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Background: Endothelia express NEU1 sialidase and undergo changes in sialylation during angiogenesis.
Results: CD31 is a NEU1 substrate, and NEU1 disrupts endothelial cell capillary-like tube formation.
Conclusion: NEU1 works through its substrate, CD31, to dysregulate angiogenesis.
Significance: Human NEU1 is the first sialidase found to regulate angiogenesis, and the CD31 sialylation state dictates its ability
to influence endothelial cell differentiation and tube formation.

The highly sialylated vascular endothelial surface undergoes
changes in sialylation upon adopting the migratory/angiogenic
phenotype. We recently established endothelial cell (EC) ex-
pression of NEU1 sialidase (Cross, A. S., Hyun, S. W., Miranda-
Ribera, A., Feng, C., Liu, A., Nguyen, C., Zhang, L., Luzina, I. G.,
Atamas, S. P., Twaddell, W. S., Guang, W., Lillehoj, E. P., Puché,
A. C., Huang, W., Wang, L. X., Passaniti, A., and Goldblum, S. E.
(2012) NEU1 and NEU3 sialidase activity expressed in human
lung microvascular endothelia. NEU1 restrains endothelial cell
migration whereas NEU3 does not. J. Biol. Chem. 287, 15966 –
15980). We asked whether NEU1 might regulate EC capillary-
like tube formation on a Matrigel substrate. In human pulmo-
nary microvascular ECs (HPMECs), prior silencing of NEU1 did
not alter tube formation. Infection of HPMECs with increasing
multiplicities of infection of an adenovirus encoding for catalyt-
ically active WT NEU1 dose-dependently impaired tube forma-
tion, whereas overexpression of either a catalytically dead NEU1
mutant, NEU1-G68V, or another human sialidase, NEU3, did
not. NEU1 overexpression also diminished EC adhesion to the
Matrigel substrate and restrained EC migration in a wounding
assay. In HPMECs, the adhesion molecule, CD31, also known as
platelet endothelial cell adhesion molecule-1, was sialylated via
�2,6-linkages, as shown by Sambucus nigra agglutinin lectin
blotting. NEU1 overexpression increased CD31 binding to Ara-
chis hypogaea or peanut agglutinin lectin, indicating CD31
desialylation. In the postconfluent state, when CD31 ectodo-
mains are homophilically engaged, NEU1 was recruited to and
desialylated CD31. In postconfluent ECs, CD31 was desialylated
compared with subconfluent cells, and prior NEU1 silencing

completely protected against CD31 desialylation. Prior CD31
silencing and the use of CD31-null ECs each abrogated the
NEU1 inhibitory effect on EC tube formation. Sialyltransferase
6 GAL-I overexpression increased �2,6-linked CD31 sialylation
and dose-dependently counteracted NEU1-mediated inhibition
of EC tube formation. These combined data indicate that cata-
lytically active NEU1 inhibits in vitro angiogenesis through
desialylation of its substrate, CD31.

Angiogenesis is a tightly orchestrated process in which
proangiogenic and antiangiogenic factors are released to bind
to their cognate endothelial cell (EC)2 surface receptors (1, 2).
The proangiogenic receptor-ligand interactions are coupled to
EC disengagement from neighboring ECs and protease-medi-
ated degradation of the underlying EC extracellular matrix
(ECM). These signaling and proteolytic events permit ECs to
migrate through the ECM toward the proangiogenic stimulus.
Proliferative signals expand the EC population, which, coupled
with ECM remodeling, lead to EC-EC re-engagement with cap-
illary-like tube formation. A number of these proangiogenic
processes involve altered glycosylation patterns and specific
carbohydrate-mediated recognition events (3– 6).

The EC surface is highly sialylated (7–9). The sialic acid (SA)-
bearing surface structures on endothelia, together with other
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membrane-bound polyanionic macromolecules, constitute the
EC glycocalyx (10, 11). This negatively charged zone can be
extended through hydration and acquisition of plasma pro-
teins. The glycocalyx might nonspecifically diminish cell-cell
adhesion through either negative charge-mediated repulsion or
the masking of specific binding sites. In fact, we found that prior
neuraminidase treatment of pulmonary vascular endothelia
increases their adhesiveness for resting polymorphonuclear
leukocytes �3-fold, independent of E-selectin or intercellular
adhesion molecule (ICAM)-1 expression (12). However, SA
residues also can be intrinsic to EC surface recognition motifs
that participate in specific intermolecular interactions. For
example, increased �2,6-sialylation of the EC surface increases
its adhesiveness for CD22-bearing B cells (13) and lymphocyte
function-associated antigen (LFA)-1 expressing T cells (14).
Migrating bovine aortic ECs display a distinct phenotype that
includes hyperglycosylation and surface expression of specific
glycoproteins compared with contact-inhibited ECs (3). After
neuraminidase treatment of these migrating ECs, increased ter-
minal sialylation coupled to subterminal galactose residues was
revealed through increased binding of Arachis hypogaea or pea-
nut agglutinin (PNA) lectin (15). In another study, pharmaco-
logic blockade of synthesis of hybrid and complex-type oligo-
saccharides, including sialyl Lewis-X determinants, inhibited
capillary tube formation of bovine capillary ECs (4). In still
another study, 48% of the 432 glycan-specific genes profiled in
human bone marrow-derived ECs stimulated by the proangio-
genic factor, vascular endothelial growth factor (VEGF), were
expressed (6). After VEGF stimulation, expression of several
sialyltransferases (STs), including ST6GAL-I, were increased.
Multiple galectins, endogenous lectins that bind galactose res-
idues and regulate angiogenesis (16), were also up-regulated.
Finally, a number of EC sialoproteins directly participate in the
angiogenic process, including vascular endothelial cadherin
(17), selectins and other adhesion molecules (18, 19), CD31
(20), CD44 (21), fibroblast growth factor receptor (22), and
�v�3 integrin (23). Taken together, these combined studies
establish a central role for glycan structures (and more specifi-
cally, sialylation) as intrinsic to the angiogenic process.

SAs comprise a family of 9-carbon sugars, each carboxylated
on the C1 position (24, 25). These SA residues are almost always
positioned at the terminus of glycan chains. The subterminal
sugars to which SA is usually coupled are galactose and
N-acetylgalactosamine. In most sialoproteins, the C2 position
of SA is coupled to underlying galactose via �2,3- or �2,6-link-
age and to N-acetylgalactosamine via �2,6-linkage. For only a
few sialoproteins, SA is attached to another SA via �2,8-linkage,
generating homopolymers of polysialic acid. The sialylation
state of a specific glycoprotein is dynamically and coordinately
regulated through the opposing catalytic activities of STs (26,
27) and neuraminidase/sialidase (NEU) (28 –30). STs use cyti-
dine monophosphate (CMP)-SA as an activated donor to cata-
lyze transfer of SA residues to terminal positions on glycan
chains (26, 27). More than 15 distinct human ST cDNAs have
been cloned and characterized (26, 27). These STs can be clas-
sified based on 1) the specific SA linkage they synthesize and 2)
the sugar to which they transfer the SA. In contrast, NEUs
counterregulate sialylation through hydrolysis of the linkage

between terminal SAs and their subterminal sugars (28 –30).
Although the numerous prokaryote and eukaryote members of
the NEU superfamily share little amino acid (aa) sequence
homology, they contain conserved motifs, including the Asp
box (an aa sequence composed of SXDXGXTW) and the
(F/Y)RIP motif (28). More recently, bioinformatic analysis has
revealed high conservation of 6 residues essential for catalytic
activity, including an Arg triad (Arg-21, Arg-237, and Arg-304),
a Tyr/Glu nucleophile pair (Tyr-334 and Glu-218), and an Asp
that functions as an acid/base catalyst (Asp-46) (31). Four puta-
tive phosphorylation sites at positions 384, 390, 569, and 865
were �90% conserved in all sialidases. More specific to NEU1
in higher mammals, lysosomal localization signals and the res-
idues that participate in NEU1-protective protein/cathepsin A
(PPCA) interaction were conserved. These highly dissimilar
NEUs do share a tertiary conformation in which six antiparallel
�-sheets are arranged into a six-blade propeller-like configura-
tion (28 –30). Four human sialidases have been identified,
NEU1, -2, -3, and -4 (28 –30). We recently established that vas-
cular endothelia predominantly express NEU1 (32).

