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Background: Airway epithelia express sialoglycoproteins that respond to danger signals and initiate repair programs.
Results: NEU1 sialidase desialylates EGFR and MUC1 in airway epithelia to regulate their responsiveness to ligands and
adhesiveness to P. aeruginosa.
Conclusion: NEU1 provides an additional level of regulation over airway epithelial responsiveness to ligands and pathogens.
Significance: The downstream effects of EGFR desialylation require further investigation.

Epithelial cells (ECs) lining the airways provide a protective
barrier between the external environment and the internal host
milieu. These same airway epithelia express receptors that
respond to danger signals and initiate repair programs. Because
the sialylation state of a receptor can influence its function and
is dictated in part by sialidase activity, we asked whether airway
epithelia express catalytically active sialidase(s). Human pri-
mary small airway and A549 ECs expressed NEU1 sialidase at
themRNA and protein levels, andNEU1 accounted for>70% of
EC sialidase activity. Blotting withMaackia amurensis and pea-
nut agglutinin lectins established epidermal growth factor
receptor (EGFR) and MUC1 as in vivo substrates for NEU1.
NEU1 associated with EGFR andMUC1, andNEU1-EGFR asso-
ciationwas regulated by EGF stimulation.NEU1overexpression
diminished EGF-stimulated EGFR Tyr-1068 autophosphoryla-
tion by up to 44% but enhanced MUC1-dependent Pseudomo-
nas aeruginosa adhesion by 1.6–1.7-fold and flagellin-stimu-
lated ERK1/2 activation by 1.7–1.9-fold. In contrast, NEU1
depletion increased EGFR activation (1.5-fold) and diminished
MUC1-mediated bacterial adhesion (38–56%) and signaling
(73%). These data indicate for the first time that human airway
epithelia express catalytically active NEU1 sialidase that regu-
lates EGFR- and MUC1-dependent signaling and bacterial
adhesion.NEU1catalytic activitymayoffer an additional level of
regulation over the airway epithelial response to ligands, patho-
gens, and injurious stimuli.

Epithelial cells (ECs)2 lining the airways provide a protective
barrier between the external environment and the internal host
milieu (1). The EC surface is armed with numerous receptors
and adhesion molecules that recognize and respond to host
mediators, inflammatory cells, and exogenous danger signals. A
complex veneer of highly sialylated structures contribute to the
airway epithelial barrier. In eukaryotic cells, glycoproteins and
glycolipids expressed on the surface contain oligosaccharide
chains whose outermost positions are terminated with
N-acetylneuraminic acid (2, 3). The sialic acid (SA) family of
�50 closely related but structurally diverse nine-carbonmono-
saccharides with their terminal location and negative charge
are strategically positioned to influence intermolecular and
cell-cell interactions through steric hindrance and/or electro-
static repulsion. These highly electronegative, hydrophilic res-
idues influence protein tertiary conformation and bioactivity
and can protect them against proteolysis. The human respira-
tory EC surface is decorated with both �-2,3-linked and �-2,6-
linked SAs (4). Superimposed on this highly sialylated surface
are specific receptors that are themselves sialylated. Finally, the
airway EC surface and all of its receptors are overlaid with a
constantly moving, SA-rich, mucous blanket (5).
In response to disruptive, denuding injury, the epithelium

utilizes an epidermal growth factor receptor (EGFR)-driven
repair program centering around phospholipase C�-mediated
cell migration (1). EGFR is itself sialylated (6), and gangliosides,
sialylated glycosphingolipids present in the outer leaflet of all
plasma membranes, regulate ligand-dependent and ligand-
independent EGFR autophosphorylation (7, 8). Similarly,
mucin-1 (MUC1) is a heavily sialylated membrane-bound gly-
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coprotein that influences a diverse range of functions, including
cell-cell and cell-matrix adhesion, cell motility, and host cell-
pathogen interactions (9). On the cell surface, MUC1 interacts
with EGFR and modifies EGFR-driven signaling (10). Together
with the pattern recognition receptor Toll-like receptor (TLR)
5, MUC1 binds to bacterial flagellin, and both receptor-ligand
interactions are coupled to downstream signaling (10–12). In
addition toMUC1, airway epithelia also express other sialylated
surface molecules that serve as recognition motifs for patho-
genic viruses and bacteria and their toxins (13). In fact, a con-
served virulence factor for many respiratory pathogens is the
expression of neuraminidase (14).
The sialylation state of glycoconjugates is dynamically and

coordinately regulated through the opposing catalytic activities
of sialyltransferases and sialidases (15, 16). Sialidases hydrolyze
the glycosidic linkage between SAs and the subterminal sugar
of glycoconjugates. Four mammalian sialidase/neuraminidases
(NEUs) have been identified, NEU1, -2, -3, and -4 (17–21).
NEU1 is localized to lysosomes and is only active in association
with cathepsin A and �-galactosidase. NEU2 is found in the
cytosol, NEU3 is associated with the plasma membrane, and
NEU4 is located in mitochondria. As members of the
neuraminidase/sialidase superfamily, each contains one or
more of the conserved so-called Asp boxes, an amino acid
sequence comprising -SXDXGXTW- where X represents vari-
able residues, togetherwith the -(F/Y)RIP-motif (16). Although
the expression and function ofmammalian sialidases have been
documented in selected tissues and species, whether human
respiratory epithelia express one ormore sialidases is unknown.
In these studies, we have established that human airway ECs
express sialidase catalytic activity, much of which can be
ascribed to NEU1. Furthermore, we have established two
important receptors expressed in airway epithelia, EGFR and
MUC1, as in vivo substrates for NEU1 and that NEU1 regulates
the responsiveness of these two receptors to their respective
ligands as well as epithelial adhesiveness to bacteria.

EXPERIMENTAL PROCEDURES

Reagents—Unless otherwise stated, all chemical reagents
were from Sigma. 2-Deoxy-NANA was from Calbiochem.
N-Acetylneuraminic acid was fromResearch Products Interna-
tional (Mt. Prospect, IL). NEU1-, NEU3-, andMUC1-targeting
small interfering (si) RNAs and their respective non-targeting
control siRNAs were from Dharmacon (Lafayette, CO). Lipo-
fectamine and protein G-agarose were from Invitrogen. Oligo-
nucleotide primers for quantitative (q) RT-PCR were synthe-
sized at the University of Maryland Biopolymer and Genomics
Core Facility (Baltimore, MD). Reagents for qRT-PCR were
from Qiagen (Valencia, CA), Promega (Madison, WI), and
Invitrogen. Precast sodium dodecyl sulfate (SDS)-polyacryl-
amide gels were from Novex (San Diego, CA). Polyvinylidene
fluoride (PVDF)membrane was fromMillipore (Bedford,MA).
Enhanced chemiluminescence reagents and prestained protein
molecular weight markers were from Amersham Biosciences.
Rabbit anti-human NEU1 antibody was from Rockland Immu-
nochemicals (Gilbertsville, PA). Mouse anti-human EGFR,
mouse anti-humanphospho-EGFR (Tyr-1068),mouse anti-hu-
man phospho-ERK1/2, and mouse anti-human ERK2 primary

antibodies and horseradish peroxidase (HRP)-conjugated goat
anti-rabbit and goat-anti-mouse secondary antibodies were
from BD Biosciences. Mouse anti-cathepsin A, anti-LAMP1,
and anti-TLR5 antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). Rabbit anti-human EGFR was from Thermo
Scientific (Rockford, IL). Mouse anti-human MUC1 antibody
was from Biomeda (Foster City, CA). Mouse anti-Physarum
�-tubulin antibody was from Roche Applied Science. Mouse
anti-FLAG and rabbit anti-hemagglutinin (HA) antibodies
were fromCell Signaling Technology (Danvers,MA). Cy3-con-
jugated goat anti-rabbit secondary antibody was from Jackson
ImmunoResearch Laboratories (West Grove, PA). Biotinylated
goat anti-rabbit secondary antibody was from Dako (Carpinte-
ria, CA). Recombinant human EGF was from R&D Systems
(Minneapolis, MN). Biotinylated Maackia amurensis lectin II
(MAL) and biotinylated Arachis hypogaea (peanut agglutinin
(PNA)) were from Vector Laboratories (Burlingame, CA). Pro-
tein assay dye reagent andMacro-Prep High S andMacro-Prep
High Q supports were from Bio-Rad. Polymyxin B-agarose was
from Pierce.
Human Airway EC Cultures—Human respiratory ECs

derived from distinct regions of the airway, including the tra-
chea (1HAEo� and CFTE29o� cells), bronchus (16HBE14o�

and BEAS-2B cells), terminal bronchioles (small airway ECs
(SAECs)), and alveolus (A549 cells), were studied. A549 cells
are an alveolar type II cell line derived from a lung adenocarci-
noma (American Type Culture Collection, Manassas, VA).
16HBE14o�, CFTE29o�, and 1HAEo� are SV40 T antigen-
transformed cell lines that were provided by Dr. Dieter Gruen-
ert (California Pacific Medical Center Research Institute, San
Francisco, CA). BEAS-2B is an SV40-transformed cell line that
was provided by Dr. Sekhar Reddy (The Johns Hopkins Univer-
sity, Baltimore, MD). Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% fetal bovine
serum (Hyclone Laboratories, Logan, UT), 50 units/ml penicil-
lin, and 50 �g/ml streptomycin. Human primary SAECs
(Lonza, Walkersville, MD) were cultured in predefined small
airway growth medium (Lonza) containing hydrocortisone,
human EGF, epinephrine, transferrin, insulin, retinoic acid, tri-
iodothyronine, and fatty acid-free bovine serum albumin as
described (22). Only SAEC passages 2–4 were studied.
Fluorometric Assay for Sialidase Activity—SAECs and A549

cells (1.0 � 106 cells/reaction) were suspended in 200 �l of 500
mM sodium acetate, pH 4.4 containing 0.1% Triton X-100 and
protease inhibitor mixture (Roche Applied Science) and then
incubated for 1 h at 37 °C with 25 �l of 2.0 mM 2�-(4-methyl-
umbelliferyl)-�-D-N-acetylneuraminic acid (4-MU-NANA),
mixing the tubes every 15 min. The sialidase reaction was ter-
minated by addition of 133 mM glycine, pH 10.3, 60 mM NaCl,
and 0.083 MNa2CO3 after which the fluorescence intensity was
measured with a Bio-Rad fluorometer (excitation at 355 nm;
emission at 460 nm). In selected experiments, EC preparations
were boiled (100 °C for 10 min) prior to the assay. In other
experiments, ECs were preincubated with either the competi-
tive neuraminidase inhibitor 2-deoxy-NANA (5.0–500 �g/ml)
(23) or purified N-acetylneuraminic acid (1.0–50 mM). A mol-
ecule with comparable molecular weight and charge to 2-de-
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oxy-NANA, 2-keto-3-deoxyoctulosonic acid, was used as a
negative control (24).
Sialidase Activity for Ganglioside Substrate—SAECs and

