44v10 association with the receptor-ty-
rosine kinase, EphA2, transactivation (tyrosine phosphoryla-
tion) of EphA2, and recruitment of the PDZ domain scaffolding
protein, PAT]J, to the cell periphery. Silencing (siRNA) CD44,
EphA2, PAT]J, or Dbs (RhoGEF) expression blocked LMW -HA-
mediated angiogenesis (EC proliferation, migration, and tubule
formation). In addition, silencing EphA2, PAT]J, Src, or Dbs
expression blocked LMW-HA-mediated RhoA activation. To
translate our iz vitro findings, we utilized a novel anginex/lipo-
somal targeting of murine angiogenic endothelium with either
CD44 or EphA2 siRNA and observed inhibition of LMW -HA -
induced angiogenesis in implanted Matrigel plugs. Taken
together, these results indicate LMW-HA -mediated transac-
tivation of EphA2 is required for PATJ and Dbs membrane
recruitment and subsequent RhoA activation required for
angiogenesis. These results suggest that targeting down-
stream effectors of LMW-HA could be a useful therapeutic
intervention for angiogenesis-associated diseases including
tumor progression.

* This work was supported, in whole or in part, by National Institutes of Health
Grant RO1-HL 095723 (NHLBI; to P. A. S.). This work was also supported by
the American Heart Association National Scientist Development Grant
0730277N (to P. A.S.).

" To whom correspondence should be addressed: The University of Chicago
Dept. of Medicine, MC 6076, I-503C, 5841 South Maryland Ave., Chicago, IL
60657. E-mail: psinglet@mail.bsd.uchicago.edu.

SASBMB

AUGUST 29, 2014 +VOLUME 289+NUMBER 35

CD44, initially described as an adhesion molecule involved in
leukocyte migration, has since emerged as an important family
of adhesion receptors expressed on multiple cell types (1, 2).
CD44 is involved in many different cell processes including
cytokine secretion, chemokine gene expression, and cell prolif-
eration and differentiation (3). Alternative splicing of the CD44
transcript can give rise to a number of CD44 variants that
express an extra insert in their extracellular membrane proxi-
mal domain. CD44 has previously been reported to interact
with a wide range of cytoskeletal and signaling molecules
including cytoskeletal proteins (4), growth factor receptors
including ErbB2 (5) and EGF receptor (6), and Rho/Rac nucle-
otide exchange factors such as Tiaml, Vav-2, and LARG (7)
along with Src family tyrosine kinases (8). CD44 is the primary
cell surface receptor for hyaluronan (HA),? an integral compo-
nent of the extracellular matrix (9, 10).

HA is a non-sulfated glycosaminoglycan with a molecular
mass of up to 10 kDa and is made up of repeating disaccharide
subunits of B-1,3-N-acetyl-p-glucosamine in linkage to 8-1,4-
D-glucuronic acid (11). HA is an abundant part of the extracel-
lular matrix (ECM) where it is involved in a number of pro-
cesses including organization of the ECM, tissue hydration,
lubrication, and filtration. HA can also play a more active bio-
logical role and is involved in cell proliferation, differentiation,
and migration by acting as a ligand for specific cell surface
receptors including CD44, RHAMM, and LYVE-1 (12-15)
Lower molecular weight forms of HA, which result from deg-
radation of the native high molecular form via hyaluronidase
enzymes or reactive oxygen species, are also found in the body.
Increased HA concentrations are observed in bronchoalveolar

2The abbreviations used are: HA, hyaluronan; LMW-HA, low molecular
weight HA; HPMVEC, human pulmonary microvascular endothelial cell(s);
GEF, guanine nucleotide exchange factor; MTS, 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; PATJ,
Pals-1-associated tight junction protein; EC, endothelial cell(s); HUVEC,
human umbilical vein endothelial cell(s).
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lavage fluid and/or plasma from patients with lung disorders
such as acute lung injury/acute respiratory distress syndrome
(ALI/ARDS), pulmonary fibrosis, chronic obstructive pulmo-
nary disease (16), allergic alveolitis, asthma, interstitial lung dis-
ease, sarcoidosis, and idiopathic pulmonary arterial hyperten-
sion (17). Increased HA content has been detected in the tumor
microenvironment of most human malignancies and is associ-
ated with an aggressive phenotype and correlates with a poor
clinical prognosis (18, 19).

The Eph family of receptor-tyrosine kinases (the largest sub-
family of tyrosine kinases) and their ligands, the ephrins, have
emerged as important regulators of endothelial cell function,
particularly during angiogenesis and in barrier function (20, 21)
The Eph receptors and their ligands are expressed in adult tis-
sues and during embryonic development (22, 23). The Eph
receptor family is subdivided into two classes based on homol-
ogy and ligand binding. EphA receptors bind mainly to eph-
rin-A ligands, which are associated with the cell membrane via
a glycosylphosphatidylinositol linkage, whereas EphB receptors
bind ephrin-B ligands, which are transmembrane proteins. The
intracellular domain of the Eph receptors contains two auto-
phosphorylation sites and the kinase domain along with a ster-
ile alpha motif and PDZ domain-binding motif which can serve
as docking sites for downstream signaling molecules (23).
Another important aspect of the Eph-Ephrin interaction is
bidirectional signaling. Although activation of the kinase
domain within the Eph receptor facilitates “forward” signaling,
“reverse” signaling may also be initiated via the membrane-
bound ephrin ligands (22). Binding of ephrin-A1 by the EphA2
receptor leads to trans/autophosphorylation of its cytoplasmic
domains, although it may also act as a substrate for Src family
kinases (24). These phosphorylated sites then act as binding
sites for downstream signaling molecules including Vav2/3,
Shc, Cbl, and SHP-2. The EphA2 receptor and its ligand eph-
rin-A1l have recently gained further attention as their role in
regulating angiogenesis and endothelial barrier function, pro-
moting tumor metastasis and resistance to tyrosine kinase
inhibitors has emerged (25). EphA2 receptor activation by eph-
rin-A1l increases endothelial permeability in cultured pulmo-
nary aortic endothelial cells as measured using transendothelial
electrical resistance (21). EphA2 activation can lead to an
increase in active RhoA, resulting in the destabilization of adhe-
rens and tight junctions and a decrease in VE-cadherin local-
ization at endothelial cell-cell contacts. Ephrin-A1l treatment
also leads to disrupted epithelial cell-cell contacts (26).

Angiogenesis is an essential phenotype in a number of phys-
iologic and pathologic processes including growth and devel-
opment (27), wound healing (28), and reproduction (29). Inad-
equate angiogenesis contributes to ulcer formation (30),
whereas excessive angiogenesis contributes to the pathology of
arthritis (31), psoriasis (32), and neoplasia (33). In a series of
now classical experiments, Folkman and colleagues demon-
strated that solid tumors cannot grow larger than 3—4 mm in
diameter unless they induce their own blood supply (34). In the
current study we investigated the mechanism of LMW-HA-
mediated human pulmonary microvascular endothelial cell
angiogenesis. We have identified a novel Src-mediated transac-
tivation of the EphA2 receptor that occurs upon LMW-HA
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binding to the CD44 variant, CD44v10. Furthermore, we dem-
onstrated the involvement of the PAT] (Pals-1-associated tight
junction protein) scaffolding protein and its role in recruiting
specific RhoGEFs in response to LMW-HA or ephrin-Al acti-
vation of CD44 or EphA2, respectively. These events culmi-
nated in RhoA activation, a crucial step in LMW-HA-mediated
angiogenesis. Our findings demonstrate a critical interaction
between two key signaling pathways regulating endothelial
function. This insight may identify novel targets in the treat-
ment of numerous angiogenesis-related pathologies.

