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Background: Cigarette smoke (CigS) induces hyaluronan fragmentation and increases epithelial permeability.
Results: CigS and HA fragments decrease E-cadherin expression that is prevented by knocking down layilin.
Conclusion: HA fragments bind to layilin and signal through RhoA/ROCK to inhibit E-cadherin.
Significance: Airway epithelium is our first line of defense against inhaled insults. HA fragments released by CigS disrupt this
barrier.

Cigarette smoke (CigS) exposure is associated with increased
bronchial epithelial permeability and impaired barrier function.
Primary cultures of normal human bronchial epithelial cells
exposed to CigS exhibit decreased E-cadherin expression and
reduced transepithelial electrical resistance. These effects were
mediated by hyaluronan (HA) because inhibition of its synthesis
with 4-methylumbelliferone prevented these effects, and expo-
sure to HA fragments of <70 kDa mimicked these effects. We
show that theHA receptor layilin is expressed apically in human
airway epithelium and that cells infected with lentivirus
expressing layilin siRNAs were protected against increased per-
meability triggered by both CigS and HA. We identified RhoA/
Rho-associated protein kinase (ROCK) as the signaling effectors
downstream layilin. We conclude that HA fragments generated
by CigS bind to layilin and signal through Rho/ROCK to inhibit
the E-cadherin gene and protein expression, leading to a loss of
epithelial cell-cell contact. These studies suggest that HA func-
tions as a master switch protecting or disrupting the epithelial
barrier in its high versus lowmolecular weight form and that its
depolymerization is a first and necessary step triggering the
inflammatory response to CigS.

Cigarette smoke (CigS)2 exposure is a risk factor for the
development of chronic obstructive pulmonary disease

(COPD) and the exacerbation of asthma (1–4). The airway epi-
thelium together with an adequate mucociliary clearance pro-
vide the first line of defense against inhaled noxious insults. The
epithelial barrier structure and integrity are maintained by the
apical junctional complex (AJC), a highly specialized structure
that includes tight junctions and adherens junctions. TheAJC is
composed of a number of transmembrane proteins such as
occludin, claudin, junctional adhesionmolecule, and cadherins
as well as intracellular components such as the zonula
occludens and catenin families. The AJC is physically associ-
ated with and regulated by dynamic changes in the actin cyto-
skeleton (5).
A persistent increase in airway epithelial permeability occurs

in smokers and individuals exposed to secondhand smoke
(6–10) where the epithelial barrier is disrupted and the subep-
ithelial tissue gets directly exposed to more than 4700 reactive
chemicals and 1014 oxidants/free radicals (11, 12). This insult
triggers an inflammatory response that, if sustained, can lead to
structural epithelial abnormalities such as remodeling and
mucous metaplasia (13), both hallmarks of COPD and asthma.
The mechanisms responsible for epithelial permeability regu-
lation are quite complex and involve a number of biochemical
and cellular pathways/events (14), including the activation of
small GTPases of the Rho family (15, 16).
Hyaluronan (HA) is a linear nonsulfated glycosaminoglycan

widely distributed in the tissues of all vertebrates (17) that in the
airways is synthesized by surface epithelial cells and submuco-
sal glands as a high molecular weight polymer (�2 MDa). It
plays a key role in mucosal host defense by retaining and regu-
lating enzymes important for homeostasis, stimulating ciliary
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beating through its interaction with RHAMM, and inducing
mucin up-regulation by promoting EGF receptor/CD44 inter-
action (18–22). Smooth muscle cells exposed to polyinosinic-
polycytidylic acid release an abnormal HA matrix with cable-
like structures that bind and retain leukocytes, suggesting that
HA also plays a role in airway host defense against infections
(23). Biological effects ofHAare dependent on its size (24), local
concentration (25), and its interaction with binding proteins
(26). These proteins (hyaladherins) organize HA in the matrix
(27, 28) and modulate its interaction with specific receptors
(29). It has been reported that low molecular weight HA dis-
rupts barrier function in endothelial cells (30), promotes cell
migration in tumor cells (31, 32), and both inhibition and stim-
ulation of HA synthesis can suppress the expression of mem-
bers of the cadherin family and therefore cell-cell adhesion (33,
34).
HA fragmentation can be achieved by direct action of reac-