NEU1 is a �45.5-kDa (415-aa) protein that contains three
conserved and two degenerate Asp boxes and one (F/Y)RIP
motif (28). In human tissues, it is the most widely expressed and
most abundant NEU (29). Among the four human NEUs, NEU1
shares the least homology (29) and displays a substrate prefer-
ence for glycoproteins over other glycoconjugates, including
the SA-containing glycolipids or gangliosides (28 –30). NEU1 is
a lysosomal enzyme that resides in a multienzyme complex
composed of NEU1, PPCA, and �-galactosidase (33, 34). PPCA
is a multifunctional enzyme that functions as an intracellular
chaperone and transport protein that targets NEU1 to the lyso-
some and is absolutely required for proper folding, stability,
oligomerization, and activation of NEU1 (34 –36). Although
NEU1 had been considered primarily a lysosomal enzyme (34,
35), it is now known to associate with several surface multire-
ceptor signaling complexes, including epidermal growth factor
receptor/mucin 1 (MUC1) (37), Toll-like receptor 4 (TLR4)/
CD14/MD2 (38), and the elastin receptor complex (39).
Although the mechanisms through which NEU1 might be
translocated to the plasma membrane are poorly understood
(40), it has been detected on the surface of multiple human cell
types, including activated lymphocytes (40, 41), phorbol
12-myristate 13-acetate differentiated monocytes (42), fibro-
blasts (43), and, most recently, erythrocytes (44). NEU1 is also
surface-expressed on human lung microvascular endothelia,
where it restrains EC migration into a wound (32). In the cur-
rent studies, we have asked whether NEU1 might also regulate
EC capillary-like tube formation and whether the sialylated
proangiogenic molecule, CD31, also known as platelet endo-
thelial cell adhesion molecule (PECAM)-1 (45– 48), might serve
as an in vivo NEU1 substrate.

EXPERIMENTAL PROCEDURES

EC Culture—Human pulmonary microvascular ECs (HPMECs)
(Promocell, Heidelberg, Germany) and human pulmonary
artery ECs (HPAECs) (Lonza, Walkersville, MD) were cultured
in EC growth medium (MV-2, Promocell) containing EC
growth medium supplement mix (Promocell) as described
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(32). HPMECs and HPAECs were studied in passages 4 –7. In
selected experiments, immortalized CD31-null and CD31
reconstituted (CD31-RC) mouse lung microvascular ECs were
cultured in Dulbecco’s modified Eagle’s medium enriched with
10% FBS, L-glutamine, nonessential amino acids, sodium pyru-
vate, HEPES, and �-mercaptoethanol as described (49). These
ECs were established through retroviral transduction of pri-
mary lung ECs derived from the CD31 knock-out mouse with
the polyoma virus middle T oncogene. These CD31-null ECs
were retrovirally transduced with full-length murine CD31
cDNA to generate CD31-RC ECs. During passage, the
CD31-RC ECs were selected with puromycin, but prior to and
during experiments, puromycin was removed.

Manipulation of NEU1, CD31, and ST6GAL-I Expression in
HPMECs—To overexpress NEU1, HPMECs and HPAECs
were transiently infected with increasing multiplicities of infec-
tion (MOIs) of packaged adenovirus (Ad) encoding for human
FLAG-tagged wild-type NEU1 (Ad-NEU1-FLAG) or Ad
encoding green fluorescent protein (Ad-GFP) as an irrelevant
vector control, as described (32, 37). After 48 h, the NEU1-
overexpressing and control ECs were studied for NEU1 immu-
noblotting, EC tube formation, adhesion, migration, che-
motaxis, and lectin blotting. A plasmid encoding a catalytically
dead NEU1 mutant, NEU1-G68V, was kindly provided by Dr. L.
Debelle (Université de Reims) (39). The NEU1-G68V mutant,
which exhibits no sialidase activity when transfected in COS-7
cells or human fibroblasts (50), was subcloned into an Ad vec-
tor, as described for other gene products (32, 37, 51). An Ad
encoding for hemagglutinin (HA)-tagged human ST6GAL-I
(Ad-ST6GAL-I-HA) was purchased (Applied Biological Mate-
rials Inc., Richmond, Canada) for ST6GAL-I overexpression.
To silence either NEU1 or CD31 expression, HPMECs were
transfected with siRNA duplexes designed to specifically target
NEU1 or CD31 or irrelevant control siRNA duplexes not cor-
responding to any known sequence in the human genome
(Dharmacon, Lafayette, CO), as described (32, 37). For trans-
fection, 5.0 � 105 ECs were centrifuged (200 � g for 10 min),
and the cell pellet was resuspended in 100 �l of Amaxa Nucleo-
factor solution (Lonza) with 2.7 �g of siRNA duplexes. The
EC-siRNA mixture was transferred to an Amaxa-certified
cuvette and subjected to programmed electroporation (pro-
gram S-005; Amaxa Biosystems). The transfected ECs were cul-
tured for 48 h, after which they were lysed, and the lysates were
processed for NEU1 or CD31 immunoblotting. In other exper-
iments, HPMECs were transiently infected with Ad-NEU1-
FLAG at an MOI of 100. After 48 h, NEU1-targeting or control
siRNAs were transfected into these HPMECs overexpressing
FLAG-tagged NEU1. After 48 h, the transfected cells were
lysed, and the lysates were processed for FLAG tag immuno-
blotting. To control for protein loading and transfer, blots were
stripped and reprobed for �-tubulin. Transfected cells were
studied for EC tube formation.

In Vitro EC Capillary-like Tube Formation Assay—Each well
of a 96-well plate was coated with 50 �l of Matrigel (10 mg/ml;
BD Biosciences) as described with modifications (52, 53).
Briefly, Matrigel (50 �l on ice) was allowed to polymerize for
1 h at room temperature in each of the wells, followed by 1 h at
37 °C in a humidified atmosphere of 5% CO2. HPMECs,

HPAECs, and CD31-null and CD31-RC mouse lung microvas-
cular ECs were seeded at 1.5 � 104 cells/well onto the Matrigel-
coated wells and observed for tube formation. At 6 h, tubular
structures were photographed through a Nikon inverted
microscope, and branches of capillary-like tubes per high
power field (HPF) were counted.

EC Proliferation and Viability—HPMECs seeded into 60-
mm dishes at 105 cells/dish were cultured for 3 h, after which
they were infected with Ad-GFP, Ad-NEU1, or Ad-NEU3, each
at MOI � 100. Cells were collected at 24, 48, and 72 h and
manually counted with trypan blue exclusion.

EC Adhesion Assay—The wells of 96-well plates were each
incubated with Matrigel (50 �l/well) for 1 h at room tempera-
ture, followed by 1 h at 37 °C. The wells were washed with
DMEM, blocked (3% BSA in DMEM, 1 h, 37 °C), and again
washed (0.1% BSA in DMEM). HPMECs were seeded in the
Matrigel-coated wells at 104 cells/well and incubated for 10 – 60
min at 37 °C in 0.1% BSA, DMEM. After washing twice, adherent
cells were photographed through a microscope, and the adherent
cell area was quantified using ImageJ software (National Institutes
of Health, Bethesda, MD), as described (32, 51).

