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We recently established that the elastin-binding pro-
tein, which is identical to the spliced variant of �-galac-
tosidase, forms a cell surface-targeted complex with two
proteins considered “classic lysosomal enzymes”:
protective protein/cathepsin A and neuraminidase-1
(Neu1). We also found that cell surface-residing Neu1
can desialylate neighboring microfibrillar glycopro-
teins and facilitate the deposition of insoluble elastin,
which contributes to the maintenance of cellular qui-
escence. Here we provide evidence that cell surface-
residing Neu1 contributes to a novel mechanism that
limits cellular proliferation by desialylating cell mem-
brane-residing sialoglycoproteins that directly prop-
agate mitogenic signals. We demonstrated that treat-
ment of cultured human aortic smooth muscle cells
(SMCs) with either a sialidase inhibitor or an antibody
that blocks Neu1 activity induced significant up-regu-
lation in SMC proliferation in response to fetal bovine
serum. Conversely, treatment with Clostridium per-
fringens neuraminidase (which is highly homologous
to Neu1) decreased SMC proliferation, even in cul-
tures that did not deposit elastin. Further, we found
that pretreatment of aortic SMCs with exogenous
neuraminidase abolished their mitogenic responses
to recombinant platelet-derived growth factor
(PDGF)-BB and insulin-like growth factor (IGF)-2
and that sialidosis fibroblasts (which are exclu-
sively deficient in Neu1) were more responsive to
PDGF-BB and IGF-2 compared with normal fibro-
blasts. Furthermore, we provide direct evidence
that neuraminidase caused the desialylation of both
PDGF and IGF-1 receptors and diminished the intra-
cellular signals induced by the mitogenic ligands

PDGF-BB and IGF-2. (Am J Pathol 2008, 173:1042–1056;
DOI: 10.2353/ajpath.2008.071081)

The sialidases (neuraminidases; NEUs) are widely dis-
tributed in nature. They have been identified in numerous
viral, bacterial, fungal, protozoan, avian, and mammalian
species.1,2 In mammalian cells, four genetically distinct
neuraminidases (sialidases), which differ in their tissue
distribution, subcellular localization, and substrate spec-
ificity, have been characterized. They have been localized
to lysosomes; neuraminidase 1 (Neu1)3–7 to cytosol, neur-
aminidase 2 (Neu2)8–9 to the plasma membrane, neuramin-
idase 3 (Neu3, also known as ganglioside sialidase)10–12 to
mitochondria and lysosomes, neuraminidase 4 (Neu4).13–15

But only Neu1, which is expressed in all mammalian tissues
and is active mostly toward sialylated glycoproteins,
has been detected in a lysosome-targeted multiprotein
complex with �-galactosidase (�-Gal) and protective
protein/cathepsin A (PPCA).16 –19 Both lysosomal Neu1
and PPCA have also been immunolocalized to the cell
surface of normal fibroblasts, activated lymphocytes,
and neutrophils, but this has been attributed to mistar-
geting or to alternative transport involving their subse-
quent exocytosis and endocytosis.20 –23

We have previously established that such unusual lo-
calization of these “classic lysosomal enzymes” can be
attributed to the fact that these two proteins can also form
a molecular complex with S-gal, a 67-kDa, enzymatically
inactive, spliced variant of �-galactosidase. We found
that S-gal serves as the elastin-binding protein, the major
subunit of the elastin receptor, which is targeted to the
cell surface instead of to the lysosomes.24–26 We dem-
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onstrated that proteins copurified with the 67-kDa S-Gal/
elastin-binding protein from the cell membrane fraction of
human fibroblasts by elastin affinity columns were immu-
noreactive with antibodies raised to human Neu1 and
PPCA. Moreover, anti-Neu1 and anti-PPCA antibodies
showed an identical pattern of immunolocalization on the
surface of elastin-producing cells, as did an antibody
recognizing the elastin-binding protein.27 We further
demonstrated that the sialidase activity of cell-surface-
residing Neu1 causes the removal of terminal sialic acids
from carbohydrate chains of matrix-residing microfibrillar
glycoproteins, which is a prerequisite step for the subse-
quent binding of newly secreted tropoelastin and the
proper assembly of elastic fibers containing crosslinked
(insoluble) elastin. Because endogenous Neu1 is neces-
sary for the effective formation of insoluble elastin,27

which, in turn, can sequester such mitogenic growth
factors as platelet-derived growth factor (PDGF) and fi-
broblast growth factor,28 we propose that Neu1 may con-
tribute in this “indirect” way to inhibition of the proliferative
phenotype of arterial SMCs and other elastin-producing
cells.

Because cell-surface-residing Neu1 is capable of re-
moving terminal ketosidically linked sialic acids from
pericellular matrix glycoproteins, we further speculated
that this sialidase would also catalyze the desialylation
of other adjacent glycoproteins anchored to the
plasma membrane. Because the cell surface receptors
interacting with two mitogenic growth factors, PDGF
and insulin-like growth factor (IGF)-2, are sialylated
glycoproteins,29 –33 we decided to investigate whether
cell-surface-residing Neu1 would target these two moi-
eties and thereby modulate the proliferative response
of cultured aortic SMCs to the mitogenic ligands
PDGF-BB and IGF-2.

Both growth factors are potent stimulators of SMC
proliferation and have been implicated in the progression
of atherosclerosis.34–39 It has been established that the
mature cell-surface-residing PDGF receptor activates in-
tracellular pro-mitogenic signaling in arterial SMCs via
the PI3K/Akt, PLC�, and Ras-Raf1-MEKs-ERK1/2 path-
ways.34–37 The proliferative effect of IGF-2 is mediated
after its interaction with the dimeric IGF-1 recep-
tor,32,38–45 triggering tyrosine kinase-dependent IGF-1
receptor autophosphorylation and subsequent activation
of downstream PI3K-Akt, PLC�, and Ras-Raf1-MEKs-
ERK1/2 signaling pathways.46,47

Results of the present study provide evidence for the
existence of a novel mechanism in which the enzymatic
activity of cell-surface-residing Neu1 contributes to the
down-regulation of net cellular proliferation by desialylat-
ing cell surface receptors interacting with PDGF-BB and
IGF-2.

Materials and Methods

Materials

Chemicals and reagents were obtained as follows. Mini-
mal essential � media, medium 199, PBS, fetal bovine