A549 cells were suspended in 200 �l of 50 mM sodium acetate,
pH 4.4 containing 0.1% Triton X-100 and protease inhibitor
mixture. The cell suspensionsweremixedwith 25�l of a bovine
brain ganglioside mixture (2.0 mg/ml; Calbiochem) and incu-
bated for 1 h at 37 °C. The reaction was terminated by addition
of 25 �l of 1.33 M glycine, pH 10.3, 0.6 M NaCl, and 0.42 M

Na2CO3. Released SA was quantified by high pH anion-ex-
change chromatography with pulsed amperometric detection
as described (23). For each assay, serial dilutions of known con-
centrations of pure N-acetylneuraminic acid were measured,
and a standard curve was generated. The SA concentration in
each sample was interpolated from the standard curve using
GraphPad Prism 4 (GraphPad Software, La Jolla, CA). The
background concentration of SA spontaneously released from
the simultaneous cell-free ganglioside control was subtracted
from each value.
qRT-PCR for NEU1, -2, -3, and -4—Total cellular RNA was

extracted from SAECs using TRIzol reagent (Invitrogen). RNA
purity was established with the 260/280 nm absorption ratio
(�1.90). Total RNA (1.0 �g) was treated with DNase I (Invitro-
gen) for 15 min and reverse transcribed using avian myeloblas-
tosis virus reverse transcriptase and poly(T) primer (Promega).
The resulting cDNA was quantified by PCR using SYBR Green
PCRMaster Mix and an ABI Prism 7900HT cycler. Primers for
detection of NEU1, NEU2, NEU3, NEU4, and hypoxanthine-
guanine phosphoribosyltransferase mRNAs were designed
using Primer Express 2.0 and are indicated in Table 1. The
levels of NEU1, NEU2, NEU3, and NEU4 transcripts were nor-
malized to hypoxanthine-guanine phosphoribosyltransferase
transcripts using the 2���Ct method (25).
Immunoblotting for NEU1, Cathepsin A, and MUC1—Cells

were thoroughly rinsed with ice-cold HEPES buffer and lysed
with ice-cold 50mMTris-HCl, pH 8.0, 1.0%Nonidet P-40, 0.5%
SDS, 150 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride, 5.0
�g/ml leupeptin, 1.0 mg/ml pepstatin A, 1.0 mg/ml aprotinin,
1.0 mM vanadate, 1.0 mM sodium fluoride, 10 mM disodium
pyrophosphate, 500 �M p-nitrophenol, and 1.0 mM phenylars-
ine oxide as described (26). The cell lysates were assayed for
protein concentrationwith the Bio-Rad ProteinAssayDye Rea-
gent. Equal amounts of protein were resolved by electrophore-
sis on 8–16% SDS-polyacrylamide gels and transferred to
PVDF membranes. In some experiments, the blots were

blocked for 1 h using 5.0% nonfat milk in 50 mM Tris-HCl, pH
8.0, 150 mM NaCl, and 0.01% Tween 20 (TBS-T); probed with
either rabbit anti-human NEU1 antibody or murine anti-hu-
man cathepsin A antibody, each followed by HRP-conjugated
goat anti-rabbit antibody and horse anti-mouse antibody,
respectively; and developedwith enhanced chemiluminescence
(ECL) reagents (26). In other experiments, blots were probed
with mouse anti-human MUC1 antibody followed by HRP-
conjugated goat anti-mouse antibody. To confirm equivalent
protein loading and transfer, blots were stripped with 62.5 mM

Tris-HCl, pH 6.7, 100 mM 2-mercaptoethanol, and 2.0% SDS;
washed with TBS-T; reprobed with mouse anti-Physarum
�-tubulin antibody followed by HRP-conjugated goat anti-
mouse antibody; and developed with ECL reagents.
Adenoviral Constructs Encoding FLAG-tagged NEU1 and

HA-tagged NEU3—To regulate NEU1 and NEU3 expression in
SAECs and A549 cells, recombinant adenovirus (Ad) encoding
FLAG-tagged human NEU1 (Ad-NEU1) and HA-tagged
human NEU3 (Ad-NEU3) were generated as described for Ad
encoding other gene products (22). The full-length human
NEU1 (GenBankTM accession number NM_000434.3) and
NEU3 (GenBank accession number NM_006656.5) sequences
were synthesized by Primm Biotech (Cambridge, MA) after
which the 3� FLAG tag and HA tag sequences were inserted
prior to the stop codon at the 3�-end of the NEU1 and NEU3
sequences, respectively. The recombinant Ad-NEU1 and Ad-
NEU3were generated using theAdEasyAdenoviral Vector Sys-
tem (Stratagene, La Jolla, CA) according to the manufacturer’s
recommendation. Briefly, each was subcloned into the
pShuttle-IREs-hrGFP-1 shuttle vector using restriction enzyme
digestion and ligation. Each resultant shuttle plasmid was lin-
earized by PmeI digestion and, with the Ad backbone plasmid
(pAdEasy-1, Qbiogene/MP Biomedicals, Solon, OH), was used
to co-transform electrocompetent E. coli BJ5183 cells to pro-
duce recombinant plasmids. As a negative control, an Ad-Null
plasmid was generated using pAdEasy-1 and pShuttle-IREs-
hrGFP-1 in the absence of an insert. Recombinant plasmids
were selected for kanamycin resistance and screened for
recombination by PacI digestion. Recombinant plasmids were
used to transform XL10-Gold cells, and bacterial lysates were
passed through Maxiprep columns (Qiagen) for plasmid puri-
fication. Ad-NEU1 and Ad-NEU3 each were linearized with
PacI digestion and transfected in the presence of Lipofectamine
into AD-293 cells. After 7–10 days, cells were scraped off flasks
with a rubber policeman and subjected to three freeze-thaw

TABLE 1
Oligonucleotide primers used for quantitative RT-PCR
F, forward primer; R, reverse primer; HPRT, hypoxanthine-guanine phosphoribosyltransferase.

RNA target Primer sequence PCR product size GenBank accession no.

bp
NEU1 F, 5�-TGTGACCTTCGACCCTGAGC-3� 124 NM_000434

R, 5�-TCGCAGGGTCAGGTTCACTC-3�
NEU2 F, 5�-AGTGGTCCACCTTTGCAGTG-3� 143 NM_005383

R, 5�-ATGGCTGAGGAAGCAGAAGG-3�
NEU3 F, 5�-AATGTGAAGTGGCAGAGGTGA-3� 148 NM_006656

R, 5�-TCACAGAGCTGTCGACTCAGG-3�
NEU4 F, 5�-TGCTGGTACCCGCCTACAC-3� 103 NM_080741

R, 5�-CCGTGGTCATCGCTGTAGAA-3�
HPRT F, 5�-ACCAGTCAACAGGGGACATAAAAG-3� 102 NM_000194

R, 5�-GTCTGCATTGTTTGCCAGTGTC-3�
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cycles, and virus was harvested in the supernatants for presen-
tation to fresh AD-293 cells and titration in a plaque-forming
assay. SAECs and A549 cells were transiently infected with
packaged Ad-NEU1 or Ad-NEU3 at increasingmultiplicities of
infection and after 24 h were lysed, and the lysates were pro-
cessed for FLAG or HA immunoblotting.
Knockdown of NEU1, NEU3, and MUC1 through siRNA