Migration in a Wounding Assay—HPMECs were seeded at
2 � 105 cells/well in the wells of a 24-well plate (Corning, Inc.),
and after 3 h, they were infected with Ad-GFP, Ad-NEU1, or
Ad-NEU1-G68V (MOI � 100). The HPMECs were cultured for
48 h to confluence. Using a sterile 200-�l pipette tip, a single
wound was made across the diameter of each monolayer, after
which cell debris was removed by washing with HEPES, as
described (32, 51). The wounded monolayers were then incu-
bated for increasing times, and photomicrographs of each well
were taken at 0, 2, 4, 6, and 24 h with a Nikon inverted microscope.
At each time point, HPMEC area was calculated using ImageJ soft-
ware for comparison with that observed in the same wounded
monolayer at 0 h, as a measure of migration into the wound.

EC Chemotaxis Assay—Gelatin-impregnated polycarbonate
filters (13-mm diameter, 8.0-�m pore size; Nucleopore Inc.,
Pleasanton, CA) were mounted in chemotactic chambers (Neu-
roprobe Inc., Gaithersburg, MD) as described (51). HPMECs
(5 � 104 cells in 100 �l) were added to the upper compartment
of each assay chamber. Each lower compartment contained
0.5% FBS as the chemoattractant. After a 5-h incubation (37 °C,
5% CO2), filters were removed, fixed (3.7% formaldehyde in
H2O, 30 min), washed, stained with 0.5% crystal violet in 25%
ethanol, and washed, and the top surface of each filter was
scraped free of cells. The crystal violet was then extracted from
each filter with 0.1 M citric acid in 50% ethanol for 30 min, and
the A560 nm of extracts was measured.

Lectin Blotting for Sialylated and Desialylated Molecules—
HPMECs were infected with Ad-NEU1, Ad-ST6GAL-I, or Ad-
GFP, each at MOI � 100, and incubated for 48 h. The cells were
solubilized with lysis buffer as described (32, 37), and 1.0-mg
aliquots were immunoprecipitated with a murine monoclonal
antibody raised against human CD31 (89C2, Cell Signaling
Technology, Danvers, MA). Immunoprecipitated proteins
were resolved by SDS-PAGE and transferred to a PVDF mem-
brane. The blots were incubated for 1 h with Tris-buffered
saline-Tween 20 (TBS-T) and probed with biotinylated
Maackia amurensis lectin II (MAL), Sambucus nigra agglutinin
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(SNA), or PNA (EY Labs, San Mateo, CA), as described (32, 37).
The blots were washed with TBS-T, incubated with HRP-con-
jugated streptavidin, and developed with enhanced chemilumi-
nescence (ECL) reagents. Fetuin (1.0 �g) was used as the posi-
tive control for MAL- and SNA-binding proteins, whereas
asialofetuin (1.0 �g) was used as the positive control for PNA-
binding proteins. To confirm equivalent protein loading and
transfer, blots were stripped and reprobed with the im-
munoprecipitating anti-CD31 antibody followed by HRP-
conjugated secondary antibody and ECL reagents. Densito-
metric quantitation of each MAL/SNA/PNA signal was
normalized to total CD31 signal in the same lane on the same

stripped and reprobed blot. In selected experiments, lysates
were first incubated with PNA immobilized on Sepharose
beads (Vector Labs, Burlingame, CA) to selectively enrich
for PNA-binding proteins, which, in turn, were processed for
CD31 immunoblotting.

NEU1/CD31 and PPCA/CD31 Coimmunoprecipitation As-
says—For the NEU1/CD31 coimmunoprecipitation assays,
HPMECs infected with Ad-NEU1-FLAG (MOI � 100) were
cultured to subconfluent and postconfluent states and lysed,
and the lysates were immunoprecipitated with anti-CD31 anti-
bodies. The CD31 immunoprecipitates were processed for
FLAG (NEU1) immunoblotting, as described (37). To control

FIGURE 1. NEU1 inhibits EC capillary-like tube formation. A, photomicrograph of noninfected HPMECs at 6 h after seeding on Matrigel at 1.5 � 104 ECs/well.
Magnification is �10. B, HPMECs infected with Ad-NEU1-FLAG were transfected with NEU1-targeting or control siRNAs and lysed, and the lysates were
processed for FLAG tag (NEU1) immunoblotting. To control for protein loading and transfer, blots were stripped and reprobed for �-tubulin. C, HPMECs and
HPMECs transfected with either NEU1-targeting or control siRNAs were seeded on Matrigel, incubated for 6 h, and photographed, and branches of capillary-
like tubes were counted. For each condition, n � 7. D, HPMECs were infected with increasing MOIs of Ad-NEU1-FLAG and lysed, and the lysates were processed
for FLAG tag immunoblotting. The blots were stripped and reprobed for endogenous NEU1, and to control for protein loading and transfer, they were stripped
and reprobed for �-tubulin. IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in kDa is indicated on the left. Each blot is representative of at least
two independent experiments. E, photomicrographs of Ad-GFP-infected (i) and Ad-NEU1-infected (ii) HPMECs at 6 h after incubation on Matrigel (MOI � 100).
Magnification is �10. F, HPMECs and HPMECs infected with Ad-GFP (MOI � 100), Ad-NEU1 (MOI � 10, 50, and 100), or Ad-NEU3 (MOI � 200) were incubated
for 6 h on Matrigel, at which time they were photographed, and branches of capillary-like tubes were counted. G, HPMECs and HPMECs infected with Ad-GFP,
Ad-NEU1, or Ad-NEU3, each at MOI � 100, were cultured at equivalent seeding densities (105 ECs/well) and manually counted with trypan blue exclusion every
24 h for a total of 72 h. Each symbol represents mean ECs/ml. n � 2. H, HPAECs and HPAECs infected with Ad-GFP (MOI � 100) or Ad-NEU1 (MOI � 100 or 200)
were incubated for 6 h on Matrigel, at which time they were photographed, and branches of capillary-like tubes were counted. In C, F, and H, each vertical bar
represents mean � S.E. (error bars) branches/HPF. In F and H, the MOI and n for each condition are indicated below each bar. *, significantly decreased compared
with the simultaneous Ad-GFP-infected control at p � 0.05.
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for protein loading and transfer, the blots were stripped and
reprobed for CD31. For the PPCA/CD31 coimmunoprecipita-
tion assays, lysates of subconfluent and postconfluent HPMECs
were immunoprecipitated with murine monoclonal anti-hu-
man PPCA antibodies (Santa Cruz Biotechnology, Inc.), and
PPCA immunoprecipitates were processed for CD31 immuno-
blotting. To control for protein loading and transfer, the blots
were stripped and reprobed with rabbit polyclonal anti-human
PPCA antibody (Abcam Inc.). For the NEU1/CD31 coimmuno-
precipitation assays, densitometric quantitation of FLAG
(NEU1) signal was normalized to CD31 signal, and for the
PPCA/CD31 coimmunoprecipitation assays, CD31 signal was
normalized to PPCA signal, each in the same lane on the same
stripped and reprobed blot.

Confocal Microscopy—HPMECs were fixed (4% paraformal-
dehyde), permeabilized (0.1% Triton X-100), blocked (PBS in
5% FBS), incubated with primary antibody (1:1000 for mouse
anti-CD31, Cell Signaling and 1:400 for rabbit anti-FLAG, Cell
Signaling), washed in PBS, and incubated with Alexa-labeled
secondary antibody (1:100 Alexa-568 goat-anti-mouse and
1:100 Alexa-350 goat anti-rabbit). Cells were visualized by con-
focal laser-scanning microscopy (Zeiss-510 meta) using a �63
oil immersion lens (numerical aperture 1.40).

Statistical Methods—Student’s t test, with a two-tailed dis-
tribution and a homoscedastic variance was used for all sta-
tistical analyses (Microsoft Office Excel 2003). Significance was
accepted for p values �0.05.