EXPERIMENTAL PROCEDURES

Antibodies and Reagent—Antibodies utilized in this study
include anti-EphA2, Dbs, LARG, RhoGEF p115, Syx (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-phospho-
EphA2™">%* (Cell Applications), anti-CD44 (IM7 clone) (BD
Biosciences), anti-CD44v10 (Novus Biologicals), anti-PAT]
(GeneTex Inc), anti-EphA2, anti-Src (Cell Signaling), anti-
phospho-Src (Novus Biologicals), and anti-actin (Sigma).
Recombinant ephrin-A1-Fc protein was purchased from R&D
Systems. Hyaluronic acid (sodium salt from Streptococcus
zooepidemicus) was purchased from Sigma. Anginex was pur-
chased from Phoenix Pharmaceuticals, Inc. (Burlingame, CA).
Reagents for SDS-PAGE electrophoresis were purchased from
Bio-Rad, and Immobilon-P transfer membrane was purchased
from Millipore (Millipore Corp., Bedford, MA).

Preparation of LMW-HA—LMW-HA was prepared similar
to that as previously described (8). Briefly 500 mg of hyaluronan
sodium salt from S. zooepidemicus was digested with 20,000
units of bovine testicular hyaluronidase (Type VI-S, lyophilized
powder, 3,000-15,000 units/mg (Sigma, H3631) in digestion
buffer (0.1 M sodium acetate, pH 5.4, 0.15 M NaCl) for 24 h, and
the reaction was stopped with 10% trichloroacetic acid. The
resulting solution was centrifuged in an Ultrafree-MC™ Mil-
lipore 5-kDa molecular mass cutoff filter, and the flow-through
was dialyzed against distilled water for 24 h at 4 °C in 500-Da
cutoff Spectra-Por tubing (Pierce-Warriner, Chester, UK).
LMW-HA was quantitated using an ELISA-like competitive
binding assay with a known amount of fixed HA and biotiny-
lated HA-binding peptide as the indicator (Echelon Inc).
LMW -HA solutions were filtered through 0.22-um filters and
kept in sterile tubes. In some cases both low and high molecular
weight HAs were subject to boiling, proteinase K (50 pg/ml)
digestion, hyaluronidase SD digestion (Streptococcus dysgalac-
tiae, NorthStar Bioproducts Associates of Cape Cod Inc., East
Falmouth, MA (100741-1A), 100 milliunits/ml utilized), or the
addition of boiled (inactivated) hyaluronidase SD to test for
possible protein/lipid contaminants (35). To test for endotoxin
contamination of HA, a lipopolysaccharides (LPS) bioAssay
ELISA kit (USBiological Life Sciences) was used. LMW-HA
with HA standards (Sigma and Enzo Life Sciences) was run on
4-20% Tris borate-EDTA gels and stained with Stains-All
(Sigma) to confirm LMW-HA purity and size.

Human Pulmonary Microvascular Endothelial Cell
(HPMVEC) Culture—Primary human pulmonary microvascu-
lar cells were purchased from Lonza and maintained in EBM-2
growth media supplemented with EGM-2-MV Bulletkit and
10% fetal bovine serum. Cells were maintained at 37 °C in a
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humidified atmosphere of 5% CO,, 95% air and used for exper-
imentation at passages 3—6.

Inhibition of Protein Expression in Human EC Using siRNA—
Human lung microvascular EC were transfected with siRNA
against specific mRNA (Santa Cruz Biotechnology) using
siPORTamine™ as the transfection reagent (Ambion) accord-
ing to the protocol provided by Ambion. Cells (~40% conflu-
ent) were serum-starved for 1 h followed by incubated with 250
nM concentrations of target siRNA (or scramble siRNA or no
siRNA) for 6 h in serum-free media. The serum-containing
media was then added (10% serum final concentration) for 42 h
before biochemical experiments, and/or functional assays were
conducted. Effective silencing of target protein expression was
determined with immunoblot analysis of siRNA-transfected
EC lysates using specific antibodies.

Immunoprecipitation and Immunoblotting—Cellular mate-
rials from treated or untreated HPMVEC were incubated with
immunoprecipitation buffer (50 mm HEPES, pH 7.5, 150 mm
NaCl, 20 mm MgCl,, 1% Nonidet P-40, 0.4 mm Na;VO,, 40 mm
NaF, 50 um okadaic acid, 0.2 mm phenylmethylsulfonyl fluo-
ride, and a 1:250 dilution of Calbiochem protease inhibitor mix-
ture 3). The samples were then immunoprecipitated with
either anti-EphA2 or anti-PAT] IgG followed by SDS-PAGE
in 4-15% polyacrylamide gels, transferred onto Immo-
bilon™ membranes, and developed with specific primary
and secondary antibodies. Visualization of immunoreactive
bands was achieved using enhanced chemiluminescence
(Amersham Biosciences). In some instances computer-as-
sisted densitometry was used to quantitate immunoreactive
bands.

HLMVEC Proliferation Assay—Measurement of in vitro EC
growth was performed as we have previously described (36).
Control, VEGF (200 pg/ml) or LMW-HA (0.1-1000 nm)-pre-
treated EC (5 X 10 cells/well) were incubated with 0.2 ml of
serum-free media for 72 hat 37 °C in 5%CO,, 95% air in 96-well
culture plates. The in vitro cell proliferation assay was analyzed
by measuring increases in cell number using the Cell Titer96™
MTS assay (Promega, Madison, W1I) and read at 492 nm. Each
assay was set up in triplicate and repeated at least five times.

RhoA Activation Assay—After agonist and/or inhibitor treat-
ment, ECs are solubilized in solubilization buffer and incubated
with Rho-bonding domain-conjugated beads for 30 min at 4 °C.
The supernatant was removed, and the Rho-bonding domain
beads with the GTP-bound form of RhoA bound were washed
extensively. The Rho-bonding domain beads were boiled in
SDS-PAGE sample buffer, and the bound RhoA material was
run on SDS-PAGE, transferred to Immobilon™, and immuno-
blotted with anti-RhoA antibody.

Matrigel Tubule Formation Assay—The tubule formation
assay was adapted from the method described here (37). Briefly
Matrigel (BD Biosciences) was mixed with 2% serum EBM-2
media in a 1:1 ratio, used to coat 12 well plates (500 ul per well),
and allowed to polymerize at 37 °C for 30 min. Control or
silenced endothelial cells were then seeded into each well (5000
cells/cm?) in 2% serum EBM-2. LMW-HA (100 nMm) or an
equivalent volume of PBS was then added to the appropriate
wells. Cells were then incubated for 6 h to allow for tubule
formation. Tubule formation was then recorded. 10 images
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were recorded per well, and Image] was used to measure total
tubule length per image. Each treatment was performed in trip-
licate, and experiments were repeated three times. Results are
expressed as tubule length per treatment.

Transwell Migration Assay—Transwell filters (8-um pore
size) were purchased from Corning Costar. Control or silenced
endothelial cells were plated in triplicate in the upper chamber
of the transwell filter in serum-free media, and serum-free
media with LMW-HA (100 nm) was added to the lower well.
Cells were incubated and allowed to migrate for 24 h. For the
inhibitor studies cells were pretreated for 1 h before seeding on
the transwell filter. Cell migration was then quantified by
counting the number of cells that had migrated to the bottom
well and expressing as a percentage of the total number of cells
initially plated.