serum (FBS), and other tissue culture reagents were ob-
tained from GIBCO (Burlington, Ontario). Neuraminidase
from Clostridium perfringens Type V (Nase), neuramini-
dase inhibitor 2,3-dehydro-2-deoxy-n-acetylneuraminic-
acid (ddNANA), inhibitor of lysyl oxidase inhibitor,
�-aminopropionitrile fumerate (�APN), human recombi-
nant IGF-2, human recombinant PDGF-BB, and all re-
agent grade chemicals were purchased from Sigma (St.
Louis, MO). Human recombinant interleukin 1-� (IL-1�)
came from Pepro Tech (Rocky Hill, NJ). Polyclonal anti
Ki-67 antibody was obtained from Chemicon (Temecula,
CA), and polyclonal anti-tropoelastin antibody from EPC
Elastin Products (Owensville, MO). Antibodies used for
western blotting (polyclonal anti-PDGF receptor � sub-
unit, polyclonal anti-IGF-1 receptor � subunit, and mono-
clonal anti-phosphotyrosine [PY-20]) were provided
by Santa Cruz Biotechnology (Santa Cruz, CA). Poly-
clonal anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-
Erk1/2, and anti-Erk1/2 were purchased from Cell Signaling
Technology (Beverly, MA), and monoclonal anti-�-actin
from ABCam (Cambridge, MA). Polyclonal antibody spe-
cific to human Neu 1 (the IgG fraction was initially purified
from rabbit antiserum by ammonium sulfate fractionation
and shown not to cross-react with other human siali-
dases)22 and the IgG fraction similarly purified from the
respective preimmune rabbit serum were generous gifts
from Dr. Alexey V. Pshezhetsky of the Department of
Medical Genetics, Sainte-Justine Hospital, University of
Montreal (Québec, Canada). The digoxigenin glycan dif-
ferentiation kit (used to identify sialylated glycoproteins)
was purchased from Roche (Mannheim, Germany). The
fluorescein-labeled F(ab�)2 fragments of goat anti-rabbit
secondary immunoglobulin, nuclear stains, propidium io-
dide, and 4,6-diamidino-2-phenylindole were purchased
from Sigma (St Louis, MO). The Cytomation LSAB2 Sys-
tem (horseradish peroxidase liquid diaminobenzidine kit
and hematoxylin counterstain) was supplied by DakoCy-
tomation (Carpinteria, CA). Species and type-specific
horseradish peroxidase-conjugated secondary antibod-
ies used in western immunoblotting were supplied by
Boehringer Mannheim (Indianapolis, IN). The enhanced
chemiluminescence western blotting detection kit, [3H]-
leucine, and [3H]-valine were obtained from Amersham
Life Science (Oakville, Ontario). Bromodeoxyuridine
(BrdU) cell proliferation labeling reagent and anti-BrdU
monoclonal antibody were obtained from Amersham Bio-
sciences (Buckinghamshire, UK). The ApopTag Plus Per-
oxidase In Situ Apoptosis Detection Kit was obtained from
Chemicon International (Temecula, CA). The DNeasy Tis-
sue kit for DNA isolation was obtained from Qiagen (Mis-
sissauga, ON).

Cell Cultures

With parental consent and approval of the Ethics Com-
mittee at the Hospital for Sick Children in Toronto, endo-
thelial cells and smooth muscle cells (AoSMCs) were
propagated from small aortic fragments obtained during
the autopsies of three patients who died as a result of
road accidents. Smooth muscle cells isolated from the
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coronary arteries (CaSMCs) and the small intestines of
three 2-month-old pigs were used for comparison. Com-
parisons were also made using fibroblasts (4028, 4029,
and 4079) derived from skin biopsies of three children (2
months, 8 months, and 4 years old) diagnosed with con-
genital sialidosis caused by primary lesions in the Neu1
gene.5,7,27 These cells demonstrated 0.2, 0.4, and 0.8%
of residual Neu1 activity (measured against a specific
artificial substrate) as compared with fibroblasts (4212,
3858, and 4992) obtained from skin biopsies of three
normal children of matching ages. We have previously
reported that fibroblasts derived from these sialidosis
patients do not deposit elastic fibers.27 All cells were
originally isolated by collagenase digestion of the initial
tissues and then passaged two to five times by trypsiniza-
tion and maintained in �-minimum essential medium sup-
plemented with 20 mmol/L HEPES, 1% antibiotics/antimy-
cotics, and 10% FBS.

The cultured cells were then used in numerous exper-
iments testing whether experimental inhibition of endog-
enous sialidase activity would modulate cell proliferation
in response to 10% FBS (containing numerous growth
factors) or proliferative response to the recombinant pro-
liferative growth factors PDGF-BB and IGF-2 in serum-
free conditions. To eliminate the enzymatic activity of
cell-surface-residing Neu1, we used the endogenous
sialidase inhibitor ddNANA27,48–50 and a blocking anti-
body to human Neu1 (purified IgG) that did not cross-
react with other human sialidases.21 For comparison, the
appropriate preimmune IgG was also tested.

To enhance the putative cellular effects caused by
desialylation of cell surface sialo-conjugates, C. perfrin-
gens Type V Nase, which displays similar substrate spec-
ificity and extensive homology to Neu1 (but not to the
other three human sialidases), was also used.51–54 This
particular bacterial neuraminidase was chosen because
it (like human Neu1) preferentially removes terminal sialic
acids from monovalent sialylated glycoproteins but not
from sialylated gangliosides, as other bacterial sialidases
do. We anticipated that the biological effects observed
after treatment of cultured SMCs with the C. perfringens
neuraminidase would differ from the effects recorded
after treatment with Vibrio cholerae neuraminidase,55–57

which preferentially hydrolyzes both �2,3-and �2,6-
linked sialic acid residues from higher-order ganglio-
sides.58–60 V. cholerae neuraminidase also has an addi-
tional carbohydrate-binding domain,61–62 which would
potentially enhance the association of certain growth factors
with their cell surface receptors and probably stimulate
cellular proliferation independently of its enzymatic action.

Assessments of Elastin Production

AoSMCs were initially plated (100,000 cells/dish) in min-
imal essential � media with 10% FBS to achieve the
immediate confluency and then maintained for the next 6
days in the presence and absence of 500 �mol/L
ddNANA, 2 �g/ml of anti-Neu1, or 50 mU/ml of Nase. The
parallel confluent cultures of AoSMCs were also incu-
bated with 100 �mol/L �APN, as indicated in the figure

legends. In a separate set of experiments, elastin depo-
sition was also monitored in subconfluent cultures of
AoSMCs. The 6-day-old cultures were then fixed in 100%
cold methanol. The deposition of elastin was detected
with polyclonal antibody to tropoelastin. The immunore-
actions were visualized with fluorescein isothiocyanate-
conjugated goat anti-rabbit secondary antibody. Nuclei
were counterstained red with propidium iodide, as previ-
ously described.63–64 The slides were mounted and were
examined at original magnification �600 with a fluores-
cence microscope (Nikon Eclipse E1000).

The production of a new (metabolically labeled) insoluble
elastin was also assessed in parallel cultures that were incu-
bated with [3H]-valine, as described previously.56 Deposition
of insoluble elastin was indicated by the levels of ra-
dioactive valine present in residues remaining after
boiling the cell layers of the same cultures in 0.1N
NaOH for 45 minutes. This procedure removes all cel-
lular and extracellular components except the cross-
linked elastin. The results were expressed as cpm and
normalized per DNA content determined in the soluble
fractions of the NaOH extracts.