RESULTS

NEU1 Impairs EC Capillary-like Tube Formation—Because
a number of EC sialoproteins participate in the angiogenic
response (17–23) and the angiogenic phenotype is associated
with altered sialylation patterns (3– 6), we asked whether NEU1
might influence EC capillary-like tube formation in a Matrigel
system as a measure of in vitro angiogenesis (Fig. 1). When
HPMECs were seeded on Matrigel at 1.5 � 104 cells/well, the
cells formed tubes within 6 h with a mean � S.E.) of 91.2 � 5.5
branches/HPF (Fig. 1, A and F). In HPMECs, NEU1 protein was

detected at its anticipated gel mobility (Fig. 1B, lane 1). In
HPMECs transfected with NEU1-targeting siRNAs, NEU1 pro-
tein was reduced �95% relative to control siRNA-transfected
cells (Fig. 1B, lane 2 versus lane 1), but EC tube formation was
not different from either nontransfected ECs or control
siRNA-transfected ECs (Fig. 1C). In HPMECs infected with
increasing MOIs of Ad-NEU1-FLAG, NEU1 was dose-depen-
dently overexpressed (Fig. 1D). The resolved proteins were first

FIGURE 2. NEU1 catalytic activity required for inhibition of tube formation. A, HPMECs were infected with increasing MOIs of Ad-NEU1-G68V, an Ad
encoding for a catalytically dead NEU1 mutant, and lysed, and the lysates were processed for NEU1 immunoblotting. To control for protein loading and
transfer, the blots were stripped and reprobed for �-tubulin. IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in kDa is indicated on left. The
blot is representative of two independent experiments. B, HPMECs and HPMECs infected with Ad-GFP (MOI � 100), Ad-NEU1 (MOI � 100), or Ad-NEU1-G68V
(MOI � 50, 100, and 200), at 1.5 � 104 ECs/well, were incubated for 6 h on Matrigel, at which time they were photographed, and branches of capillary-like tubes
were counted. Each bar represents mean � S.E. (error bars) branches/HPF. The MOI and n for each condition are indicated below each bar. *, significantly
decreased compared with the simultaneous Ad-GFP-infected control at p � 0.05.

FIGURE 3. NEU1 decreases EC adhesion to the Matrigel substrate. A,
HPMECs (i) and HPMECs infected with Ad-GFP (ii), Ad-NEU1 (iii), or Ad-NEU1-
G68V (iv), each at MOI � 100, were incubated for 10, 20, 30, or 60 min in
Matrigel-coated wells of 96-well plates (104 cells/well) and washed, and
adherent cells were photographed. B, adherent cells were photographed,
and adherent EC area was quantified, using ImageJ software, as a measure of
EC adhesion to the Matrigel substrate. Each symbol represents mean � S.E.
(error bars) EC adhesion. For each condition, n � 9. *, significantly decreased
compared with the simultaneous Ad-GFP- or Ad-NEU1-G68V-infected con-
trols at p � 0.05.
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probed with anti-FLAG antibody to reveal ectopically
expressed FLAG-tagged NEU1 (top blot). The same blot was
stripped and reprobed with anti-NEU1 antibody to reveal total
NEU1 (i.e. both endogenous and ectopically expressed NEU1)
(middle blot). After HPMECs were infected with Ad-NEU1
(MOI � 10, 50, and 100) or Ad-GFP as the control (MOI �
100), Ad-NEU1 at MOI �10 reduced tube formation compared
with Ad-GFP-infected cells (Fig. 1, E and F). Ad-NEU1 at
MOI � 100 inhibited tube formation �60% compared with
Ad-GFP (MOI � 100) (Fig. 1, E (ii versus i) and F). In contrast,
overexpression of NEU3 (MOI � 200), the second most abun-
dantly expressed NEU in human ECs (32), did not alter tube
formation (Fig. 1F). To exclude any NEU1 effect on HPMEC
proliferation or viability, noninfected HPMECs and HPMECs
infected with Ad-GFP, Ad-NEU1, or Ad-NEU3, each at MOI �
100, were cultured at equivalent seeding densities and manually
counted with trypan blue exclusion every 24 h for a total of 72 h
(Fig. 1G). No differences in cell proliferation or viability were
detected. To establish whether NEU1 overexpression might
similarly impair capillary-like tube formation in pulmonary
endothelia from a macrovascular source, HPAECs and
HPAECs infected with Ad-GFP (MOI � 200) or Ad-NEU1
(MOI � 100 or 200) were incubated for 6 h on Matrigel, and
tubes were quantified (Fig. 1H). NEU1 overexpression in

HPAECs dramatically reduced their ability to form capillary-
like tubes. Therefore, NEU1 disrupts in vitro angiogenesis in
both microvascular and macrovascular lung endothelia.

To determine whether NEU1 sialidase inhibits EC tube for-
mation through its catalytic activity, we studied tube formation
in HPMECs infected with increasing MOIs of an Ad encoding
for the catalytically dead NEU1 mutant, Ad-NEU1-G68V (39).
First, infection of HPMECs with increasing MOIs of Ad-NEU1-
G68V dose-dependently increased its expression (Fig. 2A). As
anticipated, overexpression of wild-type NEU1 (MOI � 100)
disrupted tube formation �50% compared with Ad-GFP
(MOI � 100)-infected cells, whereas infection with Ad-NEU1-
G68V at MOIs up to 200 did not (Fig. 2B). These combined data
indicate that NEU1 sialidase activity specifically and dose-de-
pendently impairs HPMEC capillary-like tube formation. To be
catalytically active, NEU1 must operate within a multiprotein
complex comprising NEU1, PPCA, and �-galactosidase (33–
36). In those experiments where NEU1 alone was overex-
pressed, our results may be understated.

NEU1 Inhibits EC Adhesion to the Matrigel Substrate—We
asked whether the ability of NEU1 to impair tube formation
might be explained through altered EC adhesion to the same
substrate. Noninfected HPMECs and HPMECs infected at
MOI � 100 with Ad-GFP, Ad-NEU1, or Ad-NEU1-G68V were

FIGURE 4. NEU1 inhibits EC migration into a wound but not chemotactic responsiveness. A, HPMECs (i) and HPMECs infected with Ad-GFP (ii), Ad-NEU1 (iii),
or Ad-NEU1-G68V (iv), each at MOI � 100, were cultured to confluence in the wells of 24-well plates, wounded, and, after 24 h, photographed. Magnification
is �4. B, HPMECs and HPMECs infected with Ad-GFP, Ad-NEU1, or Ad-NEU1-G68V, each at MOI � 100, were cultured to confluence in the wells of 24-well plates,
after which a single wound was placed across the diameter of each monolayer. At 0, 2, 4, 6, and 24 h, images of each monolayer were captured, and EC migration
into the wound was calculated relative to that observed at 0 h in the same wounded monolayer. Vertical bars, mean � S.E. (error bars) percentage migration into
the wound. n for each condition is indicated below each bar. *, significantly decreased compared with the simultaneous Ad-GFP-infected controls at p � 0.05.
C, HPMECs or HPMECs infected with either Ad-GFP or Ad-NEU1, each at MOI � 100, were seeded at 5 � 104 cells/chamber in the upper compartments of
modified Boyden chambers in the presence of 0.5% FBS in each lower compartment as the chemoattractant. Each vertical bar represents mean � S.E. EC
chemotaxis measured as A560 nm. n for each condition is indicated below each bar.
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incubated for 10 – 60 min on Matrigel-coated wells and washed,
and adherent ECs were quantified. Adhesion of Ad-GFP-in-
fected cells was comparable with either noninfected control
cells or Ad-NEU1-G68V-infected cells (Fig. 3, A (i versus ii) and
B). After 10 min of incubation, NEU1 overexpression dimin-
ished EC adhesion to Matrigel by �60%, at 20 min by �50%, at
30 min by �25%, and at 1 h by �20%, compared with either
Ad-GFP-infected or Ad-NEU1-G68V-infected cells (Fig. 3, A
(iii versus ii) and B). Over the 60-min study period, EC adhesion
increased, whereas NEU1-mediated inhibition decreased. At
�1 h incubation on Matrigel, HPMECs begin to organize into
capillary-like tubes, making adhesion studies unreliable. This
NEU1-mediated inhibition of HPMEC adhesion to Matrigel
may, in part, explain NEU1-mediated impairment of EC capil-
lary-like tube formation.

