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Abstract—Terminal sialic acid residues are found in abundance in glycan chains of glycoproteins and glycolipids on the sur-
face of all live cells forming an outer layer of the cell originally known as glycocalyx. Their presence affects the molecular
properties and structure of glycoconjugates, modifying their function and interactions with other molecules. Consequently,
the sialylation state of glycoproteins and glycolipids has been recognized as a critical factor modulating molecular recogni-
tions inside the cell, between the cells, between the cells and the extracellular matrix, and between the cells and certain
exogenous pathogens. Until recently sialyltransferases that catalyze transfer of sialic acid residues to the glycan chains in the
process of their biosynthesis were thought to be mainly responsible for the creation and maintenance of a temporal and spa-
tial diversity of sialylated moieties. However, the growing evidence suggests that in mammalian cells, at least equally impor-
tant roles belong to sialidases/neuraminidases, which are located on the cell surface and in intracellular compartments, and
may either initiate the catabolism of sialoglycoconjugates or just cleave their sialic acid residues, and thereby contribute to
temporal changes in their structure and functions. The current review summarizes emerging data demonstrating that mam-
malian neuraminidase 1, well known for its lysosomal catabolic function, is also targeted to the cell surface and assumes the

previously unrecognized role as a structural and functional modulator of cellular receptors.
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SIALYLATED GLYCOCONJUGATES:
DISTRIBUTION, BIOLOGICAL ROLES,
SYNTHESIS, AND PROCESSING

Sialic acid (Sia) is a generic term for the N- or O-
substituted derivatives of neuraminic acid, a monosac-
charide with a nine-carbon backbone, the most common
member of this group, being N-acetylneuraminic acid
(NeuSAc or NANA) [1]. Sialic acids are found widely
distributed in animal tissues and to a lesser extent in other
species, ranging from plants and fungi to yeasts and bac-

teria, mostly in glycoproteins and glycolipids (ganglio-
sides). The amino group generally bears either an acetyl
or glycolyl group, but other modifications have been
described. The hydroxyl substituents may vary consider-
ably; acetyl, lactyl, methyl, sulfate, and phosphate groups
have been found yielding more than 50 different struc-
tures. Sia can also exist as a 2,8-linked homopolymer in
polysialylated gangliosides and glycoproteins (reviewed in
[1-3]).

Sialoglycoconjugates (SGC) are found in abundance
on the surface of mammalian cells, forming a dense array

Abbreviations: CathA, cathepsin A/protective protein; ddNeuAc, 2,3-dehydro-2-deoxy-N-acetylneuraminic acid; EBP, elastin-
binding protein; EGFR, epidermal growth factor receptor; FcyR, Fc receptors for immunoglobulin G; GAL, -galactosidase; GS,
galactosialidosis; IGF-II, insulin-like growth factor II; IFN, interferon; IL-4, interleukin 4; IR, insulin receptor; LAMP-1, lyso-
some associated membrane protein 1; LDL, low-density lipoprotein; LDLR, LDL receptor; LPS, lipopolysaccharide; MUCI,
mucin 1; NEU1, -2, -3, -4, neuraminidase 1, -2, -3, -4; PDGE, platelet-derived growth factor; SGC, sialoglycoconjugate; Sia, sial-
ic acid; Siglec, sialic acid binding immunoglobulin-like lectins; SMC, smooth muscle cells; Syk, serine-tyrosine kinase; TLR, Toll-

like receptor; VLDL, very low density lipoprotein.
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of sialylated glycans, referred to as the sialome [1]. The
inner surface of lysosomal and endosomal membranes are
similarly sialylated [2]. SGC are not evenly distributed on
the membranes but rather form dynamic microdomains,
so called “clustered saccharide patches”, “glycosynaps-
es”, or “lipid rafts” enriched in gangliosides and sialylat-
ed membrane proteins [3-7]. The majority of soluble
secreted and lysosomal proteins also contain Sia as part of
their glycan chains, and this modification can extend
their half-life.

In mammals, the content of SGC strongly depends
on the cell and tissue type, and significantly changes dur-
ing development. These changes have been well docu-
mented at the level of total Sia released from the sample
either by enzymatic treatment or by acid hydrolysis, or at
the level of underlying glycan chains by labeling with anti-
bodies or lectins specific for individual glycans [8]. Less is
known, however, about the changes in the levels of indi-
vidual proteins or lipids carrying sialylations.