Technology—SAECs and A549 cells were transfected with
siRNAduplexes designed to specifically target NEU1, NEU3, or
MUC1or irrelevant control siRNAduplexes not corresponding
to any known sequence in the human genome as described (27).
For transfection, 5.0� 105 ECswere centrifuged (200� g for 10
min), and the cell pellet was resuspended in 100 �l of Amaxa
Nucleofactor solution (Lonza) with 2.7 �g of siRNA duplexes.
The EC-siRNA mixture was transferred to an Amaxa-certified
cuvette and subjected to programmed electroporation (pro-
gram X-001). The transfected cells were cultured for 24–72 h
after which they were lysed, and the lysates were processed for
NEU1 and MUC1 immunoblotting. In other experiments,
A549 cells were transiently infected with packaged Ad-NEU1
or Ad-Null vector control, each at a multiplicity of infection
(m.o.i.) of 100. After 48 h, NEU1-targeting or control siRNAs
were introduced into A549 cells overexpressing FLAG-tagged
NEU1. To exclude off-target effects, A549 cells overexpressing
HA-tagged NEU3 were transfected with NEU1-targeting,
NEU3-targeting, or control siRNAs. After 24–72 h, the trans-
fected cells were lysed and processed for immunoblotting with
mouse anti-FLAG or rabbit anti-HA antibody. To confirm
equivalent protein loading, blots were stripped and reprobed
for �-tubulin. These siRNA-transfected epithelia were studied
for sialidase activity, lectin blotting, EGFR or ERK1/2 activa-
tion, and bacterial adhesion.
Immunolocalization of NEU1 inA549Cells—A549 cells were

cultured overnight in 8-well glass chamber slides (Nunc/
Thermo Fisher, Waltham, MA). The cells were washed three
times with PBS, fixed with 4% paraformaldehyde in PBS for 10
min at 22 °C, washed, permeabilized with 0.5% Triton X-100 in
HEPES buffer for 10min at 4 °C, blockedwith 1%donkey serum
for 30 min, and incubated overnight at 4 °C with anti-NEU1
antibody (1:500 dilution in 1.0%donkey serum). The slideswere
washed and incubated with Cy3-conjugated goat anti-rabbit
secondary antibody. DAPI was used to counterstain nuclei.
After mounting with Vectashield (Vector Laboratories), the
immunostained ECs were analyzed and photographed using an
Olympus FluoView 500 laser-scanning confocal fluorescence
microscope fitted with a 60�, numerical aperture 1.4 objective
and standard excitation/emission filters for detection of DAPI
and Cy3. Images were cropped and assembled into panels with
Adobe Photoshop 4.0.
Detection of NEU1 in Lysosomes—A549 cells were processed

for isolation of lysosomes using the Lysosome Isolation kit
(Sigma) following themanufacturer’s protocol. Lysosomal pro-
teins were resolved on 8–16% SDS-polyacrylamide gels, trans-
ferred to PVDFmembranes, andprocessed for immunoblotting
with anti-NEU1 and anti-LAMP1 antibodies.
NEU1-EGFR and NEU1-MUC1 Co-immunoprecipitation

Assays—A549 cells were infected with increasing multiplicities
of infection (m.o.i. � 3, 10, 30, and 100) of Ad encoding FLAG-

tagged NEU1 and cultured for 48 h. In selected experiments,
cells infected with Ad-NEU1 (m.o.i. � 100) were transfected
with either NEU1-targeting or control siRNAs. In still other
experiments, Ad-infected cells (m.o.i. � 100) were incubated
for 15 min with EGF (100 ng/ml) or medium alone. The cells
were solubilized with a low stringency lysis buffer as described
(28), and the lysates were precleared and then incubated over-
night at 4 °C with anti-EGFR or anti-MUC1 antibody. The
resultant immune complexes were immobilized by incubation
with protein G-agarose for 2 h at 4 °C, centrifuged, washed,
boiled for 7 min in sample buffer, and again centrifuged. The
supernatants were processed for immunoblotting with anti-
FLAG antibody as described above. To control for loading and
transfer of immunoprecipitates, blots were stripped and rep-
robed with the immunoprecipitating antibodies. Each FLAG
signalwas normalized to either the EGFRorMUC1 signal in the
same lane in the same blot.
Lectin Blotting for Sialylated and Desialylated Molecules—

A549 cells were transfected with NEU1-targeting or control
siRNAs and incubated for 48 h or infected with Ad-NEU1 or
Ad-Null (m.o.i. � 100) and incubated for 24 h. The cells were
solubilized with lysis buffer as described above, and 1.0-mg ali-
quots were immunoprecipitated with anti-EGFR, anti-MUC1,
or anti-TLR5 antibody. Immunoprecipitated proteins were
resolved by SDS-PAGE and transferred to PVDF membrane.
The blots were incubated for 1 h in TBS-T and probed with
biotinylated MAL or PNA as described (24). The blots were
washed with TBS-T, incubated with HRP-conjugated strepta-
vidin, and developedwith ECL reagents. Fetuin and asialofetuin
(1.0 �g each) were used as positive controls for MAL-binding
and PNA-binding proteins, respectively. To confirm equivalent
protein loading and transfer, blots were stripped and reprobed
with the immunoprecipitating antibody followed by HRP-con-
jugated secondary antibody and ECL reagents.
EGFR Activation—SAECs and A549 cells were transfected

with NEU1-targeting or control siRNAs or infected with Ad-
NEU1 or Ad-Null (m.o.i. � 100) after which they were incu-
bated for 10 min with 100 ng/ml EGF or medium alone. The
ECs were lysed, and the lysates were processed for phospho-
EGFR (Tyr-1068), total EGFR, and �-tubulin immunoblotting
as described (29). The phospho-EGFR blots were stripped and
reprobed for total EGFR and�-tubulin, and the phospho-EGFR
Tyr-1068 signalwas normalized to�-tubulin in the same lane of
the same gel.
Bacterial Adhesion—SAECs and A549 cells were transfected

with NEU1-targeting or control siRNAs and incubated for 48 h
or infected with Ad-NEU1 or Ad-Null (m.o.i. � 100) and incu-
bated for 24 h. The cells were washed twice with PBS, fixed for
10 min with 2.5% glutaraldehyde in PBS at room temperature,
and washed three times with PBS as described (30). Green fluo-
rescent protein-expressing Pseudomonas aeruginosa strain
PA01 (GFP-PA01) provided by Dr. Joanna B. Goldberg (Uni-
versity of Virginia, Charlottesville, VA) (31) was cultured over-
night in LB broth, washed twice with PBS, resuspended in PBS
containing 2.0 mg/ml glucose, and quantified spectrophoto-
metrically at A600. Fixed cells (2.0 � 105/well) in 24-well plates
were incubated with 2.0 � 107 colony-forming units/well of
GFP-PA01 in 0.5ml for 40min at 37 °C and washed three times
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with PBS. Bound bacteria were releasedwith 0.05% trypsin, and
GFP fluorescence in the supernatant was quantified with a flu-
orometer (excitation, 490 nm; emission, 520 nm) (Bio-Rad). In
other experiments, A549 cells in which NEU1 expression was
similarly manipulated were transfected with MUC1-targeting
or control siRNAs and incubated for 24 h prior to the bacterial
adhesion assay.
Purification of P. aeruginosa Flagellin—An overnight culture

of P. aeruginosawas centrifuged at 5,000 � g for 30 min, resus-
pended inKrebs-Ringer buffer, and incubated for 1 h at 37 °C as
described (32). The bacteria were removed by centrifugation,
and the supernatant was filtered through a 0.22-�m-pore
membrane (Millipore) and boiled for 20 min. The supernatant
was concentrated by ultrafiltration (Millipore; 30-kDa cutoff),
adjusted to pH 6.0, and incubated for 30 min at room temper-
ature with 0.5 ml of Macro-Prep High S support, pH 6.0. The
matrix was removed by centrifugation, and the flagellin-con-
taining supernatantwas applied to a 2.0-mlMacro-PrepHighQ
column. The columnwas washedwith 20mMTris-HCl, pH 8.0,
and flagellin was eluted with 100 ml of a linear 0.0–1.0 M NaCl
gradient. Fractions (1.0 ml) were collected and analyzed for the
50-kDa flagellin protein band by SDS-PAGE. Immunoblots
were probed with rabbit anti-P. aeruginosa flagellin antibody
(provided by Dr. Dan Wozniak, Wake Forest University, Win-
ston-Salem, NC) and with rabbit anti-pilin antibody (provided
by Dr. Randy Irvin, University of Alberta, Alberta, Canada) to
confirm the absence of pilin contamination. Flagellin-contain-
ing fractions were adsorbed to polymyxin B-agarose to remove
LPS after which less than 0.1 endotoxin units/�g of protein was
detected by the Limulus amebocyte lysate test.
MUC1 Signaling—SAECs and A549 cells were transfected

with NEU1-targeting or control siRNAs or infected with Ad-
NEU1 or Ad-Null (m.o.i. � 100). The cells were incubated for
30 min at 37 °C with 10 ng/ml flagellin or medium alone and
lysed, and the lysates were processed for phospho-ERK1/2
immunoblotting as described (33). The phospho-ERK1/2 blots
were stripped and reprobed for total ERK2, and the phospho-
ERK1/2 signal was normalized to total ERK2 signal in the same
lane of the same gel.
Immunostaining of NEU1 in Human Tissues—Human tra-

chea, mainstem bronchus, segmented bronchus, and expanded
alveoli were each obtained from�2 normal subjects through an
Institutional ReviewBoard-approved protocol at theUniversity
of Maryland, Baltimore, MD. The sections were deparaffinized
in xylene and rehydrated in a graded series of ethanol. Sections
were pretreated for heat-induced epitope retrieval using a pres-
sure cooker and Target Retrieval solution, pH 6.1 (Dako TRS,
S1699/1700) followed by endogenous peroxidase blocking for 5
minwith 0.3% hydrogen peroxide. The sections were incubated
overnight with anti-NEU1 antibody at a 1:250 dilution at 4 °C in
a hydration chamber. Antibody detection was performed by
incubation with biotinylated goat anti-rabbit secondary anti-
body for 30min at room temperature. Slideswere developed for
5 min using diaminobenzidine as the chromogen (Dako) and
counterstained with hematoxylin. As a negative control, tissue
sections were incubated with non-immune rabbit IgG plus the
secondary antibody. Staining was performed on a Dako auto-
matic stainer using EnVision� (Dako), a biotin-free detection

system that consists of a secondary antibody covalently linked
to peroxidase-coated dextrose polymers.
Statistical Analysis—All values were expressed as means �

S.E. Differences between means were compared using the Stu-
dent’s t test or analysis of variance and were considered signif-
icant at p 	 0.05.