NEU1 Inhibits EC Migration in a Wounding Assay—NEU1-
mediated inhibition of EC tube formation might also be
explained through diminished EC migration over this same
time frame. HPMECs and HPMECs infected at MOI � 100
with Ad-GFP, Ad-NEU1, or Ad-NEU1-G68V were cultured to
confluence and wounded (Fig. 4). At 2 h, migration of Ad-
NEU1-infected HPMECs into a wound was no different from
that seen for Ad-GFP-infected HPMECs (Fig. 4B). At 4 h, NEU1
overexpression inhibited HPMEC migration by 27%, at 6 h by
31%, and at 24 h by 38%, compared with the simultaneous Ad-
GFP-infected controls (Fig. 4, A and B). In contrast, at no time
did overexpression of the catalytically dead NEU1 mutant,
NEU1-G68V, inhibit EC migration compared with the same
controls. These combined data indicate that, within �4 h, over-

expression of catalytically active NEU1 restrains HPMEC
migration into a wound. This early NEU1-mediated inhibition
of HPMEC migration may, in part, explain the ability of NEU1
to inhibit EC capillary-like tube formation.

Effect of NEU1 on EC Motility—EC migration into a wound
requires both disengagement from adjacent ECs at the wound
margin and EC motility (1, 2). Because NEU1 overexpression
diminishes EC migration into a wound (Fig. 4, A and B), we
asked whether NEU1 might directly inhibit EC motility. Sus-
pended, unattached noninfected HPMECs and HPMECs
infected with either Ad-GFP or Ad-NEU1, each at MOI � 100,
were placed in the upper compartments of modified Boyden
chambers, whereas FBS was placed in the lower compartments
to generate a chemotactic gradient, as described (51). No dif-
ferences between the chemotactic indices for noninfected, Ad-
GFP-infected, and Ad-NEU1-infected ECs were detected (Fig.
4C). These data suggest that the ability of NEU1 to inhibit
angiogenesis cannot be explained through inhibition of EC che-
motactic responsiveness or motility.

CD31 Is an in Vivo NEU1 Substrate—CD31 participates in
both EC migration (52, 54) and angiogenesis (52, 55–57) and in
human umbilical vein ECs (HUVECs) is sialylated via �2,6-link-
age (20). We first asked whether in HPMECs, CD31 is similarly
sialylated via �2,6-linkages. Lectin probes were validated using
fetuin and asialofetuin as sialylated and nonsialylated positive
controls, respectively (Fig. 5A). As anticipated, MAL and SNA
each recognized fetuin (lanes 1 and 3), whereas PNA recog-
nized asialofetuin (lane 6). CD31 immunoprecipitates from
HPMECs were processed for blotting with MAL and SNA lec-

FIGURE 5. CD31 is an in vivo NEU1 substrate. A, the positive controls, fetuin and asialofetuin (1.0 �g of each), were processed for lectin blotting with
biotinylated MAL (lanes 1 and 2), SNA (lanes 3 and 4), and PNA (lanes 5 and 6). B, HPMECs were lysed, and the lysates were immunoprecipitated with anti-CD31
antibody. Total cell lysates (lane 1) and the CD31 immunoprecipitates (lane 2) were processed for blotting with anti-CD31 antibody. The CD31 immunopre-
cipitates were also probed with the biotinylated lectins, MAL to detect �2,3-linked SA (lane 3) and SNA to detect �2,6-linked SA (lane 4). C, CD31 immunopre-
cipitates from lysates of HPMECs infected with Ad-GFP, Ad-NEU1, or Ad-NEU1-G68V, each at MOI � 100, were processed for PNA lectin blotting. In B (lanes 3 and
4) and C (lanes 1– 4), to control for protein loading and transfer, blots were stripped and reprobed with anti-CD31 antibody. D, densitometric analyses of the
blots in C. Vertical bars, mean � S.E. (error bars) PNA signal normalized to CD31 signal in the same lane on the same blot. n for each condition is indicated below
each bar. *, significantly increased PNA/CD31 densitometry of Ad-NEU1-infected ECs compared with Ad-GFP-infected control ECs at p � 0.05. E, lysates from
HPMECs infected with Ad-GFP (lanes 1 and 3), Ad-NEU1 (lane 2), or Ad-NEU1-G68V (lane 4) were incubated with PNA immobilized on Sepharose beads, and the
PNA-binding proteins were processed for CD31 immunoblotting. IP, immunoprecipitation; IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in
kDa is indicated on the left. Each blot is representative of at least three independent experiments.
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tins, which recognized �2,3- and �2,6-linked SA residues,
respectively (15) (Fig. 5B). SNA clearly recognized CD31 (lane
4), whereas MAL did not (lane 3), indicating �2,6- but not �2,3-
linked SAs. We then asked whether CD31 might be an in vivo
substrate for NEU1. CD31 immunoprecipitates obtained from
HPMECs infected with either Ad-NEU1, Ad-NEU1-G68V, or
Ad-GFP, each at MOI � 100, were processed for blotting with
PNA, a lectin that recognizes subterminal galactose residues
that only become accessible after removal of terminal SA (15,
32, 37), as a measure of desialylation (Fig. 5C). When each PNA
signal was normalized to the total CD31 signal in the same lane
in the same blot, NEU1 overexpression increased PNA signal by
1.9-fold (lane 2) compared with Ad-GFP-infected cells (lane 1),

indicating NEU1-mediated CD31 desialylation (Fig. 5D). These
results were confirmed in reciprocal coimmunoprecipitation
assays using PNA immobilized on Sepharose to enrich for
PNA-bound proteins, which, in turn, were probed for CD31
(Fig. 5E, lane 2 versus lane 1). In contrast, overexpression of the
catalytically dead NEU1 mutant, NEU1-G68V, did not increase
PNA signal compared with Ad-GFP-infected cells (Fig. 5, C
(lanes 3 and 4) and E (lanes 3 and 4)). These combined data
indicate that in HPMECs, catalytically active NEU1 removes SA
residues from CD31.

NEU1 Is Recruited to and Desialylates CD31 in Postconfluent
HPMECs—Forced overexpression of NEU1 clearly desialylates
CD31 (Fig. 5, C–E). We previously found that NEU1 is recruited