In Vivo LMW-HA-mediated Matrigel Plug Assay Using
Anginex-conjugated Liposome Delivery of CD44 and EphA2
siRNA—Animal protocols were approved by the University of
Chicago Institutional Animal Care and Use Committee, and all
animals were cared for according to the national Institute of
Health guidelines for the care and use of laboratory animals.
Matrigel was purchased from BD Biosciences. Briefly,
C57BL/6] mice were lightly anesthetized with ketamine (100
mg/kg) and xylazine (8 mg/kg) and were injected subcutane-
ously with 500 ul of Matrigel, which was premixed with vehi-
cle or LMW-HA. The injections were made rapidly with a
30-gauge 1/2-inch needle to ensure the entire content was
delivered as a single plug. The mice were allowed to recover,
and 7 days later the silencing RNA complexes were delivered
via liposome injection. Liposomes were prepared as we have
previously described (38) using a 1:1 molar ratio of DOTAP
to DOPE dissolved in chloroform to a concentration of 10
mg/ml. The solvent was evaporated in a water bath set at
50 °C under nitrogen. The resulting dry lipid film was imme-
diately suspended in 100 pl of PBS (pH 7.4, final concentra-
tion 20 mg/ml). The cationic lipid dispersion was combined
with no siRNA (control), siSTABLE CD44, EphA2, or con-
trol siRNA (ThermoScientific Dharmacon), or pCMV6
empty vector or GFP-expression vector (pCMV6-A-GFP
Vector, Origene, Rockville, MD) (1 ug per 10 ug lipid) in a
glass container. The liposome-siRNA mixture was sonicated
in a water bath sonicator (Fisher) to clarity. For the anginex
peptide (39, 40), primary amines were blocked with sulfo-
NHS acetate in PBS, pH 7.4, and incubated for 1 h at room
temperature. The solution was then filtered with a 5-kDa
filter (Ultrafree-MC) and adjusted to a final concentration of
0.2 mg/ml. The modified peptide was cross-linked to lipo-
somes containing siRNAs or expression vectors by covalent
linking of the carboxyl groups on the anginex peptide with
the amine groups on liposomes using 1-ethyl-3-(3-dimeth-
ylaminopropyl) carbodiimide hydrochloric acid reagent
(Pierce). Labeled liposomes were purified by dialysis in a
Slide-A-Lyzer (20-kDa cutoff; Pierce) against a 1000-fold
excess volume of sterile PBS, pH 7.4, overnight. Sterile ang-
inex-conjugated liposomes containing no siRNA (control),
CD44, EphA2, or control siRNA (100 ul) or pCMV6 empty
vector or GFP expression vector (pCMV6-A-GFP Vector,
Origene) were injected into the internal jugular vein of
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C57B6/6] mice. Animals were treated for 7 days with siRNA (10
mg/kg). The animals were then sacrificed, and the Matrigel
plugs were harvested and fixed in 10% buffered formalin PBS
solution. Matrigel plugs were then either: 1) depolymerized by a
BD Cell Recovery Solution (BD Biosciences) and each plug dis-
solved in 300 ul of recovery solution as described in manufa-
cturer’s protocol, run on SDS-PAGE, and immunoblotted for
specific proteins; 2) placed in OCT embedding medium, cut in
12-um-thick sections and processed for GFP staining with anti-
turboGFP antibody (OriGene); Alexa 488-conjugated secondary
antibodies (Molecular Probes, Eugene, OR) were then used to
visualize GFP staining. Nuclear staining was performed with
DAPI; or 3) processed for Masson’s Trichrome histological stain-
ing to identify invaded cells. The prepared slides were then
scanned using a Pannoramic Scan (3DHistech) whole slide scan-
ner. Ten fields of view were selected per slide, and the number of
cells per field was counted using Image]. These experiments were
repeated three times with five animals per treatment group.
Results are expressed as the number of cells/plug.

Statistical Analysis—Results are expressed as the mean *
S.D. of three independent experiments. For data analysis,
experimental samples were compared with controls by
unpaired Student’s ¢ test. For multiple-group comparisons, a
one-way variance analysis and post hoc multiple compari-
sons tests were used. Differences between groups were con-
sidered statistically significant when the p value was less than
0.05. All statistical analyses were performed using the
GraphPad Prism program (GraphPad Software Inc.).

RESULTS

Characterization of LMW-HA and Its Effects on EC
Proliferation—Previous reports have described the angiogenic
effects of various sizes of LMW-HA in numerous angiogenesis
models (13, 41, 42). To evaluate the molecular weight and
purity of our LMW-HA preparation, we ran a 4-20% Tris
borate-EDTA gel with HA molecular weight standards and our
purified LMW-HA (see “Experimental Procedures”). Develop-
ment of the resulting gel was achieved with Stains-All (Sigma).
Based on our isolation procedure (8), we anticipated our
LMW-HA to have a size range of 500-5000 Da (~2500 Da
average, which we used to calculate molar concentrations). The
results of Fig. 1A indicate that our purified LMW-HA migrates
to a position similar to small HA (1.5-3.0 kDa, Enzo Life Sci-
ences) and OligopHA™10 (~1.9 kDa, Hyalose). Furthermore,
the uniform bluish color (with lack of other bands and colors) of
our prep and the HA standards suggests minimal contamina-
tion. We next determined the minimal molar concentration of
our purified LMW-HA to induce maximal EC proliferation, a
process intimately involved in angiogenesis (43). Our results
indicate that 100 nm LMW-HA fits this criteria (Fig. 1B). To
further test the purity of our purified LMW -HA, we subjected it
to boiling and proteinase K digestion, which did not affect the
ability to promote EC proliferation compared with untreated
LMW-HA. Next, to determine HA itself is the active agent in
our preparations, we fully digested LMW-HA with hyaluroni-
dase SD and observed virtually no increase in EC proliferation,
a process that was reversed with boiling (inactivating) hyal-
uronidase SD before HA digestion (Fig. 1C). In addition, using a
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LPS ELISA (USBiological Life Sciences) on our LMW-HA
preparation revealed no LPS present in the detection range of
the assay (12.35-1000 ng/ml; data not shown).

LMW-HA Stimulates Angiogenesis via CD44 Receptor and
Src Activation—Our experiments in Fig. 2, A and B, confirm the
angiogenic potential of our LMW-HA fragments of ~2500 Da
(500-5000-Da range) on HLMVEC. This is consistent with
previous reports indicating low molecular weight fragments of
HA (1350-4500 Da) are potent inducers of angiogenesis in
vitro and in vivo (44, 45). Furthermore, we have established the
involvement of CD44 in the angiogenic process (Fig. 2, B and
C). Control and CD44-silenced HLMVEC were seeded on
Matrigel basement membrane and stimulated with LMW-HA
for 6 h (Fig. 2A). The results show that LMW -HA stimulated
increased tubule formation in this model. Silencing of CD44 did
not significantly affect basal levels of tubule formation (p >
0.05) by the endothelial cells but significantly inhibited LMW -
HA-stimulated tubule formation (p < 0.001) (Fig. 2B).
HMW-HA did not stimulate tubule formation by the endothe-
lial cells on Matrigel (Fig. 2B, VEGF (200 pg/ml) was used as a
positive control). Silencing of CD44 was confirmed by immu-
noblotting of siControl and siCD44-treated cells (Fig. 2C). This
validates a role for CD44 in mediating angiogenesis stimulated
by LMW-HA.

Previous work by ourselves and others has indicated that Src
kinases play a key role in downstream signaling of CD44 after
binding of LMW-HA (8, 46). We assessed Src activation in con-
trol and CD44-silenced endothelial cells as follows. Endothelial
cells were serum-starved for 6 h and then incubated with
LMW -HA for 0, 5 15, and 30 min. Cells lysates were prepared
and immunoblotted for phospho-Src Tyr*'®, total Src, CD44,
and actin. In siControl cells, LMW-HA stimulated an increase
in phosphorylation of Src on Tyr*'® (Fig. 3A). Phosphorylation
of Src on Tyr*'® is associated with increased kinase activity of
the enzyme (47). Src phosphorylation was also decreased in the
CD44-silenced cells after incubation with LMW-HA (Fig. 3).
These results confirm that CD44 is required for Src phosphor-
ylation in response to LMW-HA in HLMVEC.