Assessments of Cellular Proliferation

The influence of all reagents modulating sialidase activity
on net cellular proliferation was initially assessed: (1) in
6-day-old confluent cultures of human AoSMCs that de-
posited elastic fibers, (2) in 6-day-old confluent cultures
of human AoSMCs in which deposition of these ECM
components was eliminated by treatment with an inhibitor
of the elastin cross-linker �APN,65–67 (3) in 6-day-old
subconfluent cultures of human AoSMCs and porcine
CaSMCs, in which these cells could not deposit elastic
fibers, and (4) in confluent cultures of porcine intestinal
SMCs that never deposit elastin. Finally, we tested, using
a 3-day time course, whether immediate treatment of the
subconfluent cultures of AoSMCs (that do not deposit
elastin) with exogenous neuraminidase would modulate
their proliferative response to recombinant PDGF-BB and
IGF-2. For comparison, we also tested whether preincu-
bation with C. perfringens Nase would modulate the pro-
liferative response of cultured human AoSMCs to recom-
binant human IL-1�. The IL-1� was chosen because its
receptor is not sialylated glycoprotein68 and it can inter-
act with the cell membrane GM4 sialylated glycolipid,
Neu5Aca2-3Gal�1-ceramide.69 Thus, the detection of
any diminution of the proliferative effects of IL-1� in cul-
tures pretreated with C. perfringens Nase would indicate
some collateral action of this enzyme (eg, through desia-
lylation of cell membrane gangliosides) that might indi-
rectly modify cellular proliferation. Then, we compared
the magnitude of the proliferative effects of the same
doses of PDGF-BB and IGF-2 in 3-day-old subconfluent
cultures of normal human skin fibroblasts and Neu1-
deficient fibroblasts derived from patients with congenital
sialidosis.

The following parallel methods were used to assess
cellular proliferation rates in cultures that were main-
tained in the presence or absence of different reagents,
as described in the figure legends.
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Cell Counting and Total DNA Assay

Cultures were trypsinized and resuspended in 1 ml me-
dium with 10% FBS to inactivate trypsin. We counted the
number of cells present in three 10 �l aliquots of each
culture in a hemocytometer. Results from four parallel
cultures in each experimental group were averaged.
Three aliquots from each culture were also used for an
assay of total DNA, using the DNeasy Tissue Kit from
QIAGEN according to the manufacturer’s instructions.

[3H]-Thymidine Incorporation

One �Ci of [3H]-thymidine/ml of media was added to
cultures of all experimental groups at the same time as
different reagents were applied (day 1 and 3). The 6-day-
old cultures were then washed twice with cold 5% trichlo-
roacetic acid at 4°C and incubated with 0.5 ml of 0.3N
NaOH for 30 minutes. Aliquots (200 �l) from each well
were added to 5 ml of liquid scintillation cocktail and
counted with a Win Spectral 1414 Liquid Scintillation
Counter, as previously described.55,56

Immunohistochemical Detection of Proliferating
Cells Expressing Ki-67 and BrdU and Detection
of Apoptotic Cells

One set of cultures treated with different reagents was
also used for the ultimate detection of Ki-67 proliferative
antigen.70,71 In the parallel set of cultures, BrdU71,73 was
added at the same time as different reagents were ap-
plied (days 1 and 3). The 6-day-old cultures of both
groups were fixed in cold 100% methanol. The DakoCy-
tomation LSAB2 System was then used, according to the
manufacturer’s instructions, to detect BrdU-positive and
Ki-67 positive cells. The cultures were then counter-
stained with hematoxylin.

Apoptotic cells were detected by TdT-mediated dUTP
nick-end labeling,74 using an ApopTag Plus Peroxidase In
Situ Apoptosis Detection Kit, following the manufacturer’s
instructions. All cultures were examined with a Light Micro-
scope (Leica DC500, Leica Microsystems, Wetzlar, Ge-
many) using Openlab software (Improvision Inc, Lexing-
ton, MA). For each culture, the number of positively and
negatively stained cells was counted under original mag-
nification �200 in 30 separate fields. The percentage of
positively staining cells was determined within each field
and averaged over the 30 fields examined.

Western Blot Analysis

AoSMCs were initially plated at a density of 500,000
cells/culture and grown in medium with 10% FBS for 24
hours. The subconfluent cultures were then serum
starved for 24 hours. Cultures kept in serum-free medium
were then preincubated for 30 minutes in the presence or
absence of 50 mU of exogenous Nase before they were
exposed for 10 minutes to 10 ng/ml of human recombi-
nant PDGF-BB or to 100 ng/ml of human recombinant

IGF-2 or to 25 ng/ml of human recombinant IL-1�. At the
end of this incubation period, cultures were washed in
PBS and then lysed in radioimmunoprecipitation assay
buffer containing a proteinase inhibitor cocktail and 1
mmol/L of the endogenous phosphatase inhibitor sodium
orthovanadate. The aliquots of each cell lysate (contain-
ing equal protein concentration) were then re-suspended
in sample buffer (0.5 mol/L Tris-HCl, pH 6.8; 10% SDS;
10% glycerol; 4% 2-�-mercaptoethanol; and 0.05% bro-
mophenol blue), resolved by 10% SDS-polyacrylamide
gel electrophoresis (PAGE), transferred to the nitrocellu-
lose membranes, and immunoblotted with polyclonal an-
tibodies directed against the PDGF receptor � subunit
and IGF-1 receptor � subunit, and the IL-1� receptor. The
PDGF-and IGF-1 receptor blots were then stripped and
reprobed with antibodies recognizing phosphotyrosines
(PY-20 and PY-99). The parallel blots were also probed
with antibodies against phospho-Akt and phospho-
Erk1/2 and reprobed with anti-Akt and anti-Erk1/2 anti-
bodies. Loading of equivalent amounts of protein was
additionally confirmed by stripping the membranes and
reprobing with monoclonal antibody to �-actin.

Glycoprotein Analysis

To provide direct evidence that the IGF-1 and PDGF
receptors present on the surface of AoSMCs are sialy-
lated glycoproteins and that exposure of these cells to
exogenous sialidase would cause their desialylation, the
following procedures were performed. The confluent cul-
tures of AoSMCs (initially plated at 105 cells/plate) were
transferred for 18 hours to serum-free minimal essential
media D. The media were then changed and the cultures
were maintained for 10 minutes in the presence or ab-
sence of 50 mU/ml of exogenous Nase. At the end of this
incubation period, cultures were washed in PBS and then
lysed in radioimmunoprecipitation assay buffer contain-
ing a proteinase inhibitor cocktail. The aliquots of each
cell lysate (containing equal 400 �g protein concentra-
tions) were then incubated for 1 hour at 4°C with an
antibody recognizing the � subunit of the PDGF receptor
or with an antibody to the � subunit of the IGF-1 receptor.
The immunocomplexes were then precipitated with 4%
protein A-beaded agarose overnight. The resulting final
pellets containing the immunoprecipitation products
were centrifuged and washed four times with PBS and
then resuspended in sample buffer with 2-�-mercapto-
ethanol, resolved by 10% SDS-PAGE, and transferred
onto a nitrocellulose membrane. To visualize the sialy-
lated glycoprotein bands, the membranes were then
probed with the Maackia amurensis agglutinin lectin (rec-
ognizing �2-3-linked sialic acids) and with Sambucus
nigra agglutinin lectin (recognizing �2-6-linked sialic ac-
ids) from the Roche digoxigenin glycan differentiation kit,
in accordance with the manufacturer’s protocol.

Statistical Analysis of Data

All experimental groups described above consisted of
quadruplicate cultures of cells derived from each of three
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different donors. Means and standard deviations ob-
tained from two separate experiments were calculated for
each experimental group, and statistical analyses were
performed by analysis of variance, followed by a Tukey
posttest to establish which groups were different.