Sia are involved in a surprising variety of biological
processes [9], the most important being a modulation of
recognition events. Sia are well known as a common lig-
and (or receptor) for virus, bacteria, and protozoan
pathogens. They also function as crucial recognition
markers in multicellular organisms where they mediate a
variety of biological phenomena, including cell differen-
tiation, interaction, migration, adhesion, and metastasis
(reviewed in [9-11]). Members of the Siglecs (sialic acid
binding immunoglobulin-like lectins) superfamily medi-
ate intracellular interactions, which contribute to the
scavenging function of macrophages, pathogen uptake
and antigen presentation [3]. Glycosynapses mediate cell
signaling and participate in processes such as cell adhe-
sion, motility, and growth [7]. Cancer cells have long
been recognized to have a significant overexpression of
Sia on the cell surface [12-15]. Lipid- and protein-bound
Sia are elevated in plasma from cancer patients [13, 16-
19] and linked with acute phase condition and chronic
disease [20, 21].

In mammals, the biosynthesis of SGC is performed
by a family of sialyltransferases that catalyze the transfer
of Sia from activated donor molecule, CMP-Sia, to an
acceptor carbohydrate [22]. Twenty mammalian sialyl-
transferases identified to date show a high variation in
terms of specificity, tissue and cellular distribution, and
induction profile, thus reflecting remarkable functional
diversity of their substrates [22]. Hydrolytic cleavage of
Sia linked to mono- or oligosaccharide chains of glyco-
conjugates is catalyzed by the family of exo-o-sialidases
(EC 3.2.1.18), also called neuraminidases, which
hydrolyze a-(2—3)-, a-(2—6), a-(2—8)-glycosidic
linkages of terminal sialic residues in oligosaccharides,
glycoproteins, glycolipids, colominic acid, and synthetic
substrates [9].

The half-life of Sia residues in glycoprotein glycan
chains is several times shorter than the half-life of other
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sugars and of the proteins themselves [23, 24] suggesting
that neuraminidases may also be involved in “trimming”
Sia residues in glycoconjugates. Similarly, selective desia-
lylation was shown for gangliosides on the plasma mem-
brane [25]. Plasma membrane glycolipids and glycopro-
teins may also undergo rapid resialylation [26].
Therefore, sialylation and desialylation can be considered
as a dynamic modification, modulated by sialyltrans-
ferases and sialidases in response to external or internal
stimuli.

MAMMALIAN NEURAMINIDASES

Neuraminidase enzymes are a large family, found in
a range of organisms including viral, bacterial, fungal,
protozoan, avian, and mammalian species [27, 28]. The
mammalian genomes contain four genes, which encode
the members of the neuraminidase family (neur-
aminidase-1 (NEU1) [29-31]; neuraminidase-2 (NEU2)
[32, 33]; neuraminidase-3 (NEU3, also known as gan-
glioside sialidase) [34-36], and neuraminidase-4
(NEU4) [37, 38]). These enzymes have different, yet
overlapping tissue expression, intracellular localization,
and substrate specificity. NEU1 is ubiquitously expressed
with the highest levels in kidney, pancreas, skeletal mus-
cle, liver, lungs, placenta, and brain [29, 31]. In these tis-
sues NEU1 generally shows 10-20 times higher expres-
sion than NEU3 and NEU4, and ~103-102 higher
expression than NEU2 [39]. NEU?2 is found predomi-
nantly in muscle tissues. NEU3 has the highest expres-
sion in adrenal gland, skeletal muscle, heart, testis, and
thymus [35, 36]. NEU4 has the highest expression in
brain, skeletal muscle, heart, placenta, and liver [37, 39,
40].

In the cell, NEUI is localized at the lysosomal and
plasma membranes [41, 42]; NEU2 is a soluble protein
found in the cytosol [33, 43, 44], although an alternative-
ly-spliced membrane-associated form containing six
extra amino acids at the N-terminus was recently report-
ed in mouse thymus [45]; NEU3 is an integral membrane
protein localized in the caveolae microdomains of plasma
membranes [46] as well as endosomal and lysosomal
membranes [47]. The NEU4 gene is spliced in two differ-
ent forms resulting in appearance of two NEU4 isoforms,
differing in the first 12 N-terminal amino acids [38, 39].
The short isoform was found predominantly on the endo-
plasmic reticulum membranes [38, 39], whereas the long
form is targeted both to mitochondria [39, 48] and lyso-
somes [40].