RESULTS

AirwayECSialidaseActivity—Respiratory epithelial surfaces
express multiple glycoconjugates that are terminally sialylated
(2, 3). We asked whether airway epithelia might also express
sialidase activity. Increasing alveolar A549 EC and primary
SAEC numbers expressed increasing sialidase activity for the
fluorogenic substrate 4-MU-NANA (Fig. 1A). This sialidase
activity was destroyed by boiling and was dose-dependently
inhibited by the substrate-competitive sialidase inhibitor 2-de-
oxy-NANA but not by its negative control, 2-keto-3-deoxyoc-
tulosonic acid (Fig. 1B). Purified N-acetylneuraminic acid also
was dose-dependently inhibitory (Fig. 1C). ECs derived from
human trachea, bronchus, small airways, and the alveolus all
contained sialidase activity for 4-MU-NANA (Fig. 1D). To our
knowledge, this is the first report of sialidase activity in human
airway epithelia.
EC Expression of NEU1, -2, -3, and -4 and Cathepsin A—Be-

cause airway ECs contain sialidase activity (Fig. 1, A andD), we
asked whether one or more of the four reported mammalian
sialidases might be expressed in these same cells. In primary
SAECs, a qRT-PCR approachwas adopted to detectmRNAs for
NEU1, -2, -3, and -4. NEU1mRNAwas expressed at the highest
level, 380 � 5.0 � 10�3 copies relative to expression of the
hypoxanthine-guanine phosphoribosyltransferase internal
control (Fig. 2A). In contrast, the mRNAs for NEU2, -3, and -4
were expressed at 0.05 � 0.001 � 10�3, 0.65 � 0.050 � 10�3,
and 0.09� 0.002� 10�3 copies, respectively, relative to hypox-
anthine-guanine phosphoribosyltransferase. Therefore, at the
mRNA level, NEU1 was expressed at levels 585–7,600-fold
higher than were NEU2, -3, and -4. We then used an antibody
specific for the NEU1 protein to probe lysates of A549 cells and
SAECs. NEU1 was detected as a doublet at 
45 and 
50 kDa
(Fig. 2B, lanes 1 and 2). The lower band corresponded to the
predicted molecular size of NEU1 based upon its cDNA
sequence, 45.5 kDa (27). The upper band may represent glyco-
sylation at one ormore of its three predictedN-linked sites (27).
Prior siRNA-induced silencing reduced the intensity of both
bands (Fig. 2B, lane 3), whereas a non-targeting control siRNA
did not (supplemental Fig. S1B, lanes 1, 3, and 5). These find-
ings clearly indicate that NEU1 protein is expressed in both
A549 cells and SAECs. Because ECs derived from the trachea
and bronchus contain sialidase activity against 4-MU-NANA
(Fig. 1D), these same cells were probed for NEU1 protein. All
airway epithelia examined expressed both the 
45-kDa and

50-kDa NEU1-immunoreactive bands (Fig. 2C). Because
NEU1 requires cathepsin A for catalytic activity (20), these
same airway epithelia were probed for cathepsin A protein with
a monoclonal antibody that recognizes the 52-kDa full-length
form and the 32-kDa processed fragment (Fig. 2D). Again, all
airway epithelia studied expressed both cathepsin A-immuno-
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reactive bands. These combined data suggest that NEU1 and
cathepsin A are co-expressed along the entire respiratory tract.
NEU1 Sialidase Activity—On the basis of qRT-PCR (Fig. 2A)

and Western (Fig. 2, B and C) analyses, we asked whether EC-
associated sialidase activity might be explained in part through
NEU1. To unambiguously establish siRNA-induced knock-
down of NEU1, FLAG-tagged NEU1 was ectopically expressed
in A549 cells through Ad infection (supplemental Fig. S1A).
A549 cells overexpressing NEU1 were transfected with NEU1-
targeting or control siRNAs after which the cells were lysed,
and the lysates were processed for FLAG immunoblotting. At
24 and 48 h, NEU1 was reduced �95% relative to control
siRNA-transfected cells (supplemental Fig. S1B, lane 2 versus
lane 1 and lane 4 versus lane 3). To exclude off-target effects,
A549 cells overexpressing HA-tagged NEU3 were transfected
with NEU1-targeting, NEU3-targeting, or control siRNAs and
lysed, and the lysates were processed for HA immunoblotting.
At 48 h,NEU3 in cells transfectedwithNEU3-targeting siRNAs
was profoundly reduced (supplemental Fig. S1C, lane 2 versus
lane 1), whereas in cells transfected with NEU1-targeting
siRNAs, it was not (supplemental Fig. S1C, lane 3 versus lane 1),
each relative to control siRNA-transfected cells. Therefore,
NEU1-targeting siRNA did not diminish NEU3 protein, indi-
cating both efficient and selective siRNA-induced depletion of
NEU1 in A549 cells. Next, to establish the contribution of
NEU1 to sialidase activity in airway ECs, A549 cells transfected

with NEU1-targeting or control siRNAs after 48 h were fluoro-
metrically assayed for sialidase activity. Prior siRNA-mediated
knockdown of NEU1 decreased sialidase activity for 4-MU-
NANA by �70% compared with control siRNA-transfected
cells (Fig. 2E). Because NEU3, the second most abundant EC
sialidase at the mRNA level (Fig. 2A), preferentially hydrolyzes
SA linkages within gangliosides (17), we assayed A549 cells and
SAECs for sialidase activity using a ganglioside substrate. Each
expressed sialidase activity for gangliosides (Fig. 2F). Therefore,
it is conceivable that the residual sialidase activity detected in
airway epithelia after NEU1 depletion is due in part to NEU3.
The catalytic activity of NEU1 or NEU3 for a specific substrate
is dictated by the SA linkage, the underlying glycan, the pres-
ence of detergent, and pH (27). Although NEU1 and NEU3
display distinct substrate specificities, under certain conditions,
NEU1 might exert catalytic activity for gangliosides, whereas
NEU3 may hydrolyze SA residues within the 4-MU-NANA
substrate (17, 34).
Subcellular Localization of NEU1—Because NEU1 has been

previously immunolocalized in non-airway cells to specific sub-
cellular compartments (35), we utilized confocal fluorescence
microscopy to probe for NEU1 protein. A549 cells revealed
granular/punctate immunostaining for NEU1 with maximal
signal in the perinuclear region (Fig. 2G, panel i). NEU1was not
detected within nuclei (Fig. 2G, panel ii, arrows). NEU1 is a
lysosomal protein (20, 48). To establish whether NEU1 resides

FIGURE 1. EC sialidase activity. A, increasing SAEC and A549 cell numbers were assayed for sialidase activity for the fluorogenic substrate 4-MU-NANA. B, A549
cells (1.0 � 106) were assayed for sialidase activity for 4-MU-NANA prior to and after boiling and in the presence of increasing concentrations of 2-deoxy-NANA
(5–500 �g/ml) or its negative control, 2-keto-3-deoxyoctulosonic acid (KDO) (500 �g/ml). C, A549 cells (1.0 � 106) were assayed for 4-MU-NANA in the presence
of increasing concentrations of N-acetylneuraminic acid (1–50 mM). D, equal numbers of airway ECs (1.0 � 106) derived from the trachea (1HAEo� and
CFTE29o�), bronchus (16HBE14o� and BEAS-2B), small airways (SAECs), and alveolus (A549) or PBS as a negative control was assayed for sialidase activity for
the 4-MU-NANA substrate. Vertical and error bars represent mean � S.E. sialidase activity (n � 2) expressed as arbitrary fluorescence units. The results in each
panel represent �2 independent experiments.
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FIGURE 2. Expression of NEU1 in airway ECs. A, qRT-PCR analyses of NEU1, NEU2, NEU3, and NEU4 transcripts. The mRNA levels for each sialidase were normalized
to the hypoxanthine-guanine phosphoribosyltransferase (HPRT) internal control. Vertical and error bars represent mean � S.E. normalized mRNA levels (n � 2).
B, lysates of A549 cells and SAECs were processed for NEU1 immunoblotting (lanes 1 and 2). SAECs were transfected with NEU1-targeting siRNAs and processed for
NEU1 immunoblotting (lane 3). C, lysates of airway ECs were processed for NEU1 immunoblotting. D, lysates of airway ECs were processed for cathepsin A immuno-
blotting. Arrows indicate the 52-kDa full-length and the 32-kDa processed cathepsin A-immunoreactive bands. In B, C, and D, to control for protein loading and transfer,
blots were stripped and reprobed for �-tubulin. IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in kDa is indicated on the left. Each blot is represent-
ative of �3 independent experiments. E, after transfection with NEU1-targeting or control siRNAs, A549 cells were assayed for sialidase activity for the 4-MU-NANA
substrate. F, SAECs and A549 cells (1.0 � 106) were assayed for sialidase activity for the bovine brain ganglioside substrate. Vertical and error bars represent mean � S.E.
sialidase activity expressed as arbitrary fluorescence units (E) (n � 5) or SA release (F) (n � 2). G, subconfluent A549 cells were probed with anti-NEU1 antibody (panels
i and ii) or non-immune IgG as a negative control (panel iii) and counterstained with DAPI (overlays in panels i and iii). Arrows indicate the nuclear regions in NEU1-
stained cells in the absence of DAPI (panel ii). Scale bar, 25 �m. Each photomicrograph is representative of �2 independent experiments. H, lysosomal preparations
isolated from A549 cells were processed for immunoblotting with antibodies raised against LAMP1 (lane 1) and NEU1 (lane 2). IB, immunoblot. Molecular mass in kDa
is indicated on the left. Arrows on the right indicate the NEU1-immunoreactive bands of interest.
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within the lysosomal compartment of airway epithelia, lyso-
somal preparations isolated fromA549 cells were processed for
immunoblotting with antibodies raised against NEU1 and the
lysosomal marker LAMP1 (Fig. 2H). A 117–120-kDa LAMP1-
immunoreactive band was clearly detected, validating the
A549-derived preparation as enriched for lysosomal proteins
(Fig. 2H, lane 1). When this same preparation was probed for
NEU1 protein, a NEU1-reactive doublet that migrated with
molecular masses of 
45 and 
50-kDa was seen (Fig. 2H, lane
2). These combined studies establish the presence of a relatively
abundant intracellular pool of NEU1 that in A549 cells can be
immunodetected at least in part in lysosomes.
Association of NEU1with EGFR—BecauseNEU1 is known to