FIGURE 6. NEU1 is recruited to CD31 in postconfluent ECs. A, photomicrographs of HPMECs cultured to subconfluent (i) and postconfluent (ii) states.
Magnification is �10. B, lysates from subconfluent and postconfluent HPMECs were processed for NEU1 (lanes 1 and 2), PPCA (lanes 3 and 4), and CD31 (lanes
5 and 6) immunoblotting. To control for protein loading and transfer, the blots were stripped and reprobed for �-tubulin. C, HPMECs infected with Ad-NEU1-
FLAG (MOI � 100) were allowed to achieve subconfluent or postconfluent states and lysed, and the lysates were immunoprecipitated with anti-CD31
antibodies. The CD31 immunoprecipitates were processed for immunoblotting with anti-FLAG antibody. To control for protein loading and transfer, the blots
were stripped and reprobed for CD31. E, after preinfection with Ad-NEU1-FLAG, HPMECs were cultured to postconfluence and probed for CD31 (i) and NEU1
(FLAG) (ii), after which the two images were merged (iii). A 20-�m scale bar is shown. Arrows indicate CD31 signal (i), NEU1 (FLAG) signal (ii), or
NEU1/CD31 co-localization (iii). F, lysates of subconfluent and postconfluent HPMECs were immunoprecipitated with anti-PPCA antibodies, and the
PPCA immunoprecipitates were processed for CD31 immunoblotting. To control for protein loading and transfer, the blots were stripped and reprobed
for PPCA. IP, immunoprecipitation; IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in kDa is indicated on left. Each blot is represent-
ative of three independent experiments. D, densitometric analyses of the blots in C. Vertical bars, mean � S.E. (error bars) FLAG (NEU1) signal normalized
to CD31 signal in the same lane on the same blot (n � 3). G, densitometric analyses of the blots in F. Vertical bars, mean � S.E. CD31 signal normalized
to PPCA signal in the same lane on the same blot (n � 3). *, significantly increased FLAG/CD31 or CD31/PPCA densitometry of postconfluent versus
subconfluent cells at p � 0.05.
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to epidermal growth factor receptor in human airway epithelia
stimulated with its cognate ligand, EGF (37). Because an estab-
lished ligand for CD31 is its own ectodomain (ED) expressed on
adjacent cells (45– 48), we compared both NEU1-CD31 and
PPCA-CD31 association in coimmunoprecipitation assays in
postconfluent HPMECs, where CD31 ectodomains (CD31-
EDs) are homophilically engaged, versus subconfluent HPMECs,
where they are not (Fig. 6A). The relative abundance of NEU1,
PPCA, and CD31, each normalized to �-tubulin, was comparable
in subconfluent and postconfluent ECs (Fig. 6B). For the NEU1-
CD31 coimmunoprecipitation assays, HPMECs infected with
Ad-NEU1-FLAG were cultured to subconfluent or postconflu-
ent states and lysed, and the lysates were immunoprecipitated
with anti-CD31 antibody. The CD31 immunoprecipitates were
processed for FLAG tag immunoblotting. To control for load-
ing and transfer, the blots were stripped and reprobed for
CD31. FLAG (NEU1) signal was normalized to CD31 in the
same lane in the same stripped and reprobed blot. NEU1 was
recruited to CD31 in postconfluent cells compared with sub-
confluent cells (Fig. 6, C and D). Double-labeled, co-localization
immunofluorescence microscopy was used to study HPMECs
preinfected with Ad-NEU1-FLAG and probed with antibodies
raised against CD31 and the FLAG epitope on NEU1 (Fig. 6E).
The merged images revealed that CD31 and NEU1 co-localize
at zones of cell-to-cell contact in postconfluent cells. For the
PPCA-CD31 coimmunoprecipitation assays, lysates of subcon-
fluent and postconfluent HPMECs were immunoprecipitated
with anti-PPCA antibody. The PPCA immunoprecipitates were
processed for CD31 and PPCA immunoblotting. Like NEU1,
PPCA also was recruited to CD31 in postconfluent cells com-
pared with subconfluent cells (Fig. 6, F and G). We then asked
whether this CD31-associated NEU1 might desialylate CD31.
CD31 immunoprecipitates harvested from subconfluent and
postconfluent HPMECs were processed for PNA lectin blotting
(Fig. 7A, lanes 1 and 2). Normalized PNA signals for CD31
immunoprecipitates from postconfluent cells (lane 2) were
increased �2-fold relative to subconfluent cells (lane 1) (Fig.

7B). Further, prior silencing of NEU1 completely protected
against CD31 desialylation (lane 4) compared with control
siRNA-transfected cells (lane 3). That CD31 was desialylated in
the postconfluent state was confirmed in reciprocal coimmu-
noprecipitation assays using PNA immobilized on Sepharose to
enrich for PNA-bound proteins from lysates of subconfluent
and postconfluent HPMECs, which, in turn, were probed for
CD31 (Fig. 7C). In addition to the full-length 130 kDa band seen
with postconfluence, CD31 immunoblotting also revealed
another 100 kDa band. Whether this 100 kDa CD31-immuno-
reactive band represents a CD31 proteolytic cleavage product
or a deglycosylated form is unclear. These combined data indi-
cate that under postconfluent conditions, when CD31 is homo-
philically engaged, NEU1, accompanied by PPCA, is recruited
to and desialylates CD31.

NEU1 Inhibition of EC Tube Formation Requires CD31—
NEU1 overexpression both desialylates CD31 (Fig. 5, C–E) and
impairs EC tube formation (Fig. 1, E and F). Because CD31 is an
established participant in angiogenesis (52, 55–57), we asked
whether NEU1-induced inhibition of EC tube formation might
be mediated through CD31. First, we established the ability to
silence CD31 in HPMECs using siRNA technology (Fig. 8A).
When HPMECs were transfected with CD31-targeting siRNAs,
CD31 protein was reduced �95% relative to control siRNA-
transfected cells (lane 2 versus lane 1). HPMECs infected with
Ad-NEU1 or Ad-GFP, each at MOI � 100, were transfected
with CD31-targeting or control siRNAs. After 48 h, the ECs
were incubated for 6 h on Matrigel, and EC capillary-like tubes
were quantified (Fig. 8B). As anticipated, Ad-GFP-infected
HPMECs in which CD31 was silenced formed fewer tubes than
did ECs transfected with control siRNAs. In HPMECs trans-
fected with control siRNAs, NEU1 overexpression inhibited
tube formation by �50% compared with Ad-GFP-infected
cells. In HPMECs in which CD31 was silenced, NEU1 overex-
pression did not decrease tube formation compared with Ad-
GFP-infected controls. To provide additional evidence that
NEU1 inhibits EC tube formation through CD31, we compared

FIGURE 7. NEU1 desialylates CD31 in postconfluent ECs. A, HPMECs (lanes 1 and 2) or HPMECs transfected with NEU1-targeting (lane 4) or control siRNAs
(lane 3) were allowed to achieve subconfluent (lane 1) or postconfluent (lanes 2– 4) states and lysed, and the lysates were immunoprecipitated with anti-CD31
antibody. The CD31 immunoprecipitates were processed for PNA lectin blotting. To control for protein loading and transfer, the blots were stripped and
reprobed for CD31. B, densitometric analyses of the blots in A. Vertical bars, mean � S.E. (error bars) PNA signal normalized to CD31 signal in the same lane on
the same blot (n � 3). *, significantly increased PNA/CD31 densitometry of postconfluent versus subconfluent cells at p � 0.05. **, significantly decreased
PNA/CD31 densitometry compared with control siRNA-transfected cells at p � 0.05. C, lysates from subconfluent (lane 1) and postconfluent (lane 2) HPMECs
were incubated with PNA immobilized on Sepharose beads, and the PNA-binding proteins were processed for CD31 immunoblotting. IP, immunoprecipita-
tion; IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in kDa is indicated on the left. Each blot is representative of three independent
experiments.
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the impact of NEU1 overexpression on tube formation in
CD31-null murine lung microvascular ECs with tube formation
in CD31-RC ECs. First, we established the relative abundance
of CD31 protein in these two EC lines (Fig. 8C). CD31 protein
could not be detected in the CD31-null cells (lane 1), whereas it
was abundant in the CD31-RC cells (lane 2). CD31-null and
CD31-RC ECs were each infected with Ad-NEU1 or Ad-GFP,
each at MOI � 100. After 48 h, the ECs were incubated for 6 h
on Matrigel, and EC capillary-like tubes were quantified (Fig.
8D). As anticipated, the Ad-GFP-infected CD31-null ECs
formed fewer tubes than did Ad-GFP-infected CD31-RC ECs.
In the CD31-RC ECs, NEU1 overexpression diminished tube
formation by �60% compared with Ad-GFP-infected cells. In
contrast, in the CD31-null ECs, not only did NEU1 overexpres-
sion fail to inhibit tube formation compared with Ad-GFP-in-
fected cells; it enhanced it. These combined data indicate that

NEU1-induced inhibition of EC capillary-like tube formation
requires unperturbed EC levels of CD31.