Since neuraminidases show partially overlapping
substrate specificities in vitro, their distinct tissue and
subcellular distribution may be key to their biological
roles. NEUI is active primarily against sialylated gly-
copeptides and oligosaccharides with lower activity
against gangliosides. It is involved in the lysosomal catab-
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olism of these conjugates [49-53] but recent data summa-
rized below show that NEU1 also participates in regula-
tion of cell signaling by desialylating plasma membrane
receptors. NEU2 is active against a-2,3-sialylated
oligosaccharides, glycopeptides, and gangliosides [33, 43,
44]. The biological role of this enzyme remains mainly
unknown, but it was suggested to cleave the GM3 gan-
glioside, leading to the alteration of cytoskeletal functions
[54, 55] during myoblast differentiation [56-58]. In
melanoma cells NEU2 activity inversely correlates with
invasive and metastasis potential [58]. NEU3 requires a
hydrophobic aglycone, which makes it active mainly
towards gangliosides [59] providing it a role in signal
transduction through hydrolysis of GM3, GM1, GDla,
and polysialogangliosides [60]. NEU3 is a crucial regula-
tor of transmembrane signaling [61] and is implicated in
regulation of cell transformation, differentiation and
migration [25, 62], neuritogenesis, carcinogenesis, and
apoptosis, as well as in insulin signaling [63-65]. NEU4 is
active against all types of sialylated glycoconjugates
including oligosaccharides, glycoproteins, and ganglio-
sides [39, 40]. Based on ability of NEU4 to cleave undi-
gested sialoconjugates stored in the cells, we have pro-
posed that it is involved in lysosomal catabolism [40],
while others have reported that NEU4 can prevent apop-
tosis in neuronal cells by hydrolyzing mitochondrial GD3
ganglioside [66]. In the mouse brain, NEU4 is involved in
the regulation of neuronal cell differentiation [67].

In contrast to other mammalian, bacterial or viral
neuraminidases, enzymatic activity of human NEUI1 is
allosterically regulated through its association with the
lysosomal cathepsin A (CathA). CathA, NEU1, and lyso-
somal B-galactosidase (GAL) form a lysosomal multien-
zyme complex, where CathA activates NEU1 and pro-
tects NEU1 and GAL against proteolytic degradation by
lysosomal peptidases [68]. It is tempting to speculate that
this unique property of NEU1 may be essential for its reg-
ulatory role, allowing the enzyme to be rapidly activated
in response to different cell stimuli.

GENETIC DEFECTS OF NEURAMINIDASES
IN HUMANS AND MICE

Important clues about the biological roles of SGC in
cells and tissues come from studying human patients and
mouse strains having abnormal expression or functional
mutations in neuraminidases.

Genetic deficiency of NEU1 in humans results in
the severe metabolic disease, sialidosis (SL, MIM
#256550) [31]. In addition, genetic deficiency of CathA
results in the secondary deficiencies of NEU1 and GAL
and causes the lysosomal storage disorder, galactosialido-
sis (GS, MIM #256540) [69, 70]. Both disorders clinical-
ly manifest with skeletal and gait abnormalities, progres-
sively impaired vision, bilateral macular cherry-red spots,
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ataxia, seizures, and myoclonus syndrome. KO mouse
models of sialidosis (Neul KO) and galactosialidosis
(CathA KO) have severe systemic disease resembling
human conditions [71, 72]. In addition, a spontaneous
mouse model of NEU1 deficiency, an SM/J mouse orig-
inally characterized by altered sialylation of several lyso-
somal glycoproteins [73], shows reduced levels of NEU1
activity (20-30% of normal) because of a point mutation
in the gene promoter and/or L2091 amino acid substitu-
tion in the protein [74-76]. SM/J mice as well as B10.SM
mice, that have NEU1 SM/J mutations transferred to a
B10 genetic background causing a similar reduction of
NEUI activity, do not show any gross abnormalities but
display altered immune reactions [77-79] described in
details in the sections below.

No human disorders caused by genetic defects in
NEU2, NEU3, or NEU4 have been described, perhaps
because of the partial redundancy of the pathways cat-
alyzed by these enzymes. A nonsynonymous polymor-
phism R41Q near the active site of human NEU2 occurs
in 9.3% of Asian population [80]. This polymorphism
results in an enzyme with an intrinsically lower enzymat-
ic activity and increases the binding affinity of human
NEU?2 to anti-influenza drug oseltamivir, which poten-
tially may be associated with severe adverse neurological
reactions to this drug that have been observed in the Asian
population [80].

The recently described Neu3 KO mouse is healthy
and shows normal ganglioside patterns, which the authors
explain by possible redundancy with NEU4 [81]. At the
same time, Neu3 KO mice are less susceptible than WT
mice to the colitis-associated colon carcinogenesis
induced by azoxymethane and dextran sodium sulfate,
showing that NEU3 plays an important role in inflamma-
tion-dependent tumor development [81]. The Neu4 KO
mouse has altered ganglioside profile in the brain and
vacuolized cells in spleen and lungs [82].

REGULATION OF RECEPTORS AND SIGNALING
PATHWAYS BY NEURAMINIDASE 1

Participation of neuraminidases in diverse cellular
regulatory mechanisms has been discovered only recently,
mainly though studies of animal models of neuraminidase
deficiency. Below we summarize data providing evidence
for the essential roles of NEUI in the regulation of exo-
cytosis and phagocytosis, carcinogenesis, the immune
response, generation of extracellular matrix, cell prolifer-
ation, and differentiation through desialylation of specif-
ic sialoglycoproteins.