associate with multiple receptor signaling complexes (36–40),
we asked whether NEU1 might also associate with EGFR. Ad-
NEU1 infectionwithmultiplicities of infection of�10 dose-de-
pendently increased NEU1 co-immunoprecipitation with
EGFR (Fig. 3, A and C). Conversely, prior knockdown of NEU1
diminished NEU1 co-immunoprecipitation with EGFR com-
pared with that seen in control siRNA-transfected cells (Fig. 3,
B and C). We then asked whether EGF stimulation might alter

the NEU1-EGFR interaction. EGF increased NEU1 co-immu-
noprecipitation with EGFR (Fig. 3, D and E). These combined
data indicate that NEU1 associates with EGFR and that the
NEU1-EGFR interaction is regulated by EGF stimulation.
EGFR Is an in Vivo NEU1 Substrate—EGFR is central to the

airway EC migratory response and repair program (1, 29).
EGFR itself is sialylated (6), its sialylation state regulates recep-
tor dimerization and activation (41), and its response to ligands
can be influenced by gangliosides (7, 8). We now have demon-
strated that NEU1 associates with EGFR (Fig. 3). To determine
whether NEU1 regulates EGFR activation, we first asked
whether EGFRmight be an in vivo substrate for NEU1. In A549
cells inwhichNEU1waseither silenced (supplemental Fig. S1B) or
overexpressed (supplemental Fig. S1A), EGFR immunoprecipi-
tates were processed for lectin blotting with MAL, which recog-
nizes terminal SA residues in �-2,3 linkages (42), or PNA, which
recognizes subterminal galactose residues that become accessible
after removal of terminal SA (43). Prior knockdown of NEU1
increased MAL binding to EGFR compared with the control
siRNA-transfected cells (Fig. 4A, lane 2 versus lane 1). In contrast,
NEU1 overexpression diminished MAL binding to EGFR com-

FIGURE 3. NEU1 associates with EGFR in airway ECs. A, A549 cells were infected with increasing multiplicities of infection of Ad-NEU1 and after 48 h were
lysed, and the lysates were immunoprecipitated with anti-EGFR antibody. In lane 5, the antibody alone was introduced to control for Ig heavy chain. B, A549
cells infected with Ad-NEU1 (m.o.i. � 100) were transfected with NEU1-targeting or control siRNAs after which they were lysed, and the lysates were immu-
noprecipitated with anti-EGFR antibody. D, A549 cells infected with Ad-NEU1 (m.o.i. � 100) were incubated for 15 min with EGF (100 ng/ml) or medium alone
and lysed, and the lysates were immunoprecipitated with anti-EGFR antibody. In A, B, and D, the EGFR immunoprecipitates were processed for FLAG tag
immunoblotting. To control for loading and transfer of immunoprecipitates, blots were stripped and reprobed with anti-EGFR antibody. IP, immunoprecipi-
tation; IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in kDa is indicated on the left. Each blot is representative of three independent
experiments. The densitometric analyses of the blots in A and B are presented in C, and the densitometric analyses of the blots in D are presented in E. Vertical
and error bars represent mean � S.E. FLAG signal normalized to EGFR signal in the same lane on the same blot (n � 3). *, significantly decreased FLAG/EGFR
densitometry of cells transfected with NEU1-targeting versus control siRNAs at p 	 0.05. **, significantly increased FLAG/EGFR densitometry of EGF-stimulated
versus medium control cells at p 	 0.05.
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pared with Ad-Null-infected cells (Fig. 4A, lane 4 versus lane 3).
When eachMALbinding signalwas normalized to the total EGFR
signal in thesame lane in thesamegel, silencingofNEU1increased
detection of SA in EGFR by 1.7-fold, whereas NEU1 overexpres-
sion decreased detection of SA in EGFR by 60% (Fig. 4B). Con-
versely,whencomparable sampleswereprobedwithPNAlectin to
detect EGFR desialylation, knockdown of NEU1 decreased PNA
signal compared with control siRNA-transfected cells (Fig. 4C,
lane 2 versus lane 1), and NEU1 overexpression increased PNA
signal comparedwithAd-Null-infected cells (Fig. 4C, lane 4 versus
lane 3). Densitometric analysis of the PNA lectin blots indicated
thatNEU1knockdowndiminisheddetectionof terminal galactose
by 73%, whereas NEU1 overexpression enhanced the PNA signal
by 2.3-fold (Fig. 4D). These combined data indicate that in airway
epitheliaNEU1cleavesSAresidues fromEGFR.Tobecatalytically
active, NEU1 must operate within a multiprotein complex com-
prising NEU1, cathepsin A, and �-galactosidase (19, 44). In those
experiments where NEU1 alone was overexpressed, our results
may be understated.

NEU1 Regulates EGFR Activation—Because NEU1 associ-
ates with EGFR (Fig. 3) and EGFR is an in vivo substrate for
NEU1 (Fig. 4), we next asked whether NEU1 might regulate
ligand-dependent EGFR autophosphorylation. In A549 cells in
which NEU1 was either silenced or overexpressed, EGF-stimu-
lated EGFR Tyr-1068 phosphorylation was studied. In prelim-
inary experiments, total EGFR was profoundly diminished fol-
lowing EGF stimulation irrespective of NEU1 manipulation
(supplemental Fig. S2, A and C, lanes 2 and 4) likely due to
ligand-dependent endocytosis and degradation of EGF-EGFR
complexes (45). Accordingly, the phospho-Tyr-1068 EGFR sig-
nal was normalized to �-tubulin expression. Under all experi-
mental conditions examined, EGF consistently increased EGFR
Tyr-1068 phosphorylation compared with the simultaneous
mediumcontrol (Fig. 5A,C, andE, lanes 2 versus lane 1 and lane
4 versus lane 3). Prior knockdown of NEU1 followed by EGF
treatment enhanced the phospho-Tyr-1068 signal compared
with EGF-treated, control siRNA-transfected cells (Fig. 5A,
lane 4 versus lane 2). In contrast, in both A549 cells and SAECs,

FIGURE 4. EGFR is NEU1 substrate in airway ECs. A549 cells were transfected with NEU1-targeting or control siRNAs or infected with Ad-NEU1 or Ad-Null at
an m.o.i. of 100. Cell lysates were immunoprecipitated with anti-EGFR antibody. The EGFR immunoprecipitates were resolved by SDS-PAGE and probed with
MAL (A) or PNA (C). As controls for lectin specificity, parallel blots of fetuin and asialofetuin were simultaneously probed (lanes 5 and 6). To control for protein
loading and transfer, blots were stripped and reprobed with anti-EGFR antibody. IP, immunoprecipitation; IB, immunoblot; IB*, immunoblot after stripping.
Molecular mass in kDa is indicated on the left. Each blot is representative of two independent experiments. The densitometric analyses of the blots in A and C
are presented in B and D, respectively. Vertical and error bars represent mean � S.E. MAL/PNA signal normalized to EGFR signal in the same lane on the same
blot (n � 2). *, significantly increased lectin/EGFR densitometry of NEU1 siRNA- or Ad-NEU1-treated cells compared with control siRNA- or Ad-Null-treated cells
at p 	 0.05. **, significantly decreased lectin/EGFR densitometry of NEU1 siRNA- or Ad-NEU1-treated cells compared with control siRNA- or Ad-Null-treated
cells at p 	 0.05.
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NEU1 overexpression diminished the phospho-Tyr-1068
signal in response to EGF compared with EGF-treated, Ad-
Null-infected cells (Fig. 5, C and E, lane 4 versus lane 2). Den-
sitometric analyses indicated that NEU1 knockdown increased
EGF-stimulated Tyr-1068 phosphorylation by 1.5-fold in A549
cells (Fig. 5B), whereas NEU1 overexpression decreased
phosphorylation by 44% in A549 cells (Fig. 5D) and by 32% in
SAECs (Fig. 5F). Taken together, these data suggest thatNEU1-
mediated desialylation of EGFR diminishes its autophosphory-
lation on Tyr-1068 in response to the EGF stimulus. Whether
NEU1 targets SA residues within the ligand-binding portion of
the EGFR ectodomain to influence the receptor-ligand interac-
tion, regulates EGFR homo/heterodimerization, and/or alters
EGFR responsiveness to inhibitory gangliosides is unknown.
Association of NEU1 with MUC1—Because we now have

demonstrated that NEU1 associates with EGFR (Fig. 3) and
EGFR is known to physically interactwithMUC1 (10), we asked
whether NEU1 might also associate with MUC1. Ad-NEU1
infection with multiplicities of infection of �10 dose-depen-
dently increased NEU1 co-immunoprecipitation with MUC1