ST6GAL-I Overexpression Increases �2,6-Linked Sialylation
of CD31 and Counteracts NEU1-mediated Inhibition of EC
Capillary-like Tube Formation—Because we detected �2,6-
linked but not �2,3-linked SA residues on CD31 (Fig. 5B) and
found that NEU1 overexpression increased CD31 recognition
of the galactose-binding lectin, PNA (Fig. 5, C–E), we asked
which of the two STs known to transfer SA to subterminal
galactose residues in an �2,6-linkage, ST6GAL-I or ST6GAL-II
(26, 27), might counterregulate the CD31 sialylation state.
Upon screening HPMECs for expression of these two STs,
ST6GAL-I was expressed, whereas ST6GAL-II was not (Fig.
9A), confirming a prior report (58). To begin to establish
whether NEU1 influences CD31 function through its ability to
remove �2,6-linked SA from CD31-expressed galactose resi-

FIGURE 8. CD31 depletion abrogates the inhibitory effect of NEU1 on EC capillary-like tube formation. A, HPMECs transfected with CD31-targeting or
control siRNAs were cultured for 48 h and lysed, and the lysates were processed for CD31 immunoblotting. B, HPMECs transfected with CD31-targeting or
control siRNAs were infected with Ad-NEU1 or Ad-GFP, each at MOI � 100. After 48 h, the HPMECs were incubated for 6 h on Matrigel, at which time they were
photographed, and branches of capillary-like tubes were counted. C, lysates of CD31-null and CD31-RC murine lung microvascular ECs were processed for
CD31 immunoblotting. D and E, CD31-null and CD31-RC ECs were infected with Ad-NEU1 or Ad-GFP, each at MOI � 100. After 48 h, ECs were incubated for 6 h
on Matrigel and photographed (magnification, �10) (D), and branches of capillary-like tubes were counted (E). In A and C, to control for protein loading and
transfer, blots were stripped and reprobed for �-tubulin. IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in kDa is indicated on the left. Each
blot is representative of two independent experiments. In B and E, each bar represents mean � S.E. (error bars) branches/HPF. For each condition n � 9.
*, significantly decreased compared with the simultaneous Ad-GFP-infected controls at p � 0.05.
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dues, we asked whether ST6GAL-I might counteract this effect.
HPMECs were infected with increasing MOIs of Ad encoding
for HA-tagged ST6GAL-I, and after 48 h, they were lysed, and
the lysates were processed for immunoblotting with anti-HA
antibody (Fig. 9B). ST6GAL-I protein expression was dose-de-
pendently increased. To establish whether ST6GAL-I overex-
pression might increase �2,6-linked sialylation of CD31, CD31
immunoprecipitates from both ST6GAL-I-overexpressing and
Ad-GFP-infected HPMECs were processed for SNA lectin blot-
ting (Fig. 9C). ST6GAL-I overexpression increased SNA bind-
ing to CD31 �2-fold compared with Ad-GFP-infected controls
(Fig. 9, C and D). Finally, we asked if ST6GAL-I overexpression
might counteract the NEU1 inhibitory effect on EC tube forma-
tion. HPMECs infected with Ad-GFP, Ad-ST6GAL-I, or Ad-
NEU1 or co-infected with both Ad-NEU1 and Ad-ST6GAL-I
were incubated for 6 h on Matrigel and photographed, and
branches of capillary-like tubes were counted (Fig. 10). Infec-
tion of HPMECs with increasing MOIs (3–200) of Ad-ST6GAL-
I did not alter tube formation compared with either nonin-
fected or Ad-GFP-infected cells (Fig. 10A). As anticipated,
NEU1 overexpression dramatically reduced tube formation
(Fig. 10, B (ii versus i) and C). However, when Ad-NEU1-in-
fected HPMECs were co-infected with increasing MOIs of
Ad-ST6GAL-I, the NEU1 inhibitory effect on tube formation
was dose-dependently counteracted (Fig. 10C). Co-infection of
Ad-NEU1-infected HPMECs with Ad-ST6GAL-I at MOIs of
�25 protected against loss of tube formation, and at MOI �

100, the Ad-ST6GAL-I co-infection provided almost complete
protection (Fig. 10B, iii versus ii). Therefore, in HPMECs,
ST6GAL-I overexpression increases CD31 �2,6-linked sialyla-
tion and abrogates NEU1-mediated inhibition of EC tube
formation.

DISCUSSION

In these studies, we have found that catalytically active NEU1
dose-dependently impairs EC capillary-like tube formation
without influencing EC proliferation or viability in both
HPMECs and HPAECs (Fig. 1). Overexpression of a catalyti-
cally dead NEU1 mutant exerted no such effect (Fig. 2). NEU1
diminished EC adhesion to a Matrigel substrate (Fig. 3) and
restrained EC migration in wounding but not in chemotaxis
assays (Fig. 4). In HPMECs, CD31 was found to express �2,6-
linked SA residues and to be a NEU1 substrate (Fig. 5). Upon
achieving a postconfluent state, NEU1, accompanied by PPCA,
associated with (Fig. 6) and desialylated (Fig. 7) CD31. Finally,
prior silencing of CD31, the use of CD31-null ECs (Fig. 8), and
increased �2,6-linked sialylation of CD31 (Figs. 9 and 10) each
counteracted the ability of NEU1 to disrupt EC tube formation.

Our combined data provide evidence that NEU1, at least in
part, regulates EC tube formation through CD31. First, the
sialoprotein CD31 is a NEU1 substrate (Figs. 5 (C–E) and 7).
Further, CD31 is central to at least two EC processes that NEU1
counterregulates, EC migration (52, 54) and angiogenesis (52,
55–57). Anti-CD31 antibodies were shown to restrain HUVEC
migration in wounding assays and movement through Matri-
gel-coated transwell inserts (52). CD31 depletion in HUVECs,
using antisense technology, decreased migration into a wound
(54). In these same studies, murine CD31-null ECs displayed
less migration compared with CD31-reconstituted ECs. Simi-
larly, multiple studies have established a role for CD31 in both
in vitro and in vivo angiogenesis (52, 55–57). Again, anti-CD31
antibodies impaired in vitro EC tube formation using HUVECs
seeded on Matrigel (52) and rat microvascular ECs from epidid-
ymal fat pads in three-dimensional collagen gels (55). CD31
immunoblockade also inhibits in vivo angiogenesis in multiple
experimental systems, including cytokine-induced neovascu-
larization in a rat corneal micropocket model (55) and subcu-
taneous implantation of Matrigel plugs supplemented with
basic fibroblast growth factor in C57BL/6 mice (55). In a model
of foreign body-induced chronic inflammation, subcutaneous
implantation of polyvinyl acetyl sponges in CD31-null mice
elicited dramatically less angiogenesis than that seen in wild-
type mice (57). In models of in vivo tumor angiogenesis, anti-
CD31 antibodies diminished subcutaneous growth and vascu-
larity of multiple human tumors implanted in various murine
strains (52, 56). Taken together, these data establish a positive
regulatory role for CD31 in EC migration and angiogenesis, the
very same EC processes counterregulated by NEU1 (Figs. 1 and
4). Finally, prior silencing of CD31 and the use of CD31-null
ECs each completely abrogated the inhibitory effect of NEU1
on EC tube formation (Fig. 8).