The role of Src signaling in LMW-HA-stimulated angiogen-
esis was confirmed via silencing of Src in HLMVEC. Control
and Src silenced HLMVEC were subjected to a Matrigel tubule
formation assay in the presence or absence of LMW-HA as
described above. Tubule formation in response to LMW-HA
was inhibited in the Src-silenced cells compared with control
cells (Fig. 3, Band C).

LMW-HA Stimulates Src-mediated Phosphorylation of
EphA2—Activation of Src kinase can lead to transactivation of
certain cell surface receptors in endothelial cells. We have pre-
viously shown that LMW-HA/CD44 stimulated activation of
Src leads to S1P; receptor activation (8). Others have shown
that Src activation is involved in EGF receptor transactivation
after endothelin-1 (ET-1) binding to the ET-1 receptor in
microvascular cells (48). A number of studies have demon-
strated transactivation of the EphA2 receptor by various signal-
ing pathways, including thrombin/protease-activated recep-
tors (PARs) and VEGF/VEGF receptor pathways. The Epha2
receptor is known to be involved in the regulation of lung endo-
thelial cell function (21, 49, 50). These findings prompted us to
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FIGURE 1. Characterization of LMW-HA and its effects on EC proliferation. Panel A, to evaluate the molecular weight (MW) and purity of our LMW-HA
preparation, a 4-20% Tris borate-EDTA (TBE) gel was run with HA molecular weight standards (Select-HA™ 75-150 kDa (Sigma), Select-HA™ 15-30 kDa
(Sigma), small HA 1.5-3.0 kDa (Enzo Life Sciences), and OligoHA™10 ~1.9 kDa (Hyalose, L.L.C.)) and our purified LMW-HA (see “Experimental Procedures”).
Development of the resulting gel was achieved with Stains-All (Sigma). Panel B, determination of the minimal molar concentration of our purified LMW-HA to
induce maximal HLMVEC proliferation. Control, VEGF (200 pg/ml), or LMW-HA (0.1-1000 nm) pretreated EC (5 X 10> cells/well) were incubated with 0.2 ml of
serum-free media for 72 h at 37 °C in 5%CO0,, 95% air in 96-well culture plates. The in vitro cell proliferation assay was analyzed by measuring increases in cell
number using the CellTiter96™ MTS assay (Promega) and read at 492 nm. Each assay was set up in triplicate and repeated at least five times. An asterisk
indicates a statistically significant difference (p < 0.05) from Control. Panel C, to further test the purity of our purified LMW-HA, it was subjected to boiling and
proteinase K digestion (50 ug/ml), which did not affect the ability to promote EC proliferation compared with untreated 100 nm LMW-HA. LMW-HA was also
fully digested with hyaluronidase SD (100 milliunits/ml), and there was virtually no increase in EC proliferation, a process that was reversed with boiling
(inactivating) hyaluronidase SD before HA digestion. Each assay was set up in triplicate and repeated at least five times.

investigate the possibility of cross-talk between the CD44 and
EphA2 signaling pathways. Previous data have illustrated the
importance of EphA2 phosphorylation in regulating its func-
tional activity (50, 51). Therefore, we investigated the effects of
LMW -HA on EphA2 phosphorylation. HLMVEC were serum-
starved and stimulated with LMW-HA or Ephrin-A1l-Fc as a
positive control. LMW -HA-stimulated cells showed a time-de-
pendent increase in EphA2 phosphorylation on Tyr>** (Fig.
4A). A similar increase was seen when cells were stimulated
with the EphA2 ligand, ephrin-Al-Fc. Pretreatment of cells
with the Src kinase inhibitor, PP2 (1 h, 1 uM), inhibited the
increase in EphA2 Tyr>** phosphorylation induced by either
LMW -HA or ephrin-Al-Fc treatment. Src activation was also
blocked by PP2 pretreatment (Fig. 4A4).

To examine the link between EphA2 and CD44, we immu-
noprecipitated EphA2 from control and CD44-silenced cells
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treated with LMW-HA or ephrin-Al-fc for 15 min. EphA2
immunoprecipitates were then immunoblotted for CD44, Src,
p-tyrosine, and EphA2. Incubation of control endothelial cells
with LMW-HA or ephrin-Al-fc stimulated increased associa-
tion of CD44 and Src with the EphA2 receptor and increased
tyrosine phosphorylation of EphA2 (Fig. 4B). Silencing of CD44
blocked both recruitment of Src to EphA2 and the phosphory-
lation of EphA2 in response to LMW-HA. Phosphorylation of
EphAZ2 in response to Ephrin-A1l-fc was not affected by CD44
silencing; however, recruitment of Src to Epha2 was inhibited
in these cells. This was confirmed by computer-assisted densi-
tometry of triplicate experiments and assessing the quantity of
protein normalized to EphA2 staining intensity (Fig. 3C). Indi-
rect immunofluorescence microscopy was also performed on
control and LMW-HA-treated endothelial cells to investigate
the association of CD44 with EphA2. Control or LMW-HA-
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FIGURE 2. Silencing of CD44 blocks LMW-HA-induced angiogenesis. Panel A, CD44 and control silenced cells were plated on Matrigel in the presence or
absence of LMW-HA (100 nm) with CD44 siRNA or control siRNA. Images were captured after a 6-h incubation. Panel B, endothelial cell tubule formation on
Matrigel was quantified using ImageJ to measure tubule length and graphically depicted. The asterisks (*) indicate a statistically significant difference (p < 0.05)
from control. No significant difference was detected between siCD44 and siCD44 LMW-HA. Each treatment was performed in triplicate, and experiments were
repeated three times. Results are expressed as tubule length per treatment. Panel C, immunoblot (/B) analysis of HLMVEC treated with CD44 siRNA or control
siRNA. Cell lysates were blotted using CD44 (IM7) and actin antibodies to confirm CD44 silencing.

treated cells on glass slides were fixed and co-stained for
CD44v10 and EphA2 as indicated in Fig. 5. LMW-HA-treated
cells show increased co-localization of CD44 and EphA2 (Fig. 5,
compare d and e with i and j). The “small dots” staining pattern of
colocalized EphA2 and CD44v10 is reminiscent of caveolin-1
immunocytochemical staining of these cells (38). Indeed, both
CD44v10 and EphA2 can reside in caveolin-1-containing lipid
rafts (8, 53). Thus LMW-HA stimulated association of CD44,
EphA2, and Src in microvascular endothelial cells. LMW-HA
stimulated phosphorylation of the EphA2 receptor in a CD44- and
Src-dependent manner. CD44 is also required for ephrin-A1-fc-
stimulated recruitment of Src to EphA2, although it is not required
for ephrin-A1-fc-stimulated phosphorylation of EphA2.

The Role of EphA2 in LMW-HA-stimulated Angiogenesis—
To further examine the involvement of EphA2 in LMW-HA-
stimulated angiogenesis, tubule formation by control and
EphA2-silenced cells in response to LMW-HA was measured.
Fig. 6 shows that EphA2 silencing significantly inhibited tubule
formation in response to LMW-HA (p < 0.001). It did not have
a significant effect on basal levels of tubule formation (p >
0.05). These results confirm that EphA2 is required for
LMW-HA stimulated in vitro angiogenesis in HLMVEC.