tive oxygen species (as the ones present in CigS (35, 36)) and/or
hydrolysis/lysis by specific glycosidases (hyaluronidases). We
have recently shown that reactive oxygen species and Hyal2
work in concert to regulate airway epithelial hyaluronan frag-
mentation (37). Others, as well as our group, have reported
increased levels of HA oligosaccharides (oHA) in airway secre-
tions after chronic exposure to CigS (37, 38).
Layilin is a cell surface hyaluronan receptor (39, 40) with an

extracellular domain that is homologous to the carbohydrate-
recognition domain of C-type lectin. It interacts with merlin
and radixin, members of the ezrin, radixin, and moesin family.
These proteins are key regulators of cytoskeleton-plasmamem-
brane interactions in polarized cells and thus could be involved
in maintaining or disrupting intercellular epithelial contact.
Layilin biological functions aremostly unknown, but its expres-
sion has been identified in mouse lung tissue (40) and in A549
alveolar cell lines (41).
In this work, we tested the hypothesis that HA fragments

released from surface epithelium by CigS are responsible, at
least in part, for the disruption of the epithelial barrier and
increased epithelial permeability observed in smokers.We pro-
pose that these effects are mediated by oHA binding to layilin
and that layilin signaling ultimately results in inhibition and/or
alteration of AJC. To test this hypothesis, we used fully differ-
entiated primary cultures of human tracheo-bronchial epithe-
lial cells (NHBE) grown at the air-liquid interface (ALI) and
tracheal tissue sections obtained from lung donors. We found
that CigS exposure increases epithelial permeability and
decreases the expression of E-cadherin and that these effects
aremediated by oHA.We report here that layilin is expressed at
the apical pole of airway epithelial cells and that oHAbinding to
layilin triggers the RhoA/ROCK signaling pathway ultimately
resulting in AJC disruption and increased epithelial
permeability.

EXPERIMENTAL PROCEDURES

All materials were purchased from Sigma unless otherwise
specified.
Cell cultures of human tracheo-bronchial epithelial (NHBE)

cells grown at air-liquid interface (ALI) were prepared as
reported previously (42). Human tracheas and main bronchi

from donor lungs were obtained through the University of
Miami Life Alliance Organ Recovery Agency with approval
from the local Institutional Review Board. NHBE cells were
obtained by dissecting mucosa from the underlying cartilage.
After incubation in 0.05% protease type XIV in DMEM over-
night at 4 °C, epithelial cells were released by vigorous shaking
andharvested by centrifugation. These cells (P0)were plated on
collagen type 1-coated plastic dishes and grown to confluence
in bronchial epithelial growth medium yielding undifferenti-
ated airway epithelial cells. Cells were trypsinized (43) and
plated (P1) in 12- or 24-mm Transwell clear culture inserts
(Corning Costar Corp., Lowell, MA) coated with human pla-
cental collagen (42). Cellswere grown in a humidified incubator
at 37 °C in ambient air supplemented with 5%CO2, and as soon
confluence was reached, apical surfaces were exposed to air
until fully re-differentiated (�21 days). Full differentiation was
evidenced by the presence of beating cilia and mucus in the
apical surface and a resistivity of �700 ohms/cm2.

Cigarette Smoke Exposure

CigS was generated using a VITROCELL� VC 10� Smoking
Robot. The equipment delivers mainstream and sidestream
CigS to the connected CULTEX� exposure module housing
transwell insertswhere cultureswere exposed toCigS (44). This
system accurately and effectively mimics real life CigS expo-
sure; in this work, cells were exposed to one K3R4F cigarette
with a 50-ml puff volume, 2 s duration, and 1 puff/min. This
dose was chosen because it was sufficient to induce cell
responses without compromising cell viability (supplemental
Fig. 1).