(supplemental Fig. S3,A and B). In contrast, prior NEU1 deple-
tion decreased NEU1 co-immunoprecipitation with MUC1
compared with control siRNA-transfected cells (supplemental
Fig. S3, C and D). These results indicate that NEU1 constitu-
tively associates with MUC1. Whether NEU1 directly associ-
ates with MUC1 or does so indirectly via EGFR is unclear.
MUC1 Is an in Vivo NEU1 Substrate—MUC1 is a heavily

sialylated, membrane-bound glycoprotein that influences a
diverse range of host cell activities, including EC interactions
with pathogens and intracellular signal transduction (9). We
now have demonstrated that NEU1 associates with MUC1
(supplemental Fig. S3). TodeterminewhetherNEU1might also
regulate MUC1 function, we first asked whether this mem-
brane-tethered mucin might be an in vivo substrate for NEU1.
In A549 cells in which NEU1 was either silenced or overex-
pressed, MUC1 immunoprecipitates were processed for lectin
blotting with MAL or PNA. Prior knockdown of NEU1
increased MAL binding compared with the control
siRNA-transfected cells (Fig. 6A, lane 2 versus lane 1), whereas
NEU1 overexpression diminished MAL binding compared
with Ad-Null-infected cells (Fig. 6A, lane 4 versus lane 3).
When each MAL signal was normalized to total MUC1 signal,
silencing of NEU1 increased detection of SA in MUC1 by 1.6-
fold, whereas NEU1 overexpression decreased detection of SA
by 80% (Fig. 6B). Conversely, when identical samples were
probed with PNA to detectMUC1 desialylation, knockdown of
NEU1 decreased the PNA signal compared with control
siRNA-transfected cells (Fig. 6C, lane 2 versus lane 1), and
NEU1 overexpression increased PNA binding compared with
Ad-Null-infected cells (Fig. 6C, lane 4 versus lane 3). Densito-
metric analysis of the PNA lectin blots indicated that NEU1
knockdown diminishes MUC1 desialylation by 62%, whereas
NEU1 overexpression enhanced desialylation by 1.5-fold (Fig.
6D). These combined data indicate that in airway epithelia
NEU1 cleaves SA residues from MUC1. In contrast, neither
�-2,3-linked terminal SA or galactose residues were detected
on TLR5 (supplemental Fig. S4), a distinct surface-expressed
glycoprotein that like MUC1 also recognizes and responds to
bacterial flagellin (11, 12).
NEU1 Regulates MUC1-mediated Bacterial Adhesion—Be-

cause MUC1 is an in vivo substrate for NEU1 (Fig. 6) and is
known to bind to P. aeruginosa (30, 46), we asked whether
NEU1 might regulate MUC1-dependent bacterial adhesion to
airway ECs. In A549 cells or SAECs in which NEU1 was either
silenced or overexpressed, P. aeruginosa binding was studied.
Prior knockdown of NEU1 diminished bacterial adhesion by
38% in A549 cells compared with control siRNA-transfected
cells (Fig. 7A), whereas NEU1 overexpression enhanced bacte-
rial adhesion by 1.6-fold in A549 cells (Fig. 7B) and by 1.7-fold
in SAECs (Fig. 7C) compared with Ad-Null-infected cells. In
contrast, NEU3 overexpression in A549 cells did not alter bac-
terial adhesion compared with Ad-Null-infected cells (Fig. 7B).
To confirm that bacterial adhesion was mediated through
MUC1, P. aeruginosa binding was studied in A549 cells in
which NEU1 expression was silenced or overexpressed as well
as transfected withMUC1-targeting or control siRNAs. Trans-
fection with MUC1-targeting siRNAs reduced MUC1 protein
to undetectable levels (supplemental Fig. S5) as described pre-

FIGURE 5. NEU1 regulates EGFR activation in airway ECs. A549 cells (A and
C) or SAECs (E) were transfected with NEU1-targeting or control siRNAs or
infected with Ad-NEU1 or Ad-Null at an m.o.i. of 100. The cells were treated
with EGF or medium alone, and cell lysates were processed for phospho-EGFR
(Tyr-1068) immunoblotting. To control for protein loading and transfer, blots
were stripped and reprobed for �-tubulin. IB, immunoblot; IB*, immunoblot
after stripping. Molecular mass in kDa is indicated on the left. Each blot is
representative of two independent experiments. The densitometric analyses
of the blots in A, C, and E are presented in B, D, and F, respectively. Vertical and
error bars represent mean � S.E. phospho-EGFR (pEGFR) signal normalized to
�-tubulin signal in the same lane on the same blot (n � 2).
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viously (25). When these same experiments were performed in
A549 cells in which MUC1 had been silenced, no differences
in bacterial adhesion to NEU1-targeting versus control
siRNA-transfected cells (Fig. 7D) or to Ad-NEU1-infected cells
versusAd-Null-infected cells (Fig. 7E) were observed. In contrast,
MUC1-expressing cells exhibited 56% reduced adhesion after
NEU1 knockdown (Fig. 7D) and 2.0-fold increased adhesion after
NEU1overexpression (Fig. 7E). These data indicate thatP. aerugi-
nosa directly or indirectly binds to MUC1 and that the MUC1
sialylation state influences its bacterial adhesiveness.
NEU1 Regulates MUC1-coupled Signaling—Because manip-

ulation of NEU1 expression altered the sialylation state of
MUC1 (Fig. 6) andP. aeruginosa adhesion toMUC1-expressing
cells (Fig. 7), we next asked whether NEU1 might regulate
MUC1-dependent downstream signal transduction. In A549
cells or SAECs in which NEU1 was either silenced or overex-
pressed, flagellin-stimulated, MUC1-dependent ERK1/2 phos-
phorylationwas studied as described previously (33). InMUC1-
expressing ECs, P. aeruginosa-derived flagellin consistently

increased ERK1/2 phosphorylation compared with the simul-
taneous medium control (Fig. 8A, C, E, and G, lanes 2 versus
lane 1 and lane 4 versus lane 3). Prior knockdown of NEU1
followed by flagellin treatment diminished flagellin-stimulated
ERK1/2 phosphorylation compared with flagellin-treated, con-
trol siRNA-transfected cells (Fig. 8A, lane 4 versus lane 2). In
both A549 cells and SAECs, NEU1 overexpression enhanced
the phospho-ERK1/2 signal in response to flagellin compared
with flagellin-treated, Ad-Null-infected cells (Fig. 8, C and E,
lanes 4 versus lane 2). Densitometric analyses indicated that
NEU1 knockdown decreased flagellin-stimulated ERK1/2
phosphorylation by 73% in A549 cells (Fig. 8B), whereas NEU1
overexpression increased the phospho-ERK1/2 signal by 1.9-
fold in A549 cells (Fig. 8D) and by 1.7-fold in SAECs (Fig. 8F).
Finally, although NEU1 overexpression in control siRNA-
transfected, MUC1-expressing A549 cells increased the phos-
pho-ERK1/2 signal by 1.7-fold in response to flagellin com-
pared with flagellin-treated, Ad-Null-infected cells (Fig. 8G,
lane 4 versus lane 2), no increase in ERK1/2 activation was seen

FIGURE 6. MUC1 is NEU1 substrate in airway ECs. A, A549 cells were transfected with NEU1-targeting or control siRNAs or infected with Ad-NEU1 or Ad-Null
at an m.o.i. of 100. Cell lysates were immunoprecipitated with anti-MUC1 antibody. Immunoprecipitated proteins were processed for lectin blotting with MAL
(A) or PNA (C). As a control for lectin specificity, parallel blots of fetuin and asialofetuin were simultaneously probed (lanes 5 and 6). To control for protein loading
and transfer, blots were stripped and reprobed with anti-MUC1 antibody. IP, immunoprecipitation; IB, immunoblot; IB*, immunoblot after stripping. Molecular
mass in kDa is indicated on the left. Each blot is representative of two independent experiments. The densitometric analyses of the lectin blots in A and C are
presented in B and D, respectively. Vertical and error bars represent mean � S.E. normalized densitometry values (n � 2). *, significantly increased lectin/MUC1
densitometry of NEU1 siRNA- or Ad-NEU1-treated cells compared with control siRNA- or Ad-Null-treated cells at p 	 0.05. **, significantly decreased lectin/
MUC1 densitometry of NEU1 siRNA- or Ad-NEU1-treated cells compared with control siRNA- or Ad-Null-treated cells at p 	 0.05.
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in NEU1-overexpressing cells transfected with the MUC1
siRNA (Fig. 8H, lane 4 versus lane 2). Densitometric analyses of
the blots generated in Fig. 8, G and H, are displayed in Fig. 8I.
Taken together, these data indicate that NEU1-mediated desialy-
lation of MUC1 increases not only bacterial adhesion (Fig. 7) but
also flagellin-stimulated ERK1/2 phosphorylation. That prior
MUC1 depletion abrogated the response to flagellin is consistent
with aMUC1-mediated, TLR5-independent process.
NEU1 Immunostaining in Airway Epithelia in Human

Tissues—Sialidase activity can be detected in cultured ECs
derived from various portions of the human airway (Fig. 1D),
andNEU1 protein is expressed in these same epithelia (Fig. 2, B
and C). We asked whether NEU1 protein expression could be
extended to normal intact human tissues. In the trachea,
intense NEU1 staining was evident at the mucosal surface (Fig.
9A). This epithelial staining was intense in the cytoplasm with
relative sparing of nuclei (Fig. 9A, inset, arrow). The subepithe-
lial mesenchymal cells displayed diminished staining relative to
epithelia. In the mainstem bronchus, NEU1 staining was most
intense in the superficial portion of the epithelial cytoplasm,
including the brush border (Fig. 9B). Here, the subepithelial
mesenchymal cells were weakly stained. In the segmented

bronchi, strong cytoplasmic staining was evident in the epithe-
lial cell layer, whereas again, the subepithelial mesenchymawas
stained weakly (Fig. 9C). Anthracotic pigment was apparent
and is not to be confused with NEU1 staining (Fig. 9C, arrow-
heads). In the expanded alveoli, the epithelial cells contained
both cytoplasmic and nuclear staining (Fig. 9D, inset, arrow).
Sections probed with a species- and isotype-matched, non-im-
mune control IgG were completely non-reactive (Fig. 9E). In
those hematoxylin-stained tissues where NEU1 appeared to
localize to the nucleus, it likely represented cytoplasmic stain-
ing superimposed over the nucleus as supported by our confo-
cal microscopic studies (Fig. 2G, panel ii). Therefore, NEU1
protein was expressed in airway epithelia, especially within the
brush border, but not in subepithelial tissues. Clear differences
between the distributions of NEU1 protein along the length of
the human lower airway were not evident.