Complex Formation with CD44v10, EphA2, and the PAT]
Scaffolding Protein—The above results confirmed the central
role of EphA2 in the CD44/LMW-HA signaling pathway. We
next examined other potential downstream signaling targets.
Directional migration is an important factor in facilitating
tubule formation and angiogenic spread by endothelial cells.
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Correct spatial recruitment and activation of numerous signal-
ing molecules within the migrating cell is key to controlling and
directing this migration. Recently it has been reported that
PAT]J (Palsl-associated tight junction), a scaffold protein pos-
sessing 10 PDZ binding domains, is required for correct local-
ization of RhoA activity at the leading edge of migrating
endothelial cells (54). Immunoblotting of EphA2 immunopre-
cipitations from LMW-HA- or ephrin-A1-Fc-stimulated cells
show PAT]J is recruited to the EphA2 receptor in response to
both stimuli in a time-dependent manner (Fig. 7, A and B).
Immunoprecipitation of PAT] also resulted in co-precipitation
of EphA2 and CD44 in response to LMW-HA and ephrin-A1-fc
(Fig. 7, C and D). The results presented thus far demonstrate
that upon binding of LMW-HA or ephrin-Al-Fc to their
respective receptors, CD44v10 and EphA2 associate, leading to
increased EphA2 phosphorylation via Src activation and
recruitment of the scaffolding protein PAT] to the CD44v10-
EphA2 complex.

Involvement of RhoGEFs in LMW-HA-stimulated RhoA Acti-
vation and Angiogenesis—PAT], along with angiomotin,
another PDZ-containing protein, and the RhoGEF Syx are
known to have an important role in the spatial regulation of
RhoA GTPase activity in randomly migrating endothelial cells
(54). PAT] was reported to act as the scaffold that recruits Syx to
angiomotin at the leading edge of these migrating cells. We
investigated if PAT] had a similar role in regulating RhoA activ-
ity in response to LMW-HA and ephrin-Al-Fc. Immunoblot-
ting of control-, LMW-HA-, or ephrin-Al-fc-stimulated PAT]
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FIGURE 3. Src is activated after LMW-HA treatment of HMVEC and regulates tubule formation. Panel A, siControl and siCD44 HLMVE cells were serum-
starved for 6 h before incubation for 0, 5, 15, or 30 min with LMW-HA (100 nm). Cells lysates were then prepared and immunoblotted (/B) with phospho-Src
(Tyr*'8), total Src, CD44, and actin antibodies. Panel B, Src- and control-silenced cells were seeded on Matrigel-coated plates in the presence or absence of
LMW-HA (100 nm), VEGF (200 pg/ml), or HMW-HA (100 nm). Images were captured after a 6-h incubation, and tubule formation was quantified using ImageJ
image analysis software to measure tubule length and graphically depicted. The asterisks (*) indicate a statistically significant difference (p < 0.05) from control.
No significant difference was detected between siControl and siSrc or siSrc and siSrc LMW-HA. Each treatment was performed in triplicate, and experiments
were repeated three times. Results are expressed as tubule length per treatment. Panel C,immunoblot analysis of HLMVE cells treated with Src siRNA or control

siRNA. Cell lysates were blotted using Src and actin antibodies to confirm Src silencing.

immunoprecipitates indicated differential recruitment of Rho-
GEFs. First, Syx association with PAT] was not elevated in
response to either LMW-HA or ephrin-Al-Fc treatment (Fig.
8, A and B). However, Dbs, another Rho-specific GEF, was
recruited in response to both LMW-HA and ephrin-Al-Fc
stimulation. Three other RhoGEFs, LARG, p115, and PDZ-
RhoGEF, were also recruited to PAT] by LMW-HA but not
ephrin-Al-fc stimulation. Angiomotin was not recruited to
PAT] in response to either LMW-HA or Ephrin-Al-Fc (data
not shown).

Next we performed a RhoA activation assay to confirm its
involvement along with CD44, EphA2, PAT]J, Dbs, and Src in
the LMW-HA-stimulated signaling pathway. HLMVEC
were incubated with the appropriate siRNA complexes, and
the silenced cells were incubated with LMW -HA for 15 min,
the GTP-RhoA pulldown assay was then performed, and
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lysates immunoblotted for RhoA. The resulting immunoblot
showed robust activation of RhoA in response to LMW-HA
in the siControl cells, but RhoA activation was abolished in
the CD44-, Src-, and EphA2-silenced cells and significantly
reduced in the PAT]- and Dbs-silenced cells (p < 0.001) (Fig.
9A). The functional effects of blocking RhoA activation
through silencing each of these components of the LMW-
HA/CD44 pathway was concurrently examined using a tran-
swell cell migration assay. Cells were seeded to the upper
well of the transwell assay, whereas LMW-HA was added to
the bottom well. The cells, which migrated though the filter,
were then counted after 24 h. The bar chart in Fig. 9B shows
cell migration in response to LMW-HA at 24 h was signifi-
cantly reduced in each case (p < 0.05).

To verify the results of the RhoA activation and migration
assay as to their role in angiogenesis, we assessed the effect of
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FIGURE 4. LMW-HA stimulates CD44 and Src-dependent phosphorylation of EphA2. Panel A, HPMVEC were treated with 100 nm LMW-HA or 1 pg/ml
Ephrin-A1-Fc for 5, 15, or 30 min in the presence or absence of the Src inhibitor, PP2 (1 um). Cells lysates were then prepared and immunoblotted (/B) with
phospho-EphA2 (Tyr>°%), phosphor-EphA2 (Ser®??), EphA2, Phospho-Src (Tyr*'®), Src, or actin antibodies. LMW-HA and Ephrin-A1 promote Src-dependent
tyrosine phosphorylation of EphA2. Panel B, HPMVEC were pretreated with either control siRNA or CD44 siRNA and then treated with LMW-HA (100 nwm) or
Ephrin-A1-Fc (1 ng/ml) for 15 min. Cell lysates were prepared in 1% Nonidet P-40 lysis buffer and incubated with anti-EphA2-cross-linked beads for immuno-
precipitation. The resultingimmune precipitations (/P) were then blotted with phospho-EphA2 (Tyr>%), CD44v 10, Src, or EphA2 antibodies. CD44 siRNA inhibits
LMW-HA and Ephrin-A1-Fc-mediated Src recruitment to EphA2. Panel C, graphical depiction of quantity of protein normalized to EphA2 staining intensity
(arbitrary units) from experiments described in panel B performed in triplicate and quantitated using computer-assisted densitometry. The asterisks (*) indicate
a statistically significant difference (p < 0.05) from control.

silencing PAT] and Dbs on tubule formation. Control-, PAT]-,
or Dbs-silenced endothelial cells were plated on a Matrigel
basement membrane and stimulated with LMW -HA. Silencing
of either PAT] or Dbs attenuated LMW-HA -stimulated tubule
formation (Fig. 10A4). Silencing was confirmed in each case by
immunoblotting (Fig. 10, B and C).
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The Role of CD44 and EphA2 in LMW-HA-mediated in Vivo
Angiogenesis—Finally, to determine the effects of LMW-HA on
angiogenesis in vivo, we utilized a novel anginex/liposomal tar-
geting of murine angiogenic endothelium with either CD44 or
EphA2 siRNA and observed inhibition of LMW-HA-induced
angiogenesis in implanted Matrigel plugs (Fig. 11). To test
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FIGURE 5. CD44 and EphA2 colocalize after stimulation of HMVEC with LMW-HA. HLMVEC were cultured on glass slides and incubated with 100 nm
LMW-HA for 15 min in serum-free media. Cells were then fixed in 4% paraformaldehyde and double-stained with anti-CD44v10 coupled with Alexa-594 (a and
f) and anti-EphA2 coupled with Alexa 488 (b and g) antibodies and mounted using Prolong anti-fade with DAPI (c and h). Images were taken at 20X
magnification and merged (d and h) using ImageJ software. Without stimulation, there is minimal CD44v10 (red) colocalization with EphA2 (green). With
LMW-HA challenge, there is much greater (yellow) colocalization (Boxed area).
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FIGURE 6. Silencing of EphA2 blocks LMW-HA-induced angiogenesis. Panel A, EphA2 and control silenced cells were seeded on Matrigel-coated plates in
the presence or absence of LMW-HA (100 nm). Images were captured after a 6-h incubation, and tubule formation was quantified using ImageJ image analysis
software. The mean tubule length was calculated for 20 images per treatment and graphically depicted. The asterisks (*) indicate a statistically significant
difference (p < 0.05) from control. No significant difference was detected between siEphA2 and siEphA2 LMW-HA. Each treatment was performed in triplicate,
and experiments were repeated three times. Results are expressed as tubule length per treatment. Panel B,immunoblot (/B) analysis of HLMVEC treated with
EphA2 siRNA or control siRNA. Cell lysates were blotted using EphA2 and actin antibodies to confirm EphA2 silencing.