Treatments

For air/cigarette smoke exposure, the apical surface of cul-
tures was washed with PBS (with Ca2� and Mg2�), and media
were replaced 24 h before experiments. In the experiments
aimed at testing the role of HA in CigS-induced epithelial bar-
rier disruption, HA synthesis was inhibited with 4-methylum-
belliferone (MU, 1 mM), added to ALI media 48 h before CigS
exposure. This dose reduces new synthesis of HA in these cells
by�85% (19) without harmful or cytotoxic effects (supplemen-
tal Fig. 2). In HA exposure studies, dose- and size-response
curves were obtained by exposing cells to HA (24 h, 10, 50 and
100 �g/ml) of 2.8, 6.5, 35, 70, 132, 866, and 1000 kDa (R&D
Systems, Minneapolis, MN, and Hyalose, Oklahoma City, OK),
and an effective dose of 50�g/ml (supplemental Fig. 3,A andB)
and a size of 6.5 kDa was chosen for the experiments. To con-
firm that the effects observed were indeed due to oHA, we
added increasing concentrations of high molecular weight HA
(1MDa, hyalose) and found that adding 50�g of highmolecular
weight HA was sufficient to partially block the effects induced
by 50 �g of 6.5 kDa of HA and that increasing the ratio of high
molecular weight HA/oHA by exposing cells to oHA could be
prevented by using an excess of 1 MDa of HA (supplemental
Fig. 3C). To ensure that the observed effects were not due to
contaminants present in HA preparations (i.e. lipopolysaccha-
ride), HAdigestedwith Streptomyceshyaluronidase, Seikagaku,
Tokyo, Japan) was used as an additional control (supplemental
Fig. 4). To evaluate RhoA/ROCK signaling, cultures were
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treated with the RhoA inhibitor C3 exoenzyme (Cytoskeleton,
Inc., Denver, CO; 1 �g/ml) or ROCK inhibitor Y27632 (5
�g/ml) 10 min before exposure to oHA. After treatments, four
sets of replicates were used for the following assessments: 1)
trans-epithelial electrical resistance (TEER); 2) paracellular
transport of fluorescent dextran; 3) E-cadherin gene expression
(qPCR); 4) E-cadherin protein expression by immunofluores-
cence and WB as described below.

Analysis of Epithelial Integrity

TEER was measured using EVOM and Endohm chambers
(World Precision Instruments, Sarasota, FL). Paracellular flux
was assessed as described by Cereijido et al. (45). Briefly, cells
were equilibrated for 1 h with P buffer (145 mM NaCl, 10 mM

HEPES, pH 7.4, 1.0 mM sodium pyruvate, 10 mM glucose, 3.0
mM CaCl2) on the basal compartment. Alexa 546-dextran (10
kDa, 2�g/ml, Invitrogen) was added to P buffer, and its appear-
ance at the apical surface was measured after 2 h of incubation
at 37 °C. The apical surface was washedwith 0.25ml of P buffer,
and unidirectional paracellular movement was calculated by
dividing the dextran concentration (fluorescence) of a given
sample on the basolateral compartment with the concentration
on the apical washes with the appropriate dilution. Fluores-
cence was quantified using a SpectraMax GeminiEM plate
reader (Molecular Devices, LLC, Sunnyvale, CA), and results
were expressed as a percentage of fluorescence diffusion (%
DFD) compared with diffusion across empty filters (no cells).

Immunofluorescence

Cell Cultures—To evaluate the effect of CigS and oHA on
AJC architecture, immunostaining was performed as described
elsewhere. Cell layers were treated with 0.2% Triton X-100 in
100mMKCl, 3mMMgCl2, 1mMCaCl2, 200mM sucrose, and 10
mM HEPES, pH 7.1. After fixation in 3% paraformaldehyde,
cells were blocked in 5%milk in PBS and incubated withmouse
anti-E-cadherin antibodies (5 �g/ml, Invitrogen) overnight at
4 °C. To localize RhoA and ROCK, cultures were fixed with
paraformaldehyde, permeabilized, blockedwith BSA 1% in PBS
followed by rabbit anti-RhoA, andmouse anti-ROCK-1 (both 4
�g/ml, Santa Cruz Biotechnology) in blocking solution. Spe-
cific labeling was detected using Alexa-conjugated secondary
antibodies (Invitrogen). F-actin was labeled with phalloidin
tagged with Alexa 488, and nuclei were visualized with 4�,6-
diamidine-2-phenylindole (DAPI, both from Invitrogen). Cor-
responding nonimmune IgGs (mouse or rabbit) were used as
controls. Membrane supports were removed from inserts and
mounted with FLUORO-GEL (EMS, Hatfield, PA) onto glass
slides, and images were obtained using a confocal laser scan-
ning microscope Zeiss LSM700 or the Axiovert 200 M fluores-
cent microscope (Carl Zeiss Meditec, Jena, Germany).
Tracheal Tissue Sections—Paraffin-embedded sections were

hydrated and subjected to heat-induced antigen retrieval with 2
mM EDTA, pH 8.0, for 15min at 100 °C, treated with acetone at
20 °C for 10 min, and blocked with Image-iT� FX (Signal
Enhancer, Invitrogen) following the manufacturer’s instruc-
tions. Immunolocalization was performed as described above
under “Cell Cultures.”

Morphometry

Epithelial barrier integrity was assessed by immunofluores-
cence. Imageswere obtained as described above, and changes in
AJC integrity were assessed by the mean linear (Lm) intercept
method (46). Briefly, the number of intercepts visualized as
E-cadherin immunofluorescent strands were counted along
lines drawn in different directions crossing the junctional axis
at various xy planes where nuclei were visible, ensuring a hori-
zontal cut through the monolayer (20 lines per layer in at least
three slides of cells obtained from three different lung donors,
from each experimental condition). Results are expressed as
Lm � S.E. of the number of intercepts per 100 �m.

Quantitative Real Time PCR

cDNA samples were obtained after RNA extraction using
TRIzol (Invitrogen) and reverse-transcribed using qScriptTM
cDNA synthesis kit (Quanta Bioscience, Gaithersburg, MD). A
premade TaqMan� Gene Expression Assay with TaqMan�
MGBprobes and FAMTM-labeled E-cadherin (Hs00170423_m1),
layilin (Hs01595339_m1), HAS2 (Hs00193435_m1), HAS3
(Hs00193436_m1), CD44 (Hs00153304_m1), and RHAMM
(Hs00234864_m1)were used to determine gene expression. Reac-
tions were carried out using ICycler IQ apparatus (Bio-Rad);
results were normalized using GAPDH (Hs99999905_m1); rela-
tive gene expression was determined using the comparative CT
method (��CT) (47) and expressed as fold change.

Hyaluronan Size Estimation

To confirm that in vitro CigS exposure results in HA frag-
mentation as observed in smokers (37) and in NHBE cells
exposed to reactive oxygen species (18, 48), apical washes were
collected, pooled, and digested with proteinase K (125 �g/ml
for 2 h at 60 °C) and chondroitinase ABC (0.5 IU/ml) at pH 7.5
where hyaluronidase activity is negligible (49). Digested sam-
ples containing equal amounts ofHA (1.5�g) were precipitated
in 85% ethanol, resuspended in water, and run in 0.7% agarose
Tris acetate/EDTA gels as described (50). HA standards
(Select-HA HiLadder and LoLadder, Hyalose) were used to
estimate molecular size. An additional gel was run in 1.5% aga-
rose to expand the low molecular size range and treated with
hyaluronidase from Streptomyces hyalurolyticus (Seikagaku) to
confirm that the observed low molecular weight species were
indeed HA (supplemental Fig. 5). After electrophoresis, gels
were stained with Stains-All�, and images were obtained using
a ChemiDoc XRS imaging system (Bio-Rad). Changes in HA
molecular mass distribution were assessed by densitometry
using the Quantity One software (Bio-Rad) and results
expressed as pixel intensity per relative front in each band.

Immunoblotting

Aliquots containing equal amounts of proteinwere diluted in
Laemmli sample buffer, electrophoresed on 4–15% acrylamide
gels, and transferred to PVDF membranes. After blocking,
membranes were incubated with anti-E-cadherin antibodies (1
�g/ml, Santa Cruz Biotechnology) followed by the correspond-
ing alkaline phosphatase-conjugated secondary antibody
(Kirkegaard & Perry Laboratories); �-actin (0.5 �g/ml, Santa
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Cruz Biotechnology) was used as a loading control.Membranes
were developedusing Lumi-Phos chemiluminescence (Thermo
Fisher Scientific Inc., Waltham, MA), and images were
obtained using a ChemiDoc XRS imaging system (Bio-Rad).
Relative quantification of proteins was performed by determin-
ing the total pixel intensity associated with an individual band
using Quantity One software (Bio-Rad).

RhoA Activation Assay

Cells were treated as above, and RhoA activation was meas-
ured using a G-LISATM assay kit (Cytoskeleton, Inc.) following
the manufacturer’s instructions. This assay uses a 96-well plate
coated with a protein that binds RhoA-GTP (active form) but
not the inactive GDP-bound form. Results were expressed as
changes to PBS control.

HA Affinity Chromatography

To confirm that the layilin used in our experiments binds to
hyaluronan as reported previously (39), 0.8�g of layilin (Novus,
Littleton, CO) was added to HA-Sepharose prepared as
described (51, 52) and incubated for 1 h at RT. After extensive
washing with 0.5 M NaCl in PBS, beads were eluted with 1
mg/ml HA (35 kDa, R&D Systems). The specificity of the bind-
ing was confirmed by preincubating layilin with 6.5 kDa of HA
or chondroitin sulfate (CS; both 1 mg/ml, 1 h room tempera-
ture) before loading toHA-Sepharose. The set of starting, flow-
through, washing, and eluting samples were digested with 10
turbidity-reducing units/ml Streptomyces hyaluronidase
(Seikagaku) at 60 °C for 2 h, electrophoresing in 10%PAGE, and
transferring for WB analysis using mouse anti-layilin antibod-
ies (Novus). A second set was run without hyaluronidase diges-
tion and in nondenaturing conditions (no SDS,DTT, or heat) to
visualize changes in mobility of the layilin-HA complexes.

Layilin Knockdown

Layilin expression was specifically knocked down using len-
tivirus expressing small interfering RNA (siRNA) generated as
described (37, 53). Briefly, pLKO.1 plasmids encoding nontar-
geting (NT) or anti-layilin short hairpin RNAs were purchased
from Open Biosystems, Inc. (Huntsville, AL). Replication-defi-
cient lentiviruses were prepared by co-transfecting vector
and packaging DNAs, pMDLg/pRRE#54 pRSV-Rev and
pMDLgVSVG, into HEK 293T cells by calcium phosphate co-
precipitation. Viruses were collected daily for 3 days, concen-
trated using 11% polyethylene glycol, and titers estimated by
measuring p24 by ELISA (PerkinElmer Life Sciences). Undiffer-
entiated NHBE cells were exposed to virus in bronchial epithe-
lial growth medium for 24 h. Infected cells were selected with
puromycin (1 �g/ml in bronchial epithelial growth medium)
for 48 h and cultured in ALI conditions as described above.
Cells were fully re-differentiated before experiments.

Statistical Analysis

Data are expressed as means � S.E. The Shapiro-Wilk test
was used for normality analysis. Differences between multiple
groups were tested for significance using a one-way analysis of
variance followed by Tukey test or Kruskal-Wallis analysis of
variance on ranks. Significance was accepted at p � 0.05.

RESULTS

In all results, “n” refers to the number of individual lung
donors used to obtain cells for the primary cultures.
Exposure to Cigarette Smoke Results in Epithelial Barrier Dis-

ruption and Inhibition of E-cadherin Expression That Is Medi-
ated by HA—Because chronic exposure to CigS is associated
with increased epithelial permeability and decreased expres-
sion of proteins of the AJC in vivo and in cell lines (54), we
assessed whether exposure to CigS resulted in changes in TEER
and in the expression and/or distribution of AJC proteins. As
depicted in Fig. 1A, CigS exposure resulted in apparent changes
in cytoskeletal architecture (F-acting, green) and a loss of E-cad-
herin (red) immunolabeling at the cell membrane. Morpho-
metric analysis (n � 3) evidenced a significant (�35%) reduc-
tion in themean linear intercept (Lm/100 �m) count (7.1� 0.3
in smoked versus 10.8 � 0.3 in air-exposed cells, p � 0.001).
Decreased E-cadherin expression in CigS-exposed cells was
accompanied by a significant reduction in TEER (Fig. 1B) from
100.3� 1.5 to 82.3� 1.5% comparedwith air control, p� 0.001
(n � 5), confirming that the increased epithelial permeability
observed in smokers can be accurately reproduced in primary
cultures grown at the ALI. Because HA reduces cell-cell adhe-
sion in other cells (30, 34), we tested whether the HA present at
the airway surface was involved in CigS-induced epithelial bar-
rier disruption. For this purpose, HA synthesis was inhibited
with MU (Fig. 1C) before exposure to CigS (open bars) or air
(filled bars) as described under “Experimental Procedures.” As
shown in Fig. 1C, CigS exposure resulted in a significant reduc-
tion of E-cadherin gene expression (n � 4, 0.6 � 0.1- versus

FIGURE 1. CigS induces epithelial barrier disruption that is mediated by
HA. NHBE cultures were exposed to air or CigS, and epithelial integrity was
evaluated 24 h later by immunofluorescence and TEER. A, representative pic-
ture (n � 3) visualizing E-cadherin (red) and F-actin (green). Nuclei were
labeled with DAPI (blue). B, changes in TEER. Asterisk indicates p � 0.001 in
CigS-exposed cells (open bar) with respect to air (filled bar, n � 5). The role of
HA in CigS-induced E-cadherin gene and protein expression was tested by
treating cells with MU 48 h before being exposed to air or CigS. C, E-cadherin
mRNA measured by qPCR in cells exposed to CigS (open bar), CigS pretreated
with MU (gray bar) or air (filled bar). Graph shows results expressed as mean �
S.E. fold change with respect to control (filled bar). Asterisk indicates p � 0.05
(n � 6). D, E-cadherin protein expression was evaluated by WB. Top panel,
representative blot. Bottom panel, bands were quantified by densitometry
(n � 4) and results expressed as mean � S.E. of percentage of change with
respect to air-exposed cells. Asterisk indicates p � 0.001.
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1.0 � 0.1-fold changes; p � 0.001), although pretreatment with
MU(gray bars) prevented theseeffects (1.1�0.1).Proteinexpres-
sion was accordingly decreased by CigS exposure but not in cells
pretreated withMU (70� 5 versus 118� 4% n� 4, p� 0.001). A
representative blot anddensitometry analysis (n�4) are shown in
Fig. 1D. These data strongly suggest that HA is involved in the
increased epithelial permeability triggered by CigS.
Exposure to HA Results in Loss of E-cadherin in Apical Junc-

tions That Is Size-dependent—After confirming thatCigS expo-
sure resulted in apical HA depolymerization, we tested if epi-
thelial disruption by CigS could bemimicked by exposing them
to HA and if the size of HA affected the response. Molecular
mass distributionwas assessed in apical washes of cells exposed
to air or CigS (Fig. 2A). The appearance of the HA fragment
(�35 kDa) is visualized in Fig. 2A and accompanied by a
decrease in higher molecular species in CigS-exposed cells as
evident in the gel image (top panel) and in the graph depicting
densitometry analysis (bottompanel). Next, as shown in Fig. 2B,
NHBE cells were apically exposed to PBS (control) or to 50
�g/ml of HA of different sizes (from 1.9 to 1,000 kDa) as
described under “Experimental Procedures.” We found that
exposure to HA fragments of 2.8, 6.5, and 35 kDa reduced the
staining (top panel) for E-cadherin (Fig. 2B, panels B–D) and

resulted in a lower number of intercepts between �25 and 35%
with respect to PBS (Fig. 2B, panel A) with Lm/100-�m counts
of 8.3� 0.5, 7.8� 0.3, and 8.7� 0.5, respectively (all p� 0.002),
versus 11.2 � 0.3, n � 3 (bottom panel). When HA of higher
molecular weight was used (132 and 1000 kDa), we found min-
imal or no effect on E-cadherin distribution (Fig. 2B, panels E
and F), and the number of intercepts were similar to PBS con-
trol (Fig. 2B, panel A) where Lm values were 9.7 � 0.3 and
10.6 � 0.6, respectively (Fig. 2B, bottom panel). Additional
experiments using HA of 1.9 (HA10), 70, or 866 kDa (supple-
mental Fig. 6) further confirmed that cell exposure to HA of
�70 kDa resulted in epithelial barrier disruption, suggesting
that a direct or indirect interaction with a specific receptor was
involved in the observed response.
oHADown-regulates E-cadherin Expression, Increases Trans-

epithelial Resistance and Paracellular Permeability—Based on
the size-dependent response detailed above, we choseHAof 6.5
kDa (oHA) to assess changes in airway epithelial barrier func-
tion. NHBE cultures were exposed to PBS or oHA, and E-cad-
herin gene and protein expression were assessed by qPCR,WB,
and immunofluorescence. Results depicted in Fig. 3A show that
oHA significantly down-regulated E-cadherin mRNA expres-
sion when compared with PBS (n � 3, 0.6 � 0.1- versus 1.0 �

FIGURE 2. Small HA fragments (oHA) are increased in apical secretions of NHBE cells and induce AJC disruption in a size-dependent manner. A, apical
secretions from NHBE cells were collected 24 h after exposure to CigS or air (A), digested with proteinase K and chondroitinase ABC, and HA molecular mass
distribution was assessed by agarose electrophoresis as described under “Experimental Procedures.” Top panel, image of a representative (n � 4) 0.7% agarose
gel