DISCUSSION

We now have demonstrated sialidase activity in respiratory
airway epithelia (Figs. 1, A, and D, and 2E). The EC-associated
sialidase activity could be detected in the presence of 4-MU-
NANA substrate, was heat-labile (Fig. 1B), and was dose-de-

FIGURE 7. NEU1 regulates bacterial adhesion to airway ECs. A549 cells (A and B) or SAECs (C) were transfected with NEU1-targeting or control siRNAs or
infected with Ad-NEU1 or Ad-Null at an m.o.i. of 100. In selected experiments, A549 cells were infected with Ad-NEU3 at multiplicities of infection of 100, 250,
and 500 (B). The cells were fixed, washed, and incubated with GFP-PA01. Unbound bacteria were removed by washing, bound bacteria were released with
0.05% trypsin, and GFP in the supernatant was fluorometrically quantified. D and E, A549 cells in which NEU1 was manipulated were transfected with
MUC1-targeting or control (Ctrl) siRNAs, and bacterial adhesion was assayed. Vertical and error bars represent mean � S.E. arbitrary fluorescence units (n � 4).
*, significantly increased bacterial adhesion to Ad-NEU1- compared with Ad-Null-infected cells at p 	 0.05. **, significantly decreased bacterial adhesion to
NEU1 siRNA-transfected versus control siRNA-transfected cells at p 	 0.05.
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pendently inhibited by purified N-acetylneuraminic acid (Fig.
1C) and the sialidase inhibitor 2-deoxy-NANA but not by its
negative control, 2-keto-3-deoxyoctulosonic acid (Fig. 1B). In
SAECs, NEU1 mRNA was expressed at far greater levels than
were mRNAs for NEU2, NEU3, or NEU4 (Fig. 2A). At the pro-
tein level, NEU1 and cathepsin A were detected in ECs derived
from trachea, bronchus, small airways, and alveoli (Fig. 2, B, C,
andD). Prior siRNA-induced knockdown of NEU1 diminished
sialidase activity in the 4-MU-NANA assay by �70% (Fig. 2E).

Using confocal fluorescence microscopy, an intracellular pool
of NEU1 could be immunolocalized to the perinuclear region
(Fig. 2G) and could be detected in lysosomal preparations (Fig.
2H). In co-immunoprecipitation assays, NEU1 associated with
both EGFR (Fig. 3, A–C) and MUC1 (supplemental Fig. S3,
A–C); the NEU1-EGFR association was regulated by EGF stim-
ulation (Fig. 3, D and E). On the basis of MAL and PNA lectin
blotting, EGFR and MUC1 were established as in vivo sub-
strates for NEU1. NEU1 overexpression desialylated these two

FIGURE 8. NEU1 regulates flagellin-stimulated ERK1/2 activation in airway ECs. A549 cells (A and C) or SAECs (E) were transfected with NEU1-targeting or
control siRNAs or infected with Ad-NEU1 or Ad-Null at an m.o.i. of 100. The cells were treated with P. aeruginosa flagellin or medium alone. Cell lysates were
processed for phospho-ERK1/2 immunoblotting. G and H, A549 cells infected with Ad-NEU1 or Ad-Null were transfected with MUC1-targeting (H) or control (G)
siRNAs, treated with flagellin or medium alone, and processed for phospho-ERK1/2 (pERK1/2) immunoblotting. To control for protein loading and transfer, blots
were stripped and reprobed with anti-ERK2 antibody. IB, immunoblot; IB*, immunoblot after stripping. Molecular mass in kDa is indicated on the left. Each blot
is representative of two independent experiments. The densitometric analyses of the blots in A, C, E, G, and H are presented in B, D, F, and I, respectively. Vertical
and error bars represent mean � S.E. normalized densitometry values (n � 2).

NEU1 Regulates EGFR and MUC1 Signaling in Airway Epithelia

8226 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 11 • MARCH 9, 2012

http://www.jbc.org/cgi/content/full/M111.292888/DC1
http://www.jbc.org/cgi/content/full/M111.292888/DC1


receptors, whereas silencing of NEU1 increased their sialyla-
tion states (Figs. 4 and 6). NEU1 depletion enhanced EGFR
Tyr-1068 phosphorylation (Fig. 5, A and B), whereas NEU1
overexpression diminished it (Fig. 5, C–F). In contrast, silenc-
ing of NEU1 decreased both P. aeruginosa adhesion (Fig. 7, A
and D) and flagellin-induced ERK 1/2 activation (Fig. 8, A and
B), whereas its overexpression increased these twoMUC1-me-
diated events (Figs. 7,B,C, andE, and 8,C–I). To be catalytically
active, NEU1 must operate within a multiprotein complex
comprising NEU1, cathepsin A, and �-galactosidase (19, 20,
29). In those experiments where NEU1 alone was overex-
pressed, it is possible that our results are understated. Finally,
NEU1 was detected in human tissues, including trachea, main-
stem and segmented bronchi, and alveoli, almost exclusively in
the superficial epithelium (Fig. 9, A–D).
NEU1 has been localized to lysosomes where its catalytic

activity requires its close association with cathepsin A and
�-galactosidase (19, 20). However, we now have demonstrated
that NEU1 clearly can desialylate surface structures, such as
EGFR (Fig. 4) and MUC1 (Fig. 6). Although the mechanisms
through which NEU1 might be translocated to the plasma
membrane are poorly understood, it has been detected on the
surface of multiple cell types (47–49). A tyrosine-containing
internalization motif in the COOH terminus of NEU1, amino
acids 412–415, reportedly targets the enzyme to the lysosome
in COS-7 cells, human skin fibroblasts, and lymphocytes (48).
Upon NEU1 Tyr-412 phosphorylation in activated lympho-
cytes, NEU1 is redistributed to the cell surface (48). In other
studies, NEU1 was targeted to the plasma membrane of phor-
bol 12-myristate 13-acetate-differentiated human monocytes
(47) and activated human T lymphocytes (49). In each case,
NEU1 was accompanied by cathepsin A. NEU1 activation has
been coupled to ligand engagement of TLR4 (36), the elastin
receptor complex (37, 38), and Trk A (39). In addition to EGFR
(Fig. 4) andMUC1 (Fig. 6), NEU1 has also been shown to desia-
lylate TLR4 (36) and the receptors for platelet-derived growth
factor-BB and insulin growth factor (40). These combined data

indicate that NEU1 can be strategically co-localized in close
proximity to surface receptor substrates.
The EGFR ectodomain contains 12 potentialN-linked glyco-

sylation sites, a portion ofwhich are glycosylated and terminally
sialylated (6). Five potential N-glycosylation sites and �500
potential O-linked sites are located in the MUC1 extracellular
domain of which 70–90% of the latter are terminally sialylated
(9). In our lectin blotting studies, MAL and PNA recognized
EGFR (Fig. 4, A and C) and MUC1 (Fig. 6, A and C) immuno-
precipitates, indicating co-expression of �-2,3-linked SA and
�-D-galactose in the absence ofNEU1manipulation. In the case
of MUC1, prior lectin blotting studies have demonstrated co-
reactivity withMAL and PNA, thus confirming the presence of
both residues (50, 51). After NEU1-mediated desialylation, rec-
ognition of EGFR and MUC1 by PNA was increased (Figs. 4C,
lane 4, and 6C, lane 4), indicating that the removed SA residues
were linked to penultimate �-D-galactose. NEU1 expression at
supraphysiological levels might indiscriminately desialylate
one or more sialylated proteins expressed on the EC surface.
However, NEU1 depletion profoundly increased the sialylation
states of both glycoproteins (Figs. 4A, lane 2, and 6A, lane 2).
This latter finding would indicate that in unstimulated, resting
ECs constitutive NEU1-mediated desialylation occurs. This
ongoing desialylation could maintain an altered threshold for
EGFR activation (Fig. 5) or for the MUC1 response to patho-
genic bacteria (Figs. 7 and 8).
EGFR is sialylated (6), and its sialylation state regulates its

dimerization and autophosphorylation (41). Because SA link-
ages on EGFR can be hydrolyzed by NEU1 (Fig. 4), we asked
whether NEU1 might regulate ligand-dependent EGFR activa-
tion. We found that NEU1 overexpression diminished EGFR
Tyr-1068 phosphorylation in response to EGF (Fig. 5, C–F),
whereas NEU1 depletion had the opposite effect (Fig. 5, A and
B). These findings suggest that SA is required for optimal EGFR
responsiveness and/or that removal of SA residues permits rec-
ognition of an inhibitory stimulus. EGFR activation is regulated
in part by gangliosides (7, 8). In epithelia, GM3 is the predom-
inant ganglioside (52). In A431 cells, GM3 directly interacts
with N-linked glycans in the EGFR ectodomain to inhibit both
ligand-dependent and ligand-independent EGFR dimerization
and autophosphorylation without altering ligand binding (52).
Furthermore, the GM3 inhibitory effect could be enhanced by
prior neuraminidase treatment (7). GM3 appeared to counter-
regulate phosphorylation of EGFRTyr-845, Tyr-1068, andTyr-
1148 but not Tyr-1086 or Tyr-1173 (52). Similarly, in our stud-
ies, NEU1 overexpression diminished EGF-stimulated EGFR
Tyr-1068 phosphorylation (Fig. 5, C–F). Therefore, it is con-
ceivable that NEU1 desialylates the terminally sialylated
N-linked oligosaccharides to which GM3 binds in the EGFR
ectodomain, thereby promoting the GM3-EGFR interaction
and GM3-mediated attenuation of EGFR activation. However,
NEU1might also desialylate gangliosides themselves, including
GM3 (34), potentially influencing receptor-ligand and/or
receptor-receptor interactions. Interestingly, another sialidase,
NEU3, is localized within the plasma membrane and preferen-
tially hydrolyzes ganglioside substrates (17, 53). In response to
EGF, NEU3 is redistributed to ruffling cell membranes where it
co-localizes with and activates RAC1 and increases cell motility