angiogenic targeting of our anginex-conjugated liposomes, we
introduced pCMV6 empty vector and pCMV6-A-GFP (Ori-
gene) as cargo. Briefly, Matrigel supplemented with LMW-HA
or PBS was injected into mice. After 7 days, to allow for initia-
tion of angiogenesis in the plugs, anginex-conjugated lipo-
somes with cargo (expression vectors or siRNA) were delivered
via intravenous injection. Targeting of the liposomes to the pro-
liferating endothelium was achieved by covalent conjugation of
“anginex” peptide (39, 40, 55) (Phoenix Pharmaceuticals) to the
liposome surface. This peptide is bound by galetin-1, which
shows increased expression on activated endothelial cells (56).
The plugs were then harvested 7 days after liposome delivery
(14 days after Matrigel injection). The plugs were then utilized
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for determination of turboGFP expression (Fig. 11A), protein
assessment (Fig. 11B), gross examination (Fig. 11C), and angio-
genesis (Fig. 11D). For turboGFP expression, Matrigel plugs
were frozen in OCT embedding medium and cut in 12-pum-
thick sections. Frozen sections were fixed, permeabilized,
blocked, and incubated overnight with turboGEP antibody (Ori-
Gene). Alexa 488-conjugated secondary antibodies (Molecular
Probes) were used to visualize GFP staining. Nuclear staining was
performed with DAPI. The results of Fig. 114 indicate that our
anginex-conjugated liposomes can successfully target cells in the
Matrigel plug. For protein assessment, Matrigel plugs from mice
treated with intravenous injections of anginex-conjugated lipo-
somes containing no siRNA (control), control siRNA, EphA2

JOURNAL OF BIOLOGICAL CHEMISTRY 24051



The Role of EphA2 in LMW-HA-mediated Angiogenesis

A. LMW-HA (100nM)  Ephrin-A1-F¢ (1ug/ml)

0 5 15 30 5 15 30 mins

¥ —150kDa
IB: EphA2 |

IP: EphA2
B. 7 *
c2,- I CD44v10
=3
§8%L 5| * =PATJ
o p=1
sgés 4
2825
Egée
[}
§58% 2 j
=
Ny j I
0 - - T —— 5
S ¢;
«
&
00 § \*ﬁ \*o
§ \f‘\ {\9
e K
C. LMW-HA Ephrin-A1-F¢
(100nM) (1ug/ml)
0 5 15 30 mins
D.
Ea " EphA2 .
Egg 12 uCD44
< *
ZEE 10 - -
§22 s - | l
258 |
2]
s'._,g
2E*
e .ﬂ i |l |ﬂ
B 0

f&*&*

e“ é“‘

FIGURE 7. LMW-HA stimulation of HMVEC induces CD44, EphA2, PATJ,
and Src complex formation. Panel A, ECs were serum-starved for 1 h in
EBM-2 media and then incubated with LMW-HA (100 nm) or Ephrin-A1/Fc (10
ng/ml) for 5, 15, and 30 min. Cell lysates were prepared in 1% Nonidet P-40
lysis buffer and incubated with anti-EphA2-cross-linked beads for immuno-
precipitation. The resulting immune precipitations (/P )were then blotted for
CD44v10, PATJ, and EphA2. IB, immunoblot. Panel B, graphical depiction of
quantity of protein normalized to EphA2 staining intensity (arbitrary units)
from experiments described in panel A performed in triplicate and quanti-
tated using computer-assisted densitometry. The asterisks (*) indicate a sta-
tistically significant difference (p < 0.05) from control. Panel C, ECs were
serum-starved for 1 h in EBM-2 media and then incubated with LMW-HA (100
nm) or Ephrin-A1/Fc (10 ng/ml) for 5, 15, and 30 min. Cell lysates were pre-
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siRNA, or CD44 siRNA were depolymerized by BD Cell Recovery
Solution (BD Biosciences), and each plug was dissolved in 300 ul of
recovery solution as described in the manufacturer’s protocol, run
on SDS-PAGE, and immunoblotted for EphA2, CD44, and
laminin (used as a protein constant; see Ref. 57). The results of Fig.
11B indicate that we can specifically silence the expression of pro-
teins in Matrigel plugs. For gross examination, LMW-HA stimu-
lated increased vascularization of the Matrigel plugs, as evidenced
by increased endothelial cell numbers in the plugs and the pink
appearance on the excised plugs (Fig. 11C). For angiogenesis quan-
titation, the plugs were fixed in formalin and processed for histo-
logical staining using Masson’s Trichome stain to visualize endo-
thelial cell invasion and vessel formation. Silencing of CD44 or
EphA2 significantly reduced the number of endothelial cells per
plug as expected (Fig. 11D). Overall these results indicate that
EphA2 is a key regulator of LMW-HA- and CD44-mediated
angiogenesis.

DISCUSSION

In this study we present data illustrating the crucial role of
the EphA2 receptor in angiogenesis stimulated by LMW-HA
and the CD44 receptor. LMW -HA binding to CD44v10 induces
CD44v10-EphA2 complex formation, recruitment, and activa-
tion of Src and Src-mediated EphA?2 tyrosine phosphorylation.
These events are required for recruitment of the scaffolding
protein, PAT]J, and consequent recruitment of the rhoGEF,
Dbs, to induce RhoA activation and angiogenesis (Fig. 12).

The Eph family is the largest of receptor-tyrosine kinase fam-
ilies, and they are involved in the regulation of a wide and
diverse number of cellular processes. Most recently their role in
regulating endothelial function has been investigated. The
essential role of Eph receptors and EphA2 in vasculogenesis,
vascular patterning, and axonal guidance during development
has been known for some time but now, as their role in angio-
genesis, particularly during tumor growth, has emerged inter-
est in the Eph family of receptors has been rejuvenated (24, 58).

We previously reported that HA can regulate the permeabil-
ity of the lung endothelial barrier both in vitro and in vivo (8, 38,
59). The barrier disruptive effects of LMW-HA are mediated
via binding of LMW-HA to the CD44v10 receptor leading to
activation of Src, RhoA, and transactivation and recruitment of
the S1P3 receptor to a subset of lipid rafts called caveolin-en-
riched microdomains (8). The EphA2 receptor is another reg-
ulator of lung endothelium permeability. A study by Larson et
al. (21) revealed that stimulation of pulmonary microvascular
endothelial cells with the EphA2 receptor ligand, ephrin-Al,
increased monolayer permeability by 44%, whereas intravenous
injection of ephrin-Al in rats increased albumin leakage into
lungs. They observed disruption of both tight and adherens
junctions, the main regulators of paracellular permeability. Dis-
ruption of the endothelial monolayer is generally regarded as

pared in 1% Nonidet P-40 lysis buffer and incubated with anti-PATJ-cross-
linked beads for immunoprecipitation. The resulting immune precipitations
were then blotted with EphA2, CD44, Src, and PATJ antibodies. Panel D,
graphical depiction of quantity of protein normalized to PATJ staining inten-
sity (arbitrary units) from experiments described in panel A performed in trip-
licate and quantitated using computer-assisted densitometry. The asterisks
indicate a statistically significant difference (p < 0.05) from control.
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FIGURE 8. Specific recruitment of RhoGEFs by PATJ after LMW-HA stimulation of HPMVEC. ECs were serum-starved for 1 h in EBM-2 media and then
incubated with LMW-HA (100 nm) or Ephrin-A1-Fc (10 ng/ml) for 5,15, and 30 min. Cell lysates were prepared in 1% Nonidet P-40 lysis buffer and incubated with
anti-PATJ-cross-linked beads for immunoprecipitation. The resulting immune precipitations (/P) were then immunoblotted (/B) with Dbs, LARG, PDZ RhoGEF,
Syx, p115 RhoGEF, and PATJ antibodies. Only Dbs was recruited to PATJ in a time-dependent manner with both LWM-HA and Ephrin-A1 treatment of HLMVEC.
Panel B, graphical depiction of quantity of protein normalized to PATJ staining intensity (arbitrary units) from experiments described in panel A performed in
triplicate and quantitated using computer-assisted densitometry. The asterisks (*) indicates a statistically significant difference (p < 0.05) from control.