The early reports on the biochemical structure of CD31 rec-
ognized its extensive glycosylation (59, 60). In one study, the
predicted molecular size of the mature 711-aa polypeptide was
�80 kDa, whereas on immunoblot, the fully processed mole-

FIGURE 9. Increased ST6GAL-I expression in HPMECs increases �2,6-
linked CD31 sialylation. A, total cellular RNA was extracted from HPMECs
and processed for RT-PCR for ST6GAL-I and -II. GAPDH was run as an internal
control. Base pairs (bp) are indicated on the left. B, HPMECs were infected with
increasing MOIs of Ad encoding for HA-tagged ST6GAL-I, and after 48 h, they
were lysed, and the lysates were processed for immunoblotting with anti-HA
antibody. To control for protein loading and transfer, blots were stripped and
reprobed for �-tubulin. C, HPMECs were infected with Ad-ST6GAL-I (lane 2) or
Ad-GFP (lane 1), each at MOI � 200, and after 48 h, they were lysed, and the
lysates were immunoprecipitated with anti-CD31 antibody. The CD31 immu-
noprecipitates were processed for SNA lectin blotting. To control for pro-
tein loading and transfer, blots were stripped and reprobed for CD31. For A–C,
each blot is representative of three independent experiments. IP, immuno-
precipitation; IB, immunoblot; IB*, immunoblot after stripping. Molecular
mass in kDa is indicated on the left. D, densitometric analyses of blots in C.
Vertical bars, mean � S.E. (error bars) SNA signal normalized to CD31 signal in
the same lane on the same blot (n � 3). *, significantly increased SNA/CD31
densitometry of Ad-ST6GAL-I-infected ECs compared with the Ad-GFP-in-
fected control ECs at p � 0.05.
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cule appeared to be �130 kDa (59). Upon sequencing the CD31
polypeptide, nine predicted asparagine-linked glycosylation
sites were identified, leading to the assumption that carbohy-
drate residues accounted for �40% of the 130-kDa molecular
size. A second study was in complete agreement but also re-
ported numerous serine/threonine-rich regions as potential
sites for O-linked sugar attachment (60). In still another study
of recombinant CD31 expressed in CHO-K1 cells, MALDI
mass spectrometry of peptide:N-glycosidase F-released
N-linked glycans revealed structures consistent with sialylated
bi-, tri-, and tetra-antennary carbohydrates (61). Glycan release
with application of Arthrobacter ureafaciens neuraminidase
confirmed the presence of SA residues. More recently, lectin
blotting with Sambucus sieboldiana agglutinin of CD31
expressed in HUVECs revealed SA residues �2,6-linked to
galactose (20). In the current studies, we used combined SNA
and PNA lectin blotting of CD31 expressed in HPMECs to
show that it too, contains SA �2,6-linked to subterminal galac-
tose (Fig. 5) and that CD31 sialylation could be increased with
ST6GAL-I overexpression (Fig. 9, C and D), consistent with the
previous report (20).

Our data not only implicate CD31 as a downstream interme-
diary to NEU1 sialidase in the regulation of EC migration and
tube formation but, more specifically, indicate that changes in
the CD31 sialylation state regulate these CD31-driven EC

responses. First, in HPMECs, CD31 is a sialoprotein with �2,6-
linked SA residues detected with SNA lectin blotting, whereas
application of MAL lectin blotting failed to detect �2,3-linked
sialylation (Fig. 5B). Further, the same NEU1 overexpression
that restrains EC migration in a wounding assay (Fig. 4) and
disrupts EC tube formation (Fig. 1) also desialylates CD31, as
detected by PNA lectin blotting (Fig. 5, C–E). In contrast, over-
expression of the catalytically dead NEU1 mutant, NEU1-
G68V, to even higher levels of expression failed to inhibit EC
tube formation (Fig. 2). Finally, overexpression of ST6GAL-I
both increased �2,6-sialylation of CD31 (Fig. 9, C and D) and
completely counteracted the inhibitory effect of NEU1 on EC
capillary-like tube formation (Fig. 10, B and C). That the sialy-
lation state of CD31 influences its function(s) is further sup-
ported by a previous report that presents evidence that �2,6-
linked CD31 sialylation increased its cell surface residency,
homophilic adhesion between its ectodomains, and cellular
resistance to mitochondrion-dependent apoptosis (20). Any
one of these properties imparted by �2,6-linked sialylation of
CD31 could explain the dysregulated angiogenesis evident in
our studies with NEU1 overexpression (Fig. 1) and NEU1-me-
diated CD31 desialylation (Fig. 5, C–E). However, other sub-
strates for both NEU1 and ST6GAL-I probably exist in
HPMECs, one or more of which may be operative during these
NEU1/CD31-driven EC responses.

FIGURE 10. ST6GAL-I overexpression counteracts NEU1-mediated inhibition of EC capillary-like tube formation. A, HPMECs, HPMECs infected with
Ad-GFP (MOI � 100), and HPMECs infected with increasing MOIs of Ad-ST6GAL-I were seeded at 1.5 � 104 ECs/well and incubated for 6 h on Matrigel, at which
time they were photographed, and branches of capillary-like tubes were counted. B, photomicrographs of HPMECs infected with Ad-GFP (i) or Ad-NEU1 (ii),
each at MOI � 100, or co-infected with both Ad-NEU1 and Ad-ST6GAL-I, each at MOI � 100, after 6 h incubation on Matrigel. Magnification is �10. C, HPMECs
and HPMECs infected with Ad-GFP or Ad-NEU1, each at MOI � 100, or co-infected with Ad-NEU1 (MOI � 100) and increasing MOIs of Ad-ST6GAL-I were
incubated for 6 h on Matrigel and photographed, and branches of capillary-like tubes were counted. In A and C, each vertical bar represents mean � S.E. (error
bars) branches/HPF. The MOI and n for each condition are indicated below each bar. *, significantly decreased compared with the simultaneous Ad-GFP-
infected control at p � 0.05.
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NEU1 also diminished EC adhesion to the underlying Matri-
gel ECM (Fig. 3). Although the ability of the CD31-ED to homo-
philically engage the identical molecule on adjacent cells is well
established (20, 61, 62), its participation in heterotypic interac-
tions is less clear. Multiple studies in a range of human cell types
support the ability of CD31 to interact with and activate multi-
ple integrins (63– 68). Engagement of CD31 in human T cell
subsets (64), neutrophils and monocytes (65), eosinophils (66),
and NK cells (67), as well as murine lymphokine-activated killer
cells (68), all reportedly increase the adhesive functions of �1/�2
integrins and adhesion to the endothelial surface. Ligation of
CD31 in human CD34� hematopoietic progenitor cells selec-
tively increased adhesive activity of very late antigen 4 (VLA-4)
(i.e. �4�1 integrin for vascular cell adhesion molecule (VCAM)-
1 but not LFA-1 integrin for ICAM-1 expressed on CHO cells)
(63). Finally, ligation of CD31 on HUVECs increased the adhe-
sive function of �v�3 integrin to its ligand, RGD peptide (66).
Therefore, the sialylation state of the CD31 ectodomain influ-
ences its ability to engage integrins, which, in turn, interferes
with integrin-ECM protein interactions and EC adhesion to the
underlying ECM.

We speculate that during EC capillary-like tube formation, as
ECs engage each other and the CD31-EDs homophilically
interact, NEU1 sialidase, accompanied by PPCA, is recruited to
CD31 to remove SA residues from the CD31-ED, either
unmasking or disrupting surface recognition motifs. At the
same time, ST6GAL-I is transferring SA to the same CD31-ED.
The opposing catalytic activities of NEU1 and ST6GAL-I, pos-
sibly in concert with other NEUs and STs, impose a net sialyla-
tion state on CD31, which, in turn, dictates its impact on EC
function. Whether such NEU1/ST6GAL-I-elicited changes in
CD31 sialylation directly alter CD31-ED homophilic adhesion
or indirectly influence interactions between the CD31 cytoplas-
mic domain and its cytosolic binding partners and whether
such downstream events lead to dysregulated angiogenesis is
the focus of ongoing studies in our laboratory.
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