Results

Inhibition of Endogenous Neu1 Activity and
Treatment with Exogenous Nase (Homologous
to Neu1) Inversely Affect the Deposition of
Elastin and the Proliferation Rates of Cultured
Aortic SMCs

We previously established that Neu1 is a component of
the elastin receptor and that its enzymatic activity is
required for normal assembly of elastic fibers.27 Because
the major component of elastic fibers, insoluble elastin, is
capable of sequestering certain growth factors, including
PDGF and FGF,28 we proposed that Neu1 might indi-
rectly contribute to the complicated mechanisms control-
ling cellular proliferation via its pro-elastogenic effect.
Indeed, the results of our first series of experiments dem-
onstrated that treating confluent cultures of human
AoSMCs (kept in medium with 10% FBS) with 500 �mol/L
of the sialidase inhibitor ddNANA or with 2 �g/ml of
blocking antibody to human Neu1 for 6 days caused a
significant decrease in their deposition of immunodetect-
able elastic fibers. Conversely, cultures treated with 50
mU/ml of exogenous Nase, which shares extensive se-
quence homology and substrate specificity with human
Neu1 but not with other known human sialidases, dem-
onstrated a significant increase in elastic fiber deposition
(Figure 1A). Metabolic labeling of parallel SMC cultures
with [3H]-valine, followed by a quantitative assay of ra-
dioactive insoluble elastin, confirmed results obtained by
immunocytochemistry (Figure 1B). Because the quantita-
tive values obtained from the biochemical assay of met-
abolically labeled insoluble elastin have been normalized
per DNA content in each culture, we realized that cultures
treated with ddNANA or anti-Neu1 contained more DNA,
whereas exogenous Nase-treated cultures contained
less DNA, than their untreated counterparts. Results from
assays quantifying cellular proliferation rates (DNA con-
tent, cell counts, Ki-67 antigen expression, and [3H]-
thymidine and BrdU incorporation) in 6-day-old cultures
of elastin-producing SMCs further confirmed that exper-
imental down-regulation of sialidase activity in confluent
cultures of SMCs not only inhibited the net deposition of
elastin in these cultures but simultaneously induced a
significant up-regulation in proliferation rates. Con-
versely, cultures treated with exogenous Nase displayed
significantly lower cell proliferation rates than their un-
treated counterparts (Figure 1C). Statistical evaluation of
results obtained from two separate experiments using
five parallel proliferation assays indicated that inhibition
of endogenous sialidase activity with ddNANA or with
blocking anti-Neu1 antibody was associated with an av-
erage 41.4 � 6.6% and 48.6 � 4.6% increase in the SMC

proliferation rate, respectively. The proliferation rate in
cultures treated with nonimmune IgG did not differ from
untreated controls (data not shown). The cultures treated
with exogenous Nase demonstrated an average 63.8 �
12.3% decrease in their proliferation rates, compared
with values obtained from untreated control cultures. It is
notable that cultures exposed to all of the tested re-
agents modulating net sialidase activity did not dem-
onstrate any significant change in their apoptosis
rates, as assessed by TdT-mediated dUTP nick-end
labeling assay (Figure 1C).

Experimental Modulation of Neu1 Activity Also
Affects the Cellular Proliferation Rate in Cultures
of Aortic SMCs that Do Not Deposit Elastic
Fibers

Further experiments attempted to determine whether cell-
surface-residing Neu1 would also contribute to a direct
modulation of cellular proliferation in a parallel elastin-
independent mechanism. To test this possibility, we ex-
posed cultures of AoSMCs to the lysyl oxidase inhibitor
�APN60,61 to prevent the deposition of cross-linked elas-
tin. We then tested whether inhibition of endogenous
sialidase (through treatments with ddNANA and with
blocking anti-Neu1 IgG) or up-regulation of the net siali-
dase activity (through treatment with exogenous Nase)
would also modulate the proliferative response of �APN-
treated cells maintained in growth-factor-rich (10% FBS)
media. Both immunohistochemistry and the results of
quantitative biochemical assays demonstrated that pre-
treatment of confluent cultures of AoSMCs with �APN
prevented the effective deposition of immunodetectable
elastic fibers and metabolically labeled insoluble elastin.
This was also observed in cultures of Nase-treated
AoSMCs (Figure 2A and B, left panel). Results of a [3H]-
thymidine incorporation assay and an immunohistochem-
ical assessment of Ki-67 expression indicated that
whereas the inhibition of elastin deposition by �APN was
associated with an average 29.2 � 2.6% increase in the
cellular proliferation rate of AoSMCs, simultaneous treat-
ment with exogenous Nase and �APN induced an aver-
age 32.6 � 0.4% decrease in the proliferation rate of
aortic SMCs (*P � 0.001; Figure 2C).

Next we found that �APN treatment of confluent cul-
tures of intestinal SMCs that do not deposit elastin (Figure
2B, right panel) did not increase their proliferation rate
over those of untreated control cultures (Figure 2D). In-
testinal SMCs simultaneously treated with �APN and
Nase, however, demonstrated a significant (33 � 6.6%)
decrease in proliferation rate (*P � 0.001). The magni-
tude of the Nase-induced inhibitory effect was similar to
that observed in cultures of AoSMCs in which elastin
deposition had been inhibited with �APN (Figure 2D).

Additional experiments tested the proliferation of
AoSMCs in subconfluent cultures that do not deposit
elastic fibers, even when maintained in medium with 10%
FBS (Figure 3A and B). Results from these experiments
indicated that inhibition of endogenous sialidase (through
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treatments with ddNANA or with blocking anti-Neu1 an-
tibody) led to up-regulation of cellular proliferation (by
32 � 2.6% and 40 � 3.8% respectively). The proliferation
rate in cultures treated with nonimmune IgG did not differ
from untreated controls (data not shown). Conversely,
increasing net sialidase activity (through treatment with
exogenous Nase) down-regulated the proliferation of
AoSMCs by 32 � 4.1% (Figure 3C). Similar results were
seen in CaSMCs (Figure 3D).

Jointly, these results strongly suggest the existence of
a parallel, elastin-independent mechanism in which fluc-

tuations of sialidase activity modulate the cellular re-
sponse to growth-factor-rich FBS.

Pretreatment with Exogenous Nase Abolished
the Proliferative Response of Subconfluent
Cultures of Aortic SMCs to Recombinant
PDGF-BB and IGF-2

The results reported above led to speculation that cell-
surface-residing Neu1 may desialylate certain adjacent

Figure 1. (A) Representative photomicrographs
depicting 6-day-old confluent cultures of human
AoSMCs immunostained with specific anti-tro-
poelastin antibody. Cultures maintained in me-
dium with 10% FBS and treated with ddNANA
or with blocking anti-Neu1 antibody did not
deposit elastic fibers. On the other hand, treat-
ment of parallel cultures with exogenous Nase
significantly increased elastic fiber deposition.
(B) Results of quantitative assessment of insol-
uble elastin in confluent cultures metabolically
labeled with [3H]-valine demonstrate the simi-
lar inverse effects of blocking endogenous
Neu1 activity and of exogenous cPNase treat-
ment on elastic fiber deposition in human
AoSMC cultures. (C) Results of parallel assays
(DNA assay, cell counts, immunohistochemical
detection of Ki-67 antigen, BrdU and [3H]-thy-
midine incorporation) assessing net cellular
proliferation rates in 6-day-old confluent cul-
tures of human AoSMCs maintained in medium
with 10% FBS. The results demonstrate that
treatment with exogenous Nase resulted in a
significant decrease in cellular proliferation
rate. Conversely, treatment with the sialidase
inhibitor ddNANA or with blocking anti-Neu1
antibody (but not with preimmune IgG) signif-
icantly up-regulated cellular proliferation. No
significant difference in apoptosis levels deter-
mined by TdT-mediated dUTP nick-end label-
ing assay was observed between control cultures
and those treated with ddNANA, anti-Neu1 anti-
body, or Nase.
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growth factor receptors and thereby render them unre-
sponsive to their mitogenic ligands. Before we began to
explore whether desialylation of the cell surface PDGF
and IGF-1 receptors would alter cellular responsiveness
to their respective mitogenic ligands, PDGF-BB and
IGF-2, we first confirmed that neither PDGF-BB nor IGF-2
stimulates elastogenesis in subconfluent cultures of aor-
tic SMCs maintained in media with 2% FBS (data not
shown).

Then we demonstrated (by cell counting and DNA
assay) that the proliferative effects of PDGF-BB and
IGF-2 can be detected as early as 24 hours after the
addition of these growth factors to subconfluent cultures
of AoSMCs maintained in serum-free medium. In con-
trast, parallel cultures that were pretreated with exoge-

nous Nase and simultaneously maintained in the pres-
ence of tested growth factors did not demonstrate any
increase over their basal proliferation rate (Figure 4A).
Subsequent quantitative assays ([3H]-thymidine incorpo-
ration and detection of Ki-67) measured the net effects of
PDGF-BB and IGF-2 on proliferation rate of subconfluent
cultures of AoSMCs maintained for 3 days in serum-free
conditions. The obtained results indicate that PDGF-BB
and IGF-2 significantly stimulated the proliferation of the
cultured SMCs maintained in serum free medium. In con-
trast, cultures pretreated and simultaneously treated with
C. perfringens Nase did not demonstrate any mitogenic
response to either of the tested growth factors. Cultures,
in which activity of endogenous neuraminidase has been
inhibited by pretreatment with ddNANA or with blocking
anti-Neu1 antibody, demonstrated more potent re-
sponses to the same doses of the tested growth fac-
tors. It is also meaningful that pretreatment with preim-
mune IgG did not induce any increase in the
magnitude of mitogenic responsiveness to the same
doses of tested growth factors. Interestingly, cultures
treated with ddNANA also demonstrated a heightened
proliferatve response to both growth factors, even after
the addition of exogenous Nase (Figure 4B).

The results of additional experiments demonstrated
that preincubation with C. perfringens Nase did not dimin-
ish the increase (an average 60%) in mitogenic response
induced by 25 ng/ml of IL-1� (Figure 5).

Fibroblasts Derived from Three Patients with
Genetic Sialidosis Bearing Exclusive Deficiency
in Neu1 Demonstrate Higher Basal Proliferation
Rates and Greater Responsiveness to
PDGF-BB and IGF-2 than Normal Fibroblasts

To further support our notion that the enzymatic activity of
cell-surface-residing Neu1 is responsible for modulating
the mitogenic response to PDGF-BB and IGF-2 but the
enzymatic activity of other human sialidases (Neu2,
Neu3, or Neu4) is not, we also compared the proliferation
rates of dermal fibroblasts derived from three normal
individuals with dermal fibroblasts from three patients
with sialidosis, which are exclusively deficient in Neu1.
Results of proliferation assays ([3H]-thymidine incorpora-
tion and immunodetection of Ki-67 expression) indicated
that subconfluent cultures of sialidosis fibroblasts (pas-
sage 4) exhibited higher proliferation rates than their
normal counterparts (also passage 4) when maintained in
media with 2% FBS. Moreover, sialidosis fibroblasts dis-
played a proportionally higher mitogenic response to
identical doses of both PDGF-BB and IGF-2 than normal
fibroblasts (Figure 6). Results of statistical analyses com-
paring the proliferation rates of fibroblasts from three
normal and three sialidosis patients demonstrated that,
whereas treatment with 10 ng/ml of PDGF-BB caused an
average 47.0 � 5.1% increase in the proliferation rate of
normal fibroblasts, the same dose of this growth factor
caused an average 74.1 � 3.2% increase in proliferation
rate in the sialidosis fibroblasts, compared with untreated

Figure 2. Representative photomicrographs of 6-day-old human AoSMC
cultures immunostained with specific anti-tropoelastin antibody (A) and the
results of quantitative assessments of insoluble elastin in parallel cultures
metabolically labeled with [3H]-valine (B) demonstrated that �APN treatment,
applied alone or in conjunction with exogenous Nase, caused a significant
decrease in elastin deposition in confluent cultures of human AoSMCs main-
tained in 10% FBS media. This assay also confirmed that porcine intestinal
SMCs did not deposit any insoluble elastin in the presence or absence of
�APN and Nase treatment. (C) Results of assays measuring [3H]-thymidine
incorporation and Ki-67 antigen expression demonstrate that 6-day-old con-
fluent cultures of human AoSMCs maintained in medium with 10% FBS
significantly increased their cellular proliferation rates when deposition of
elastin was inhibited by �APN. In contrast, the parallel cultures that were
simultaneously treated with �APN and exogenous Nase demonstrated a
significant decrease in cellular proliferation rate in comparison to control
values. (D) In addition, porcine intestinal SMCs that did not change their
basal proliferation rate after �APN treatment demonstrated a significant
decrease in proliferation rate after the simultaneous addition of exogenous
Nase.
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cultures. Likewise treatment with 100 ng/ml of IGF-2 re-
sulted in an average 54.1 � 4.6% increase in the prolif-
eration of normal fibroblasts and a 68.9 � 4.5% increase
in sialidosis fibroblasts, as compared with the respective
control cultures. Significantly, inhibiting endogenous
sialidase activity in cultures of normal fibroblasts by pre-
treating them with 500 �mol/L of ddNANA or with 2 �g/ml
of blocking anti-Neu1 IgG caused a further increase in
their responsiveness to the same doses of tested growth
factors, with magnitudes 98.1 � 9.4% and 109.9 � 10.0%
respectively. It is also meaningful that pretreatment with
preimmune IgG did not induce any increase in the mag-
nitude of mitogenic responsiveness to the same doses of
tested growth factors. The proliferation rate of normal
fibroblasts treated with preimmune IgG did not differ from
untreated controls (data not shown). We also observed
that pretreatment of normal and sialidosis fibroblast cul-
tures with exogenous Nase abolished their proliferative

responsiveness to PDGF-BB or IGF-2 (Figure 6, A and B,
respectively).

Preincubation of AoSMCs with Exogenous Nase
Causes Desialylation of the � Subunits of the
PDGF and IGF-1 Receptors

Because PDGF-BB and IGF-2 use respective cell-surface
residing PDGF and IGF-1 receptors, which are sialylated
glycoproteins, we tested whether Neu1 may desialylate
and thereby modulate the intracellular mitogenic signal-
ing propagated by these receptors.

Indeed, immunoblotting with antibodies recognizing
the � subunits of the PDGF and IGF-1 receptors demon-
strated that cell extracts of AoSMCs preincubated for 30
minutes with exogenous Nase contain immunodetectable
proteins whose molecular masses are slightly lower (by

Figure 3. Representative photomicrographs of 6-day-old subconfluent cultures
of human AoSMCs immunostained with specific anti-tropoelastin antibody (A)
and results of quantitative assays of metabolically labeled insoluble elastin in
cultures of human AoSMCs and porcine CaSMCs (B) demonstrate that arterial
cells (either untreated or treated with reagents inhibiting endogenous Neu1) did
not deposit elastin when maintained in subconfluent conditions. (C) Results of
proliferation assays measuring [3H]-thymidine incorporation and Ki-67 antigen
expression indicate that inhibiting endogenous Neu1 activity with ddNANA or
with blocking anti-Neu1 antibody led to a significant increase in the proliferation
rate in subconfluent cultures of AoSMCs maintained in medium with 10% FBS.
The proliferation rate of subconfluent cultures treated with preimmune IgG did
not differ from untreated controls. In contrast, the addition of exogenous Nase
caused a significant down-regulation of the cellular proliferation rate in compar-
ison to untreated control cultures. (D) Porcine CaSMCs exhibited a similar
increase in proliferation after inhibiting endogenous Neu1 activity but displayed
a decrease in proliferation rate after the addition of exogenous Nase.
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�5 kDa) than those of their counterparts derived from
untreated cells (Figure 7A and B). Consecutive reblotting
with antibodies to phosphotyrosine indicated that the �
subunits of the PDGF and IGF-1 receptors isolated from
control AoSMCs were not phosphorylated, and that a 10
minute exposure of AoSMCs to PDGF-BB or IGF-2 led to
a significant increase in tyrosine phosphorylation of these
proteins. Significantly, the � subunit of the PDGF receptor
detected in lysates of cells preincubated with Nase and
subsequently treated with PDGF-BB demonstrated a
lower level of phosphorylation (Figure 7A). Likewise pre-
treating the AoSMCs with Nase completely eliminated

any IGF-2-induced increase in the phosphorylation of the
� subunit of the IGF-1 receptor (Figure 7B).

Using digoxigenin-labeled M. amurensis agglutinin lec-
tin (Dig-MAA) to recognize the presence of �2–3-linked
sialic acids, we then confirmed that the � subunits of the
PDGF and IGF-1 receptors immunoprecipitated from the
control AoSMCs were sialylated glycoproteins. In con-
trast, the � subunits of the PDGF and IGF-1 receptors that
had been immunoprecipitated from cells preincubated
with exogenous Nase failed to react with Dig-MAA, even
though visualization with Ponceau red stain indicated that
they were present as proteins of slightly lower (�5 kDa)
molecular mass (Figure 7, C and D). It is noteworthy
that pretreatment of cultured AoSMCs with 50 mU/ml of
Nase did not cause any reduction in the molecular size
of their immunodetected IL-1� receptors. Moreover,
IL-1� receptors immunoprecipitated from both control
and Nase-treated cells did not react with Dig-MAA
(Figure 7, E and F).

Furthermore, results of the Western blot analysis indi-
cated that pretreatment of AoSMCs with exogenous
Nase, which desialylated the PDGF and the IGF-1 recep-
tors, also diminished PDGF-BB-or IGF-2-induced in-
creases in Akt and Erk1/2 phosphorylation (Figure 8, A
and B, respectively).

Discussion

The heightened proliferation of arterial SMCs has long
been defined as a significant mechanism contributing to
the progression of occlusive arterial diseases.32–43 Pro-
teolytic degradation of existing elastic fibers28,75–77 and
the impaired formation of new elastic fibers have been

Figure 4. (A) Results of cell counting and DNA assays performed in time
course fashion indicate that subconfluent cultures of AoSMCs maintained in
serum-free medium rapidly (within the first 24 hours) up-regulate their
proliferation rate in response to either 10 ng/ml of PDGF-BB or 100 ng/ml
of IGF-2. In contrast, parallel cultures that were pretreated with 50 mU/ml of
exogenous Nase and subsequently treated with the same concentrations of
tested growth factors did not increase their proliferation rate as compared
with untreated control cultures. Cells were initially plated at 5 � 106 cells/30
mm dish and maintained in serum-free medium. The exogenous Nase was
added 2 hours after plating, when the majority of cells had attached to the
dish. The growth factors were added 30 minutes later. (B) Results of [3H]-
thymidine incorporation and Ki-67 antigen expression assays measuring the
proliferation rate of 3-day-old subconfluent cultures of human AoSMCs main-
tained in serum-free medium. The data indicate that PDGF-BB and IGF-2
significantly stimulated the proliferation of the cultured SMCs maintained in
serum free medium. In contrast, cultures pretreated and simultaneously
treated with exogenous C. perfringens Nase did not demonstrate any mito-
genic response to either of the tested growth factors. Cultures preincubated
with ddNANA or with blocking anti-Neu1 antibody, which inhibits endoge-
nous sialidase, demonstrated more potent responses to the same doses of the
tested growth factors. Interestingly, cultures treated with ddNANA (a known
inhibitor of Neu1) also demonstrated a heightened proliferative response to
both growth factors, even after the addition of exogenous Nase.

Figure 5. Results of [3H]-thymidine incorporation assay and Ki-67 detection
demonstrate that preincubation with exogenous Nase did not significantly
diminish the proliferative response of human aortic SMCs to recombinant
IL-1�. SMCs cultures were plated at initial density (1 � 105/cells dish) and
then maintained for 3 days in serum-free medium, either in the presence and
absence of 25 ng/ml of IL-1� (SMCs). The parallel cultures were also treated
with 50 mU of C. perfringens Nase, which was administered one hour before
the addition of the growth factors.
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recognized among the many factors associated with el-
evated vascular SMC migration and proliferation. In-
creased proliferation of arterial SMCs has been reported
in transgenic mice lacking elastin.78,79 Studies from our
laboratory have particularly focused on the role of elastin
in modulating cellular proliferation in humans. We dem-
onstrated a direct relationship between impaired elasto-
genesis and heightened proliferation of human aortic
SMCs derived from patients with supravalvular aortic ste-
nosis and Williams-Beuren syndrome,80 both of which are
characterized by haploinsufficiency of the elastin gene
and by development of arterial occlusions.81,82 We also
reported the association between impaired elastogenesis
and heightened cellular proliferation in a mechanism
leading to the development of hypertrophic cardiopathy
and arterial occlusions in Hurler’s disease and Costello
syndrome.63,64 We further found that insoluble elastin is

capable of sequestering certain mitogenic growth fac-
tors, including PDGF28 and that heightened proliferation
of cultured arterial SMCs and fibroblasts from patients
with supravalvular aortic stenosis and Williams-Beuren
syndrome could be reversed by the addition of exoge-
nous insoluble elastin.80 Because we have recently es-
tablished that the activity of the cell-surface-residing
neuraminidase Neu1 is required for normal assembly of
elastic fibers,27 we suggested that Neu1 may indirectly
contribute to the down-regulation of cellular proliferation,
via its pro-elastogenic effect. Whereas the results of our
initial experiments endorsed this notion, we also found
that the addition of exogenous Nase to cultures that did
not deposit elastin (namely, confluent cultures of
AoSMCs treated with �APN, subconfluent cultures of
AoSMCs, and cultures of intestinal SMCs) also caused a
significant down-regulation in their proliferation rates.
Conversely, inhibition of endogenous Neu1 (through
treatment with ddNANA or with blocking anti-Neu1 anti-
body) in subconfluent cultures of AoSMCs coincided with
up-regulation in their proliferation rates. Because these
cultures were maintained in the presence of mitogenic
factor-rich (10% FBS) media, we hypothesized that Neu1
might also modulate the proliferative response of arterial
SMCs via a parallel elastin-independent mechanism.

We speculated that such a putative Neu1-dependent
mechanism must either induce desialylation and consec-
utive functional inactivation of certain serum-derived mi-
togenic factors or desialylation of certain plasma mem-
brane-residing receptors engaged in the transduction of
mitogenic signals.

PDGF-BB and IGF-2 are potent stimulants of cellular
proliferation34–39 that have been implicated in the devel-
opment of hyperproliferative vascular diseases in hu-
mans34,40,41 and have been extensively studied in sev-
eral animal models.35,36,39 We therefore explored the
possibility that cell-surface-residing Neu1 would down-
regulate the cellular response to these mitogenic growth
factors.

As anticipated, treating cultured human AoSMCs with
recombinant PDGF-BB or IGF-2 caused a significant in-
crease in their proliferation rates. Importantly, in subcon-
fluent cultures of AoSMCs maintained in serum-free me-
dia, pretreatment with C. perfringens Nase, which like
mammalian Neu1 exclusively removes sialic acid resi-
dues from monovalent sialylated glycoproteins,51 com-
pletely abolished the response of the AoSMCs to recom-
binant PDGF-BB or IGF-2, but not diminish the mitogenic
effect of IL-1�, which receptors are not sialylated glyco-
protein’s.68,69 Thus, the exogenous C. perfringens neur-
aminidase altered cellular responsiveness to PDGF-BB or
IGF-2, probably mimicking the overexpression of cell
surface Neu1.

We did not attempt to test this notion further with
AoSMCs displaying heightened endogenous Neu1 activ-
ity, because transfection of cells with the Neu1 gene does
not lead to a consequent increase in the activity of this
enzyme.4–6,22 To obtain heightened Neu1 activity, cells
have to be transfected with the double construct encod-
ing Neu1 and PPCA, which is needed for the proteolytic
trimming of the Neu1 precursor and its consecutive pro-

Figure 6. Results of [3H]-thymidine incorporation and Ki-67 antigen expres-
sion assays comparing the proliferation rates of 3-day-old subconfluent
cultures of human skin fibroblasts derived from normal individuals and from
sialidosis patients. Results indicate that sialidosis fibroblasts demonstrated a
significantly higher basic proliferation rate than normal fibroblasts. They also
demonstrate that exposure to similar doses of PDGF-BB and IGF-2 induced
a proportionally greater increase in the cellular proliferation rate in cultures
of sialidosis fibroblasts than in cultures of normal fibroblasts. The addition of
exogenous Nase significantly decreased the basal proliferation rates of both
normal and sialidosis fibroblasts and eliminated the proliferative effect of
PDGF-BB and IGF-2 in both experimental groups. Importantly, inhibition of
endogenous sialidase activity in cultures of normal fibroblasts by pretreat-
ment with 500 �mol/L of ddNANA or with 2 �g/ml of blocking anti-Neu1 IgG
caused a further increase in their responsiveness to the same doses of the
tested growth factors. All cultures were plated at the same initial density (1 �
105/cells dish) and maintained for 3 days in medium with 2% FBS in the
presence and absence of 10 ng/ml of PDGF-BB (A) or in the presence and
absence of 100 ng/ml of IGF-2 (B).
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cessing to the active form.27 Because increased proteo-
lytic activity of cell-surface-delivered PPCA in transf-
ected cells could potentially inactivate other mitogenic
polypeptides (eg, endothelin-1 or angiotensin II),83,84 re-
sults obtained from such an experimental model might
not be conclusive. However, we demonstrated that treat-
ment of cultured human AoSMCs with blocking antibody
raised to human Neu 122 or with the competitive sialidase
inhibitor ddNANA, which inhibits the activity of Neu1,27

induced a significant up-regulation in their proliferation in
response to fetal bovine serum.

Figure 7. Representative micrographs and results of densitometric evalua-
tions of multiple Western blots presenting the results of quadruplicate ex-
periments indicate that pretreatment of AoSMCs derived from three individ-
uals with exogenous Nase caused desialylation of the � subunits of their
PDGF and IGF-1 receptors. (A and B) Western blots with antibodies recog-
nizing the � subunit of the PDGF receptor and the � subunit of the IGF-1
receptor demonstrate that 30 minutes of pretreatment of AoSMCs with Nase
caused a 5-kDa downshift in the molecular weight of both the PDGF and
IGF-1 receptors � subunits. Cultures of AoSMCs derived from three individ-
uals were preincubated for 30 minutes in the presence or absence of 50
mU/ml of Nase and then exposed to PDGF (10 ng/ml) or IGF-2 (100 ng/ml)
for 10 minutes. Cells were then lysed in 2� sample buffer and lysate aliquots
were chromatographed on SDS-PAGE and then immunoblotted with anti-
bodies directed to the PDGF receptor � subunit or the IGF-1 receptor �
subunit. The blots were then stripped and reprobed with antibodies recog-
nizing phosphotyrosines. The intensity of these � subunits’ phosphorylation
was additionally quantified by densitometry. Loadings of equivalent amounts
of protein were additionally confirmed by the immunodetection of �-actin.
The following panels (C and D) present direct evidence that the IGF-1 and
PDGF receptors expressed on the surface of AoSMCs are sialylated glycop-
roteins and that exposure of these cells to exogenous sialidase caused their
desialylation. The lysates of AoSMCs preincubated for 30 minutes in the
presence or absence of 50 mU/ml of Nase were immunoprecipitated with an
antibody recognizing the � subunit of the PDGF receptor (anti-PDGFR-�) or
with an antibody to the � subunit of the IGF-1 receptor (anti-IGF-1R-�). The
resulting immunoprecipitation products were resolved by 10% SDS-PAGE and
transferred onto nitrocellulose membranes. Transient staining with Ponceau red
demonstrated that the � subunits of the PDGF and IGF-1 receptors immunopre-
cipitated from cultures preincubated with Nase had a molecular mass that was
slightly lower (by �5 kDa) than their counterparts derived from untreated cells.
Consecutive staining with Dig-MAA indicated that both of the receptors immu-
noprecipitated from control cultures contained �2-3-linked sialic acid residues
and that the proteins of lower molecular weight, immunoprecipitated from
Nase-treated cells, did not contain any �2-3-linked sialic acid residues, as de-
tected by Dig-MAA staining. Similar blots were obtained from two separate
experiments performed with cultures of AoSMCs derived from three human
subjects. In contrast, Western blotting demonstrated that pretreatment of
AoSMCs with Nase did not affect the molecular size of immunodetectable IL-1�
receptors isolated from SMC lysates (E). Transient staining with Ponceau red
demonstrated that the IL-1� receptors immunoprecipitated from cultures
preincubated with Nase had the same molecular mass as those derived
from untreated cells. Negative staining of anti-IL-1� receptor antibody
immunoprecipitation products with Dig-MAA further confirmed that the
IL-1� receptor does not contain �2-3-linked sialic acid residues (F).

Figure 8. Representative micrographs and results of densitometric evalua-
tions of multiple Western blots with anti-phospho-Akt (A) and anti-phospho-
Erk1/Erk2 (B) antibodies demonstrate that pretreatment of AoSMCs with
Nase, which caused desialylation of the � subunits of their PDGF and IGF-1
receptors, also resulted in the inhibition of downstream Akt and Erk1/Erk2
phosphorylation normally induced by their respective ligands, IGF-2 and
PDGF-BB. Quadruplicate cultures of AoSMCs derived from three different
individuals were preincubated for 30 minutes in the presence or absence of
50 mU/ml of exogenous Nase and then exposed for 10 minutes to IGF-2 (100
ng/ml) or PDGF (10 ng/ml). Cells were then lysed in 2� sample buffer. The
lysate aliquots were subjected to SDS-PAGE, transferred to nitrocellulose,
and subsequently immunoblotted with the indicated antibodies. In each
experiment the parallel Western blots were first probed with antibodies
against phospho-Akt or phospho-Erk1/2 and, respectively reprobed with
anti-Akt or anti-Erk1/2 antibodies. Loadings of equivalent amounts of protein
were additionally confirmed by the immunodetection of �-actin. The quan-
titative densitometric evaluations of phospho-Akt and Phospho-Erk1/Erk2
immunoblots were normalized against their immunodetectable non-phos-
phorylated forms. The final results are presented in arbitrary units and reflect
the proportional change from the untreated control.
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Further confirmation of the exclusive involvement of
Neu1 in altering the mitogenic effects of PDGF-BB and
IGF-2 clearly emerged from studies involving a natural
experimental model of cells, derived from three sialidosis
patients, that are specifically deficient in Neu1 but not in
other cellular sialidases.4,5 We found that fibroblasts de-
rived from all three sialidosis patients, cultured in medium
with 2% FBS, demonstrated a significantly higher basic
proliferating rate than normal fibroblasts and a stronger
mitogenic response to the same doses of PDGF-BB and
IGF-2. We therefore postulate that the selective genetic
deficiency in Neu1 created a permanent condition that
resulted in a greater number of cell surface receptors
remaining sialylated and thus more responsive to their
respective mitogenic growth factors. This notion was ad-
ditionally endorsed by the fact that inhibiting the action of
endogenous Neu1 in cultures of normal human fibro-
blasts (through treatments with ddNANA and anti-Neu1)
up-regulated their mitogenic responsiveness to the same
doses of PDGF-BB and IGF-2 to the levels observed in
sialidosis fibroblasts.

An important result of our research is that we have
established that the lack of a proliferative response to
PDGF or IGF-2 in cultures preincubated with exogenous
Nase coincided with a shift in the molecular size of the �
subunits of their PDGF-BB and IGF-1 receptors and with
a lack of staining with the sialic acid recognizing reagent,
Dig-MAA. This clearly indicated that exposure of cells to
neuraminidase caused desialylation of these cell-sur-
face-residing receptors. A similar neuraminidase-in-
duced decrease in the molecular mass of both receptors
has been previously described.85,86 Despite the fact that
we did not test whether desialylation of the PDGF and
IGF-1 receptors would change the binding kinetics of
their mitogenic ligands, our consecutive immunoblotting
with antibodies to phosphotyrosine consistently indicated
that treatment of cultured cells with exogenous Nase
eliminated IGF-2-induced increases in the phosphoryla-
tion of the IGF-1 receptor � subunit. This is consistent
with the results of previous studies, which demonstrated
that the IGF-1 receptor, like the insulin and EGF recep-
tors, requires substantial posttranslational processing, in-
cluding sialylation, before effective ligand binding is pos-
sible.87 Our results also demonstrate that exogenous
Nase desialylates the � subunit of the human PDGF
receptor and attenuates PDGF-BB-induced increases in
receptor tyrosine phosphorylation. Our results, obtained
from studies with human cells, differ from those of some
other investigators, who have used mouse-derived BALB/
c3T3 fibroblasts to demonstrate that autocrine ligand-
dependent tyrosine phosphorylation of the PDGF recep-
tor may not require the addition of N-or 0-linked
oligosaccharides, including sialic acids.30,88,89 These
data obtained from mouse cells have not been verified in
studies of human cells. However, more recent studies
from the same group have acknowledged that several
subpopulations of PDGF receptors exist, which may differ
with respect to subcellular distribution, durability, and the
extent of ligand-induced phosphorylation.31 Moreover,
the autocrine ligand-dependent tyrosine phosphorylation
of nonglycosylated PDGF receptor molecules detected in

subcellular fractions of mouse cells could not be linked
with the subsequent induction of physiologically signifi-
cant signaling. In contrast, our results, obtained from a
human cell experimental model, directly demonstrated
that the desialylation of the PDGF and IGF-1 receptors
coincides with significant inhibition of PDGF-BB-and IGF-
2-induced downstream signaling and subsequent reduc-
tions in cellular proliferation rates.

In addition, our results demonstrating that treatment
with exogenous C. perfringens neuraminidase, (which like
the Neu1 desialylates sialoglycoproteins) down-regu-
lated mitogenic response of cultured SMCs to PDGF-BB,
differ from results of other investigators who demon-
strated that pretreated with V. cholerae neuraminidase
stimulated the growth of embryonic fibroblasts86 and en-
hance the proliferative response of SMCs to serum and
PDGF.56,57 We anticipate that this difference is because
of the fact that V. cholerae neuraminidase desialylates
glycolipids, and after binding to the cell surface ganglio-
sides it may additionally enhance the association of cer-
tain growth factors with their cell surface receptors and
probably stimulate cellular proliferation independently of
its enzymatic action.61,62

Our major claim that it is the activity of cell-surface-
residing Neu1 that contributes to the down-regulation of
arterial SMC proliferation and not Neu3, the other siali-
dase associated with the cell membrane, is consistent
with the results of previous studies examining the role of
Neu1 in rapidly proliferating cancer cells. These studies
demonstrated that overexpression of Neu1 led to sup-
pression of metastasis and was associated with reversion
of the malignant phenotype in B16 melanoma cells
through mechanisms that suppress cell growth and pro-
mote apoptosis.90–92 Importantly, other studies have in-
dicated that, in contrast to Neu1, plasma membrane-
associated Neu3, which is a key enzyme responsible for
the desialylation of gangliosides, is essential for cancer
cell survival. It has been established that Neu3 is mark-
edly up-regulated in human cancers and that it facilitates
EGF-receptor-generated signals leading to the stimula-
tion of a Ras signaling cascade and to the inhibition of
cell apoptosis.93–95 In addition, treatment with Cholera
toxin neuraminidase, which desialylates gangliosides,
has been shown to stimulate the growth of embryonic
fibroblasts55 and enhance the proliferative response of
SMCs to serum and PDGF.56,57

In summary, the present study provides the first exper-
imental evidence that Neu1 plays an important role in the
down-regulation of arterial SMC proliferation. We postu-
late that the enzymatic activity of this particular sialidase
residing on the cell surface (as a subunit of the elastin
receptor) could structurally alter and functionally inacti-
vate adjacent sialoconjugates, including the PDGF and
IGF-1 receptors, and thereby decrease net cellular re-
sponsiveness to PDGF-BB and IGF-2 (Figure 9). The
findings presented not only introduce another level of
complexity by which the cellular proliferation of human
arterial SMCs may be regulated but also suggest that the
application of exogenous C. perfringens Nase, which dis-
plays high structural homology and has similar substrate
specificity to human Neu1, may be conceivable as an
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adjuvant therapeutic agent for inhibiting the development
of hyperproliferative neointima after surgical angioplasty,
stenting, or vascular grafting.
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