one of the initial steps during angiogenesis and a key step in the
metastatic process, allowing tumor cells entry to the vascula-
ture resulting in their dissemination throughout the body.
EphA2 promotes angiogenesis via regulation of tight junction
formation and recruitment of GEFs Vav2/3 and the p85 phos-
phatidylinositol 3-kinase subunit. EphA2 function is tightly
regulated by phosphorylation. Phosphorylation of EphA2 on
Tyr>** has been shown to be important for the regulation of
vascular assembly (50). EphA2-tyrosine kinase activity is also
required for maximal VEGF-induced angiogenesis. VEGF
induces expression of the ephrin-Al ligand leading to EphA2
receptor activation via phosphorylation resulting in maximal
cell migration and vessel sprouting in response to VEGF (61).
Soluble EphA2-Fc can inhibit VEGF-induced endothelial
migration while not effecting cell proliferation. Silencing of
EphA2 via siRNA knockdown or overexpression of the kinase-
null mutant inhibited basal levels of brain microvascular endo-
thelial cell tubule formation on Matrigel while enhancing tight
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junction formation (62). Conversely, overexpression of EphA2
leads to destabilized adherens junctions via a RhoA-dependent
mechanism (26).

Our results indicate that EphA2 plays a central role in regu-
lating LMW-HA -stimulated angiogenesis via a Src- and RhoA-
dependent pathway. Silencing of CD44 or EphA2 inhibits
LMW -HA-stimulated angiogenesis both in an in vitro Matrigel
tubule formation assay and in an in vivo Matrigel plug angio-
genesis assay. We observed that LMW-HA treatment of
HPMVEC leads to a time-dependent recruitment of CD44v10
to the EphA2 receptor, which we initially detected via immu-
nofluorescence and confirmed via co-immunoprecipitation of
the receptors.

Stimulation of endothelial cells with LMW-HA increases
phosphorylation of EphA2 on Tyr®%3, which is blocked in
CD44-silenced cells. Inhibition of Src kinase by PP2 similarly
blocked LMW-HA-stimulated phosphorylation of EphA2 on
Tyr®%3. These results indicate that CD44-mediated activation of
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FIGURE 9. Silencing of CD44, EphA2, Src, PATJ, or DBS reduces RhoA activation in response to LMW-HA and inhibits HLMVEC migration. Panel A, ECs
that had been subjected to control siRNA or target protein siRNA were incubated = LMW-HA (100 nwm) for 15 min. Total cell lysates were then prepared, and a
pulldown assay for GTP-bound active RhoA was performed. Panel B, ECs were incubated with the indicated siRNAs and then plated on 8-um transwell filters in
serum-free media. 10% serum media was added to the bottom wells, and cells were incubated for 24 h. Cell numbers from the upper and lower chambers were
quantified using the MTS cell assay. An asterisk (*) indicates a statistically significant difference (p < 0.05) from control and scramble siRNA. n = 3 per condition.
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FIGURE 10. Silencing PATJ and Dbs inhibits LMW-HA-induced tubule formation. Panel A, PATJ-, Dbs-, and control-silenced EC were plated on Matrigel in the
presence or absence of LMW-HA (100 nm), VEGF (200 pg/ml), or HMW-HA (100 nm). Images were captured after a 6-h incubation. Endothelial cell tubule
formation on Matrigel was quantified using ImageJ to measure tubule length. An asterisk (*) indicates a statistically significant difference (p < 0.05) from
control. Each treatment was performed in triplicate, and experiments were repeated three times. Results are expressed as tubule length per treatment. Panels
B and C, immunoblot (/B) analysis of HLMVEC treated with PATJ siRNA, Dbs siRNA, or control siRNA. Cell lysates were blotted using PATJ, Dbs, and actin

antibodies to confirm silencing.

Srcis required for the LMW-HA-stimulated increase in EphA2
phosphorylation. Silencing of Src also blocked LMW-HA-me-
diated tubule formation by HLMVEC on Matrigel. In a study by
Chan and Sukhatme (63), they reported that thrombin-induced
phosphorylation of EphA2 via PAR-1 (protease-activated
receptor-1) was Src-dependent in their study of EphA2 trans-
activation in HUVEC. In their study of Epha2 phosphorylation
sites, Fang et al. (50) reported that phosphorylation on Tyr>*?
was required for correct vascular assembly of endothelial cells
on a Matrigel matrix. Furthermore, they reported that this
phosphorylated residue may act as a binding site for guanine-
nucleotide exchange factors, which are necessary for cell
migration.

The scaffold protein, PAT], plays a key role in localizing
RhoA GTPase activity to the leading edge of migrating epithe-
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lial and more recently endothelial cells (54, 64). PAT] is a multi-
PDZ domain-containing protein, which allows it to interact
with a large number of PDZ binding domain-containing signal-
ing proteins. Although much is known about the role of PAT] in
regulating epithelial cell migration and polarity, less is known
about its function in endothelial cells. Ernkvist et al. (54) were
the first to report that PAT] could also be involved in spatial
regulation of RhoA activity in endothelial cells. Their study
reported that PAT], along with angiomotin, a membrane-asso-
ciated scaffold protein, and Syx, a RhoAGEF, were crucial in
maintaining correct focal RhoA activity in endothelial cells.
Disruption of this complex (via morpholino-silencing of
angiomotin iz vivo) led to impaired migration of intersegmen-
tal vessels and disrupted vascular development in zebrafish
embryos. Our studies have revealed that PAT] may have a sim-
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FIGURE 11. Targeting of angiogenic ECs with CD44 or EphA2 siRNA blocks in vivo LMW-HA-mediated angiogenesis. Panel A, Matrigel plugs from mice
with intravenous administration of anginex-conjugated liposomes containing either pCMV6 empty vector or pCMV6-A-GFP (Origene) were frozen in OCT
embedding medium and cut in 12-um-thick sections. Frozen sections were fixed, permeabilized, blocked, and incubated overnight with turboGFP antibody
(OriGene). Alexa 488-conjugated secondary antibodies (Molecular Probes) were used to visualize GFP staining. Nuclear staining was performed with DAPI. The
results of panel A indicate that our anginex-conjugated liposomes can successfully target cells in the Matrigel plug. Panel B, Matrigel plugs from mice with
intravenous administration of anginex-conjugated liposomes containing either no siRNA (Control), control siRNA, EphA2 siRNA, or CD44 siRNA were depoly-
merized by BD Cell Recovery Solution (BD Biosciences), and each plug was dissolved in 300 ul of recovery solution as described in the manufacturer’s protocol,
run on SDS-PAGE, and immunoblotted (/B) for EphA2, CD44, and laminin. The results of panel B indicate that we can specifically silence the expression of
proteins in Matrigel plugs. Panel C, Matrigel plugs = LMW-HA (5 ug/ml) were implanted subcutaneously in mice that were subsequently injected (day 7) with
anginex-labeled liposomes containing control, CD44, or EphA2 siRNA. The plugs were then harvested 14 days after the initial implantation, and images were
obtained. Panel D, plugs from panel C were analyzed for angiogenesis histologically using Trichrome staining and cell counting (see “Experimental Proce-
dures”). These experiments were repeated three times with five animals per treatment group. Results are expressed as the number of cells/plug. An asterisk

indicates a statistically significant difference (p < 0.05) from Control.