FIGURE 9. NEU1 immunostaining of airway epithelia in human tissues.
Sections of human tissues were processed for NEU1 immunohistochemistry.
A, trachea; B, mainstem bronchus; C, segmented bronchus; D, expanded alve-
oli. E, as a negative control, sections of alveoli were probed with non-immune
rabbit IgG. Each section was photographed at 400� or 1,000� (insets). Scale
bar, 50 �m. Arrows indicate immunostaining for NEU1. Arrowheads indicate
anthracotic pigment. Each photograph is representative of two sections.
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(54).Whether NEU1 regulates the sialylation state of the EGFR
ectodomain in concert with NEU3 and/or other sialidases is
unknown.
An initial adhesion step by mucosal pathogens to host epi-

thelia is essential for establishment of infection (55). In the air-
ways, multiple EC binding sites for P. aeruginosa have been
described (56–60), including, in our own studies, MUC1 (30,
46). We found that binding of P. aeruginosa to MUC1 was
mediated through flagellin (32), and the flagellin-MUC1 inter-
action was coupled to ERK1/2 activation (33). In the current
studies, we now have demonstrated that the same NEU1 over-
expression that diminished the sialylation state of MUC1 (Fig.
6A, lane 4) and at the same time unmasked subterminal �-D-
galactose residues (Fig. 6C, lane 4) also increased P. aeruginosa
binding to A549 cells and SAECs (Fig. 7, B and C). Similarly,
pretreatment of A549 cells with Salmonella typhimurium-de-
rived neuraminidase increased P. aeruginosa adhesion by 2.0-
fold compared with untreated cells (61). Conversely, prior
NEU1 depletion, which increased MUC1 sialylation (Fig. 6A,
lane 2) and at the same time diminished access to�-D-galactose
sites (Fig. 6C, lane 2), reduced P. aeruginosa adhesion (Fig. 7A).
Finally, prior silencing of MUC1 totally eliminated all changes
in P. aeruginosa adhesion associated with manipulation of
NEU1 expression (Fig. 7, D and E). These combined data indi-
cate that NEU1 regulates the sialylation state of MUC1, which
in turn controls its adhesiveness to P. aeruginosa. Residual bac-
terial binding to A549 cells in the absence of MUC1 expression
likely represents adhesion to one or more of the other airway
EC surface receptors cited above. Interestingly, one of these
receptors, asialo-GM1, alsomediates P. aeruginosa adhesion as
a non-sialylatedmoiety (56, 60).More recently,MUC1has been
established as an adhesion molecule for bacterial pathogens
other than P. aeruginosa (62–64). Whether NEU1 might also
regulate binding of other bacteria to MUC1 is unknown.
P. aeruginosa adheres toMUC1 (Fig. 7) and through flagellin

stimulates ERK1/2 signaling in epithelia (Fig. 8) (32, 33).
Because MUC1 is both a receptor for flagellin and an in vivo
substrate for NEU1, we asked whether NEU1 might regulate
ERK1/2 activation in response to P. aeruginosa-derived flagel-
lin. We found that NEU1 overexpression, which desialylates
MUC1 (Fig. 6A, lane 4) andunmasks subterminal�-D-galactose
sites (Fig. 6C, lane 4), enhanced flagellin-induced ERK1/2 phos-
phorylation (Fig. 8, C–F). Conversely, prior silencing of NEU1,
which increased MUC1 sialylation (Fig. 6A, lane 2) and
decreased detection of �-D-galactose sites (Fig. 6C, lane 2),
attenuated ERK1/2 activation in response to the flagellin stim-
ulus (Fig. 8, A and B). Several possible mechanisms may under-
lie these observations. First, terminal SAmaymask one ormore
flagellin recognition sites within the MUC1 ectodomain. Sec-
ond, the MUC1 recognition motif for flagellin binding may
comprise subterminal galactose residues. Third, the enhanced
EC response to flagellin following desialylation might be
explained in part through an intermediary galactose-binding
component, such as galectin-3 (57). Finally, NEU1-mediated
desialylation of MUC1 may regulate its association with TLR5,
an established co-receptor for flagellin (11).
SA residues can either mask recognition motifs or actively

participate in the recognition process itself (3, 65). In the case of

EGFR, prior desialylation diminished the EGFR response to
EGF (Fig. 5,C–F). Either SA is required for this receptor-ligand
interaction, or desialylation plays a permissive role for an inhib-
itory stimulus, such asGM3 (52, 66). In the case ofMUC1, prior
desialylation increased both P. aeruginosa adhesion (Fig. 7, B
andC) and flagellin-stimulated ERK1/2 activation (Fig. 8,C–F).
Here, the SA appears to mask the recognition site(s) for P.
aeruginosa and its flagellin. The role that NEU1-mediated
desialylation might play in EGFR and MUC1 activation is fur-
ther complicated by their cooperativity (10). MUC1 interacts
with EGFR, and activated EGFR tyrosine phosphorylates the
MUC1 cytoplasmic domain at a -YEKV- motif that upon phos-
phorylation serves as a docking site for the c-Src SH2 domain
(67). MUC1 also protects against EGFR ubiquitination, thereby
promoting its postinternalization plasma membrane recycling
and signaling (68). The net effect of NEU1-mediated desialyla-
tion on the EGFR-MUC1 receptor signaling complex is likely
complicated and incompletely understood. Evidence exists to
support the concept thatNEU1 can regulate the responsiveness
of other receptors in addition to EGFR and MUC1. Endotoxin
engagement of TLR4 is coupled to NEU1 activation and desia-
lylation of the TLR4 ectodomain, permitting TLR4 dimeriza-
tion and activation (36, 69). The elastin receptor complex com-
prises three subunits, including elastin-binding protein, a
spliced variant of lysosomal �-galactosidase, cathepsin A, and
NEU1 (37, 38). Elastase-generated elastin peptides bind to the
receptor complex to up-regulate NEU1 activity. Whether
NEU1 might regulate these same receptors within the airways
requires further study.
The sialylation state of secreted glycoproteins, receptors, and

the cell surface influences protein-protein, receptor-ligand, and
cell-cell interactions, which in turn regulate developmental
programs, tissue morphogenesis, wound healing, and tumor
cell biology (2, 3). Whether the NEU1 sialidase offers an addi-
tional level of control over these SA-driven processes and
whether these regulatory mechanisms are operative within the
airway are less clear. Genetic mutations in the human NEU1
locus lead to the lysosomal storage disease sialidosis (70). Siali-
dosis patients with the early onset form of the disease have a
mucopolysaccharidosis-like phenotype with a subset of cases
presenting with respiratory complications (71). In Neu1�/�

mice, normal alveolarwall septation does not occur, resulting in
enlarged alveoli that are maintained in adults due to the
requirement of Neu1 for normal assembly of elastic fibers (72).
These combined studies suggest that NEU1 is required for nor-
mal lung development and function. Although the NEU1 pro-
moter has been characterized and potential regulatory ele-
ments have been defined (73), few stimuli for its up-regulation
have been identified. During phorbol ester-induced monocyte
differentiation, NEU1 gene expression is up-regulated (47).
IL-1 stimulation of human neutrophils increases NEU1 tran-
script levels 
3-fold (34). Ligand engagement of TLR2, -3, and
-4 with zymosan, poly(I-C), and lipopolysaccharide, respec-
tively, (69) and binding of elastin peptides to the elastin recep-
tor complex (58) both reportedly increase NEU1 activity. That
EGFR has now been established as an in vivo NEU1 substrate
(Fig. 4) implicates NEU1 in airway epithelial repair and wound
healing, tumorigenesis, and metastatic potential (1, 74). In fact,
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NEU1 overexpression has been reported to suppress anchor-
age-independent growth and metastasis of murine B16 mela-
noma cells (75) and human colon cancer cells (76). Because
NEU1desialylatesMUC1 (Fig. 6), itmay regulatemucus viscos-
ity andmucociliary clearance. In response to inflammatory and
septic processes within the lung, such as tracheobronchitis or
pneumonia, numerous innate immune pathways, many of
which are tightly regulated through sialylation/desialylation,
are activated. The initial pathogen-EC interaction for selected
viruses, bacteria, and their toxins is SA-dependent (3). We
found that NEU1-mediated desialylation dramatically en-
hanced adhesion of P. aeruginosa to airway epithelia (Fig. 7, B
and C). Whether NEU1 can hydrolyze the SA linkages
expressed in the capsules or lipopolysaccharide of prokaryotes
is unclear. Through its ability to modify one or more TLRs (36,
69) or adhesion molecules (76), NEU1may regulate proinflam-
matory gene expression and leukocyte trafficking (23, 24).
NEU1 may also influence recruitment of inflammatory cells
into the bronchoalveolar compartment through the generation
of complement cleavage products (77) and altered binding of
antibodies to the Fc receptor (78), which in turn may alter
opsonic activity in bronchoalveolar fluids for recruited granu-
locytes and/or resident alveolarmacrophages. Finally, transepi-
thelial migration of leukocytes and overall epithelial barrier
integrity might be further controlled by NEU1 through its abil-
ity to reorganize sialylated E-cadherin to open the paracellular
pathway (79, 80). NEU1, possibly in concert with one or more
other sialidase(s), likely offers an additional level of regulation
over multiple airway epithelial responses to ligands, inflamma-
tory cells, and injurious stimuli.
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