Potentiation of migration, invasion, and adhesion of
cancer cells. Alterations in levels of all four mammalian
neuraminidases have been detected in cancer cells and
correlated with their malignancy (reviewed in [83, 84]).
In particular, multiple cancers show decreased NEU1
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expression, but there is an inverse correlation with
metastatic ability. The level of NEUT activity and expres-
sion in different clones of transformed rat fibroblast 3Y1
cells and mouse adenocarcinoma colon 26 cells inversely
correlated with their metastatic potential [85, 86].
Moreover, those transformed with v-fos had lower siali-
dase activity and higher metastatic potential [85]. Further
study from the same group demonstrated that overexpres-
sion of NEUI in mouse B16 melanoma cells reversed
their metastatic capacity as detected by the suppression of
the pulmonary metastasis in mice, invasiveness in colla-
gen gels, and motility on colloidal gold-coated glass
plates [87]. Although these experiments did not identify
the molecular mechanism of the observed changes in
metastatic capacity, they implicated NEU1 as a negative
regulator of malignant properties of cancer cells.
Another evidence for the NEUI1 role in cancer
malignancy came from the work by Uemura et al. [88]
who showed that NEU1 overexpression in colon cancer
HT-29 cells significantly reduced their liver metastasis
potential in mice as well as migration, invasion, and
adhesion properties in vitro, whereas NEUI silencing
caused the opposite effect. The authors demonstrated
that NEU1 overexpression in HT-29 cells resulted in
desialylation of the laminin receptor, integrin 4, essen-
tial for carcinoma migration and invasion. Desialylation
of integrin B4 decreased its phosphorylation, attenuated
downstream kinases, and suppressed cell adhesion to
laminin [88]. Besides, NEU1 overexpression caused
downregulation of matrix metalloproteinase-7, also asso-
ciated with cancer metastasis [88]. The authors’ hypoth-
esis that integrin B4 is one of the NEUT targets control-
ling the malignant properties in cancer cells was indirect-
ly supported by the fact that chemical inhibition of inte-
grin B4 glycosylation caused effects similar to that of
NEUI overexpression. However, since NEU1 desialylat-
ed multiple proteins on the cell surface, it is not clear
whether the downregulation of integrin f4-mediated sig-
naling was the only mechanism involved, and whether
similar events occur in the other types of cancer cells.
Induction of immune response and inflammation. The
important role of Sia in the function of immune cells has
been well documented. The sialylation level of the cell
surface critically affects the capacity of B cells to stimu-
late the proliferation of T cells [89-93] and phagocytosis
capacity of Hela cells [94]. Moreover, an acidic neur-
aminidase activity on the surface of activated T cells is
essential for production of interleukin 4 (IL-4), interac-
tion with the antigen presenting cells [77, 95, 96], and
conversion of the group specific component (Gc) protein
into a factor necessary for the inflammation-primed acti-
vation of macrophages [78, 97]. T-cells derived from the
SM/J or B10.SM strains of mice with reduced NEU1
activity fail to convert Gc¢ and synthesize 1L.-4, while B
cells from these mice produced less IgG1 and IgE [77-
79]. Induction of neuraminidase activity on the surface of
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activated T lymphocytes was directly shown to contribute
to desialylation of the cell surface and production of
interferon (IFN)-y [98], and on the surface of human
myeloid cells it generates glycan determinant CDI15
(Lewis x, or Le(x)), a distinguishing marker for myeloid
cells, and mediates neutrophil adhesion to dendritic cells
by desialylating cell-surface sialyl-CD15 [99].

Recent data directly implicate NEUT1 as a regulator
of multiple receptors in the immune cells, suggesting that
it may be a potential target for treatment of disorders
related to immunity and inflammation. First during the
differentiation of circulating blood monocytes and
monocytic cell lines into macrophages, NEU1 expression
is typically increased >10-fold, and the newly produced
pool of the enzyme is targeted mostly to the cell surface
[100, 101].

In contrast to other cellular neuraminidases, whose
expression either remains unchanged or reduced, NEU1
mRNA protein and activity are specifically increased
during the differentiation, as a result of significant induc-
tion of the transcriptional activity of the NEU1 gene pro-
moter [100]. NEUI1 and its activator CathA are first tar-
geted to the lysosome and then are sorted to the LAMP-
2-negative, MHC II-positive vesicles, which later merge
with the plasma membrane [100]. Macrophages and
immature dendritic cells from gene-targeted mouse with
~10% of residual NEU1 activity [102] showed increased
sialylation of the cell surface and compromised ability to
engulf gram-positive and gram-negative bacteria, as well
as IgG-opsonized and non-opsonized particles and I1gG-
coated red blood cells, suggesting that all types of phago-
cytosis are affected [103]. The observed effect was rele-
vant to the deficiency of NEU1 activity since the treat-
ment of the cells with the exogenous mouse NEUI,
which reduced the sialylation of the cell surface to the
normal levels, completely restored the phagocytosis
[103]. The authors also showed that the absence of NEU 1
in particular affected transduction of signals from the Fc
receptors for immunoglobulin G (FcyR). The macro-
phages from NEU 1-deficient mice showed increased sia-
lylation and impaired phosphorylation of FcyR, as well as
markedly reduced phosphorylation of serine-tyrosine
kinase (Syk) in response to treatment with IgG-
opsonized beads.

Therefore it is conceivable that cell surface NEU1
activates phagocytosis in macrophages and dendritic cells
through desialylation of surface receptors [103], although
it would be interesting to investigate whether other alter-
ations in cell signaling (primarily in Siglec-mediated
response) can also contribute to the observed impaired
phagocytosis in NEU1-deficient mice.

Besides FcyR, NEU 1 is also involved in activation of
cell surface Toll-like receptors (TLR) that play key roles
in activating immune responses during infection. Amith
et al. showed that ligands of TLR-2, -3, and -4 rapidly
induced NEUI1 activity in bone marrow-derived
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macrophages, as well as in macrophage and dendritic cell
lines, and that this activity was required for TLR signaling
[104]. The further work of this group demonstrated that
lipopolysaccharide (LPS)-induced interaction of TLR-4
with the signal transducer protein MyD88 and subse-
quent activation of NFxB signaling pathway were
impaired in the cells from NEU1-deficient mice, allow-
ing the authors to speculate that NEU1 changes activity
of the receptor by removing Sia from its glycan chains
[105]. These authors also suggested that activation of
NEUI and subsequent desialylation of TLR-4 may be
induced by binding of complexes of NEU1 and matrix
metalloprotease-9 to the ligand-induced TLR4 on the
cell surface [106].

Dependence of LPS-induced cytokine production
on neuraminidase activity in dendritic cells was also
reported by Stamatos et al. [107]. They showed that
monocyte-derived dendritic cells treated with broad neur-
aminidase inhibitor 2,3-dehydro-2-deoxy-N-acetylneur-
aminic acid (ddNeuAc) have decreased expression of IL-
6, IL-12p40, and TNF-a in response to LPS treatment
and increased cell surface sialylation. The authors of this
work speculate that the neuraminidase implicated in TLR
signaling is NEU3, not NEUI. They show that 1 mM
zanamivir, a pharmacological inhibitor of NEU3 [108],
also reduced cytokine expression from LPS treated den-
dritic cells [107]. Also, levels of IL6 or TNF-a produced
by the LPS-treated dendritic cells derived from NEUI-
knockout mice were similar to those measured for wild
type cells [107].

Unfortunately, both studies lack essential controls
necessary to reveal the specific roles of NEU1 and NEU3
in regulation of cytokine production. In particular,
zanamivir at 1 mM concentration in the culture medium
can at least partially inhibit NEU 1 exposed at the cell sur-
face. Also, the authors neither comment on the apparent
difference in the levels of cytokines produced by the
ddNeuAc- and zanamivir-treated cells nor provide a
direct evidence for NEU3 involvement in cytokine pro-
duction, such as experiments in cells with the knocked-
out or knocked-down NEU3 gene.

Related immune receptor functionally regulated
through NEU1-mediated desialylation is the hyaluronic
acid (HA) receptor, CD44, implicated in multiple
cell—cell and cell-matrix interactions. Earlier work
showed that Sia in the surface glycan chains of CD44 and
the homologous LYVE-1 receptor can mask their binding
to hyaluronic acid [109, 110]. Recently, indirect evidence
that NEUI desialylates and activates CD44 was obtained
from studying splenic CD4" T cells treated with neur-
aminidase inhibitors or derived from SM/J mice with
reduced NEU1 activity [111]. Using an experimental
mouse asthma model, the authors show that the Th2
cytokine concentration and absolute number of Th2 cells
were reduced in the bronchoalveolar lavage fluid from the
NEU1-deficient SM/J mice as compared to wild type

PSHEZHETSKY, ASHMARINA

mice [111], although it is not clear whether this pheno-
type was solely due to the increased CD44 sialylation.

Finally, during recruitment of leukocytes to the sites
of inflammation, an endogenous sialidase promotes the
binding of B2 integrins (CD11b/CDI18) on polymor-
phonuclear leukocytes with Intercellular Adhesion
Molecule 1 (ICAM-1) on endothelial cells by the removal
of Sia from the activation epitopes of the adhesion mole-
cules [112]. The authors suggested that this sialidase is
NEUI by its localization on the cell surface and because
it was induced by PMA, although the activity assay with
specific substrates is still required to rule out the partici-
pation of NEU3 in this process.

Potentiation of exocytosis by desialylation of lysoso-
mal membrane associated protein 1. Regulated secretion of
cellular lysosomes (lysosomal exocytosis) is an important
part of the diverse cellular regulatory mechanisms includ-
ing membrane repair (reviewed in [113, 114]). A number
of cellular proteins including adaptor protein-3, Lyst pro-
tein, Rab proteins, Munc 13 proteins, Rab27a effector
proteins, and SNARE proteins have already been identi-
fied as regulators of lysosomal exocytosis responsible for
either binding of lysosomes to and their movement along
the microtubules or for the fusion of lysosomal and plasma
membranes [113, 114]. Genetic deficiencies of many of
these proteins in humans and mice result in impaired or
partially impaired lysosomal secretion [113, 114].

In contrast, bone marrow stromal cells and neu-
trophils from NEU1 KO mice showed enhanced secre-
tion of lysosomal proteases and glycosidases and an
increased presence of heavily sialylated lysosome associ-
ated membrane protein 1 (LAMP-1) on the cell surface,
both indicative of enhanced lysosomal exocytosis [115].
The authors suggest that NEU1 acts as a negative regula-
tor of lysosomal exocytosis through its participation in the
processing of LAMP-1, which is implicated in the process
of lysosomal exocytosis and the fusion of lysosomes with
exosomes according to the earlier work of Kima et al.
[116]. In the cultured cells and tissues from NEU 1-defi-
cient mice, LAMP-1 shows increased glycosylation (sia-
lylation) and a prolonged half-life resulting in the overall
increase of its intracellular level and induced lysosomal
exocytosis, whereas the siRNA-mediated inhibition of
LAMP-1 expression reverses the phenotype [115]. The
enhanced secretion of serine proteases from hematopoi-
etic cells in the bone marrow niche of NEU1 KO mice
leads to the inactivation of extracellular serpins, prema-
ture degradation of VCAM-1, and loss of bone marrow
retention, providing a link between the NEU1 deficiency
and impaired long-term bone marrow engraftment [115].
Moreover, increased lysosomal exocytosis from marginal
cells of the striavascularis into the endolymph was also
linked to reduced endolymphatic potential, dysfunction
of transduction in sensory hair cells, and hearing loss
reported in NEU1 KO mice, also observed in sialidosis
patients [117].
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At the same time, direct evidence for participation of
LAMP-1 in exocytosis has yet to be provided since
LAMP-1 KO mice do not display any signs suggesting
decreased exocytosis of lysosomes or lysosome-related
organelles [118, 119]. It is possible, therefore, that the
increased amount and/sialylation of glycoproteins
(including LAMP-1) in lysosomal membrane simply
modifies its properties favoring the process of its merging
with the plasma membrane during exocytosis.

Modulation of elastic fiber assembly. NEU1 and its
activator CathA were both identified as components of
the elastin receptor, which also contains the elastin-bind-
ing protein (EBP), a 67-kDa enzymatically inactive,
alternatively spliced variant of lysosomal (3-galactosidase
[120-123]. While the EBP serves as intracellular molecu-
lar chaperone for hydrophobic and non-glycosylated
tropoelastin and assures its proper secretion, NEU1 cat-
alyzes the removal of terminal Sia from galactose residues
in carbohydrate chains of microfibrillar proteins, forming
the structural scaffold of new elastic fibers. The exposed
galactosugars, in turn, interact with the galactolectin
domain of the EBP, thereby inducing the release of trans-
ported tropoelastin molecules and facilitating their subse-
quent assembly into elastic fibers [124].

The crucial role of EBP complex in the formation of
elastic fibers is supported by the evidence of connective-
tissue, skeletal, and cardiovascular defects observed in
GMI1 gangliosidosis (OMIM #230500) and Morquio B
(OMIM #253010) patients with mutations in the GAL
gene that lack both B-galactosidase and EBP [125, 126].
These patients also show cardiac valve deformations, aor-
tic stenosis, and intimal thickening in the coronary arter-
ies and in the pulmonary artery [127, 128]. Clinical
symptoms related to the defects in the elastic fiber forma-
tion (most often cardiomyopathies) have been also docu-
mented in GS and sialidosis patients [129].

Similarly, the NEU 1-deficient fibroblasts from siali-
dosis patients have impaired elastogenesis, which could
be reversed after the transfection of cells with NEU1 and
CathA cDNA [124]. Impaired elastogenesis connected to
the defective development of aorta, skin, and lungs has
also been detected in NEU1 KO mice [130]. In particu-
lar, the elastic lamellae in the aorta of the NEU1 KO mice
were thinner and separated by hypertrophic smooth mus-
cle cells that were surrounded by an excess of the sialic
acid-containing moieties. The concentration of elastin in
the aorta was significantly reduced but the production of
tropoelastin was normal, suggesting the elastic fiber
defects result from impaired extracellular assembly [130].
Altogether, the reviewed data implicate NEUI as an
important functional component of the elastin receptor
contributing to the normal development of the cardiovas-
cular and respiratory systems.

Modulation of cell proliferation. Several recent publi-
cations demonstrated that NEU1 is involved in the fine-
tuning of a group of homologous receptors regulating the
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cellular mitogenic response to growth factors. First,
Hinek et al. [131] showed that NEU1 of arterial smooth
muscle cells (SMC) downregulates cellular proliferation
by desialylation of cell surface receptors for potent stimu-
lators of cell proliferation, platelet-derived growth factor
BB (PDGF-BB) and insulin-like growth factor (IGF-II).
Treatment of cultured SMC and skin fibroblasts with
neuraminidase inhibitor, ddNeuAc, or anti-NEU1 anti-
body increased their proliferation, whereas exogenous
Clostridium perfringens neuraminidase (sharing substrate
specificity with mammalian NEU1) reduced cellular pro-
liferation and eliminated PDGF-BB- and IGF-II-
induced phosphorylation of the respective receptors.
Fibroblasts of sialidosis patients had a significantly
stronger mitogenic response to the same doses of PDGF-
BB and IGF-II than fibroblasts of the normal skin, sug-
gesting that NEU1 deficiency resulted in higher response
to both growth factors [131].

The follow-up study from the same group [132]
demonstrated that in addition to the IGF-II receptor, the
homologous IGF-1R receptor and insulin receptor (IR)
were also substrates of NEU1 and that desialylation
affected their activity in opposite directions. The physio-
logical (0.5-1 nM) and therapeutic (10 nM) doses of
insulin stimulated proliferation of cultured skeletal mus-
cle progenitors LOWT through IR, and the effect could be
further enhanced following the desialylation of the recep-
tor, whereas the inhibition of endogenous NEU1 with
ddNeuAc, anti-NEU1 antibody, or NEU1 siRNA abol-
ished the proliferative response to low doses of insulin. In
contrast, supra-physiological (100 nM) doses of insulin
induced a more potent proliferative response transmitted
through IGF-1R. This response was inhibited following
treatment of the cells with exogenous neuraminidases,
and enhanced in cultures treated with ddNeuAc, anti-
NEUI antibody, or NEUI siRNA [132]. The authors
hypothesized that desialylation of the receptors directly
affected their conformation in such a way that either
increased (IR) or decreased (IGF-1R) their ability to
undergo insulin-induced autophosphorylation prerequi-
site for the subsequent downstream signals.

These results suggesting a crucial role for NEU1 in
skeletal muscle growth correlate well with the observed
experimental overexpression of NEU1 in myoblastic cells
coinciding with their heightened proliferation and inhibi-
tion of the differentiation cascade [133] and with the fact
that early-onset sialidosis patients and NEU1 KO mice
present with severe progressive muscular atrophy [71,
134].

Finally, recent work showed that NEU1 negatively
regulates epidermal growth factor receptor (EGFR) in
endothelial cells. First, Lillehoj et al. [135] showed that
NEUI in airway epithelia is expressed at far greater levels
than other three neuraminidases and that the enzyme
interacts with both EGFR and its signaling partner mucin
1 (MUCI1). Moreover, NEUI—-EGFR binding was regu-
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lated by EGF stimulation. Silencing NEU|1 increased the
sialylation of both EGFR and MUCI, suggesting that
both proteins are in vivo substrates of the enzyme. Most
importantly, overexpression of NEU1 diminished EGF-
stimulated autophosphorylation of EGFR at the Tyr1068
residue, whereas NEU1 depletion increased it. In con-
trast, MUCI-mediated P. aeruginosa adhesion and fla-
gellin-induced ERK1/2 activation was decreased by
silencing NEU1 and increased by its overexpression. The
established regulation of EGFR by NEU1 implicated this
enzyme as a potential modulator of wound healing and
repair, which was further confirmed by the follow-up
study of the same group [136]. Using flow cytometry, they
localized NEUI at the cell surface of endothelial cells and
showed that overexpression of NEU1 in these cells inhib-
ited their migration into a wound, thus indicating that
NEUI restrains the migratory response.

Positive regulation of insulin signaling. Most recently,
Dridi et al. [137] showed that NEU1 also regulates the
metabolic action of insulin and insulin-mediated glucose
uptake. They demonstrated that gene-targeted
CathAS190A-Neo mice, which have 10-15% of normal
NEUI activity in their tissues, rapidly develop glucose
intolerance after exposure to a diet with an elevated fat
content. Intraperitoneal glucose tolerance tests conduct-
ed 0, 4, and 8 weeks after the start of the diet revealed that
NEUI-deficient mice develop glucose intolerance more
rapidly than WT controls. Prior to the high-fat diet, the
mice showed only slight (up to 10-12 mmol/liter)
increases of blood glucose, but after 4 weeks on the diet
NEU-deficient mice were clearly hyperglycemic. After 8
weeks on high-fat diet, both WT and NEUI-deficient
mice showed hyperglycemia, but blood glucose levels in
NEUI-deficient mice remained significantly higher than
in WT mice. Both WT and NEU1-deficient mice pro-
duced similar levels of insulin, suggesting that hyper-
glycemia in NEU1-deficient mice results from reduced
insulin sensitivity in target tissues. Indeed, the levels of
insulin-induced phosphorylation of activated IR and the
downstream kinase AKT in livers and muscles of NEU1-
deficient mice were significantly reduced as compared to
those of WT animals.

In cultured fibroblasts of a sialidosis patient, phos-
phorylation of AKT in response to insulin was also
impaired but could be restored by treatment with NEU 1.
Finally, this study showed that desialylation of IR was
triggered by interaction between IR and NEU1 on the
cell surface. This interaction was induced by insulin as
shown by both bioluminescence resonance energy trans-
fer between the receptor and NEU1 and co-immunopre-
cipitation, suggesting that the insulin binding to IR rapid-
ly induces its desialylation by NEU1, which consequent-
ly stimulates its activation.

Altogether, the authors demonstrated that the activa-
tion of the IR is modulated by a unique mechanism
dependent on NEUI, which identified sialylation as an

PSHEZHETSKY, ASHMARINA

important new parameter regulating the signaling path-
ways for glucose uptake.

Further studies are required to determine whether
other energy metabolism pathways can be targets of
NEUI (or other neuraminidases), and recent work by
Yang et al. [138] provided indirect indication for at least
one. They report increased hepatic levels of cholesterol
and triglycerides in B6.SM mice obtained by transferring
the NEUI mutant allele in SM/J mouse on B6 back-
ground and having 70-80% reduction of sialidase activity
in tissues. The authors also detected lower VLD L-triglyc-
eride production rate in B6.SM mice compared with
C57BI1/6 control, suggesting that NEU1 may be involved
in lipoprotein metabolism. They also report that hepatic
receptor for LDL (LDLR) in B6.SM mouse tissues has
increased sialylation and speculate that this could prolong
its half-life or increase its recycling rate and result in
higher LDL uptake they observed in B6.SM mice and
cultured fibroblasts of sialidosis patients [138].

In the absence of direct evidence for increased
LDLR density on the surface of NEU1-deficient cells, it
is impossible to verify this hypothesis; however, it is worth
mentioning that in contrast to the report of Yang et al. the
increased sialidase activity in blood and the reduced level
of LDL sialylation have been linked to increased choles-
terol uptake by macrophages and atherosclerosis [139,
140].

In conclusion, multiple data endorse the novel role
for mammalian neuraminidases as modulators of cellular
signaling and regulators of cell surface receptors. Future
studies should reveal both the mechanism by which sialy-
lation alters receptor activity and the exact biological role
played by this new type of regulation. Nevertheless, the
net sialylation of receptors likely constitutes another, not
fully appreciated and understood dimension in a compli-
cated process controlling initiation of cellular signaling in
such diverse processes as vesicular trafficking, pro-
inflammatory response, migration, invasion and adhesion
of cancer cells, cell proliferation, and energy metabolism.
Moreover, considering the diversity of the involved path-
ways, it is tempting to speculate that neuraminidases may
even coordinate activities of independent signaling path-
ways all aimed at achieving the same biological goal. For
example, during the immune response, the induction of
NEUI activates both phagocytosis and cytokine produc-
tion in macrophages and dendritic cells, induces antibody
production by B cells, and increases adhesion of neu-
trophils and lymphocytes (figure; see color insert).

Another question that has to be addressed in the
future is whether NEU1 plays a unique role in desialyla-
tion of receptors, or other neuraminidases have similar
functions, each being responsible for a specific group of
protein targets. The answer to this question (which will be
most likely obtained through global analyses of glycopro-
tein substrates of neuraminidases in the available KO
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mouse models) will be essential to advance our under-
standing of cell signaling and of human diseases caused by
abnormal regulation of surface receptors. Besides, devel-
opment of specific and potent small molecular inhibitors
of neuraminidases will provide a vital tool for future stud-
ies of neuraminidase pathways and potential therapeutic
intervention.
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(A. V. Pshezhetsky and L. I. Ashmarina) Regulation of cellular immune pathways by neuraminidase 1. Neuraminidase 1 (NEU1) bound to its
activator protein, cathepsin A (CathA) at the plasma membrane desialylates and activates receptors for phagocytosis (FcRy) and inflamma-
tion (TLR-1-4). It also desialylates CD44 receptor, which unmasks binding sites for hyaluronic acid at its extracellular domain and generates
glycan determinants for interactions between different classes of immune cells by desialylating Intercellular Adhesion Molecule 1 (ICAM-1)

and sialyl-Lewis x (sCD15)
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