ilar role in LMW-HA-stimulated endothelial cells. Immuno-
blotting of EphA2 immunoprecipitates after treatment of
HLMVEC with either LMW-HA or ephrin-Al-Fc indicated
that PAT] along with CD44V10 was recruited to the EphA2
receptor. We did not detect any interaction of angiomotin with
either CD44 or EphA2. Furthermore, we observed that silenc-
ing of PAT] inhibited LMW-HA-stimulated activation of
RhoA. Silencing of PAT] also inhibited HPMVEC migration
and tubule formation in response to LMW -HA. These results
indicate that PAT] may not only be crucial for correct localiza-
tion of RhoA in migrating cells but also for its activation. As
PAT]J does not possess any intrinsic RhoGEF activity, this reg-
ulation is likely mediated via recruitment of other RhoGEF pro-
teins such as Syx.

Syx was observed to be constitutively associated with PAT] in
HPMVEC, and this association was not altered after treatment
with either LMW-HA or ephrin-A1-Fc. Of the other RhoGEFs
examined, LARG, PDZ-RhoGEF, and p115-Rho GEF showed
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increased association with PAT] after treatment with
LMW-HA but not ephrin-Al-Fc. Dbs (Dbl's Big Sister/
MCF2L), however, showed increased association with PAT]
after treatment with either LMW -HA or ephrin-A1-Fc. Silenc-
ing of Dbs attenuated RhoA activation, endothelial cell migra-
tion, and tubule formation in response to LMW-HA. This
attenuation rather than complete inhibition indicates that
other RhoGEFs may also be involved in this RhoA activation
pathway. This is not surprising as we observed that LMW-HA
could stimulate increased association of multiple RhoGEFs
with PATJ. Dbs was first identified in a screen for proteins
whose overexpression could deregulate the growth of fibro-
blasts (65). Although Dbs can regulate the activity of both
Cdc42 and RhoA in vitro, its in vivo exchange activity appears to
be regulated by cell type. It has previously been reported that
Dbs activation may be regulated via Src kinases (66). Kostenko
et al. (67) demonstrated that the scaffold protein, Ccpgl,
recruited both Src kinase and Dbs to a signaling complex in
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FIGURE 12. Schematic diagram indicating the role of EphA2 transactiva-
tion in LMW-HA-mediated angiogenesis. LMW-HA binding to CD44v10
induces CD44v10-EphA2 complex formation, recruitment, and activation of
Src and Src-mediated EphA2 tyrosine phosphorylation. These events are
required for recruitment of the scaffolding protein, PATJ, and consequent
recruitment of the rhoGEF, Dbs, to induce RhoA activation and angiogenesis.

COS-7 cells. The authors suggest that Ccpgl may act as a reg-
ulatory scaffolding protein, recruiting Dbs and Src and stimu-
lating Src phosphorylation of Dbs and consequent stimulation
of GEF activity. It is tempting to speculate that PAT] may serve
a similar function in endothelial cells. Because Src and Dbs do
not contain a PDZ binding domain, this interaction is likely
mediated via a different domain or adaptor protein.

RhoA activation is a key factor in increasing endothelial bar-
rier permeability and the angiogenic process. LMW-HA is a
known activator of RhoA in endothelial cells (8, 68). Here we
have outlined a novel signaling pathway, linking CD44, EphA2,
PAT]J, Src, and the RhoGEF Dbs to RhoA activation and LMW -
HA-stimulated angiogenesis.

To further confirm our in vitro findings in vivo we employed
a targeted angiogenic endothelial delivery of CD44 and EphA2
siRNA using anginex-conjugated liposomes in the mouse
Matrigel plug assay. Matrigel enriched with LMW-HA showed
increased invasion by endothelial cells into the plugs. Silencing
or either CD44 or EphA?2 blocked this increase in angiogenesis
and even decreased basal levels of angiogenesis in the plugs,
although the basal decrease was not statistically significant. Our
results indicate that the EphA2 receptor is a crucial partner of
CD44 in the angiogenic response stimulated by LMW-HA.

CD44 and EphA2 have both been implicated in regulating
endothelial cell barrier function and angiogenesis. The results
presented in this study demonstrate for the first time that there
is significant cross-talk between these signaling pathways and
that EphA2 is required for LMW-HA-stimulated angiogenesis
mediated via the CD44 receptor. We have identified a signaling
pathway between CD44 and Epha2 leading to RhoA activation
and ultimately angiogenesis in HPMVEC. Upon binding of
either LMW-HA or ephrin-A1-Fc, CD44 and EphA2 associate,
resulting in phosphorylation of EphA2 via Src activation. PAT]
is then recruited to this complex along with the RhoGEF Dbs; at
this point it is unclear whether Dbs directly associates with
PAT]J or another scaffold protein. Dbs recruitment to this com-
plex results in RhoA activation, leading to angiogenesis.
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Although CD44 appears to be the major endothelial receptor
for LMW-HA in our angiogenesis models, we cannot rule out
the potential involvement of other HA receptors (14). Wang et
al. (70) reported that CD44 regulates EC proliferation and
tubule formation induced by HA fragments in HUVEC. In
telomerase-immortalized foreskin microvascular ECs, Olofs-
son et al. (71) demonstrated that inhibiting CD44 or Hyal2
expression prevented tubular network formation in three-di-
mensional matrices. In addition, CD44 and TLR4 can be phys-
ically associated in a signaling complex after exposure to HA,
and endothelial TLR4 regulates certain responses to HA frag-
ments (72, 73). Furthermore, Savani et al. (74) demonstrated
that HA fragment-induced HUVEC and H5V (murine EC line)
angiogenesis involved the expression of both CD44 and
RHAMM. Specifically, CD44 regulated HA-mediated adhe-
sion, proliferation, and tube formation, whereas RHAMM reg-
ulated migration and in vivo angiogenesis. Gao et al. (75)
showed that RHAMM is the major receptor involved in HA
fragment-induced angiogenesis during wound healing. Fur-
thermore, Matou-Nasri et al. (60) demonstrated that both
CD44 and RHAMM are involved in HA fragment-induced
BAEC angiogenesis. Additional confirmation of a dual role of
CD44 and RHAMM in HA fragment-mediated HUVEC angio-
genesis was determined by Park et al. (69), who demonstrated
that HA induced RHAMM-TGEF 3 receptor complexes through
a CD44-PKC8é mechanism. Interestingly, in post-mortem
human coronary arteries that have endothelial injury and
angiogenesis associated with atherosclerotic plaques, there is
increased expression of RHAMM and Hyal-1 but not CD44 in
the neovessels, suggesting differential roles of RHAMM and
CD44 in angiogenesis from small versus large blood vessels (52).
Therefore, the size of HA utilized, the differential expression of
CD44 and RHAMM in various endothelial cell types, and the
model system employed can all contribute to the relative con-
tributions of different HA receptors.

In conclusion, this study demonstrates the crucial involve-
ment of EphA2 in LMW-HA-mediated angiogenesis. The dis-
covery of a novel interaction between EphA2 and CD44 signal-
ing pathways could lead to the development of improved
therapeutics in the treatment of angiogenesis-associated dis-
eases including tumor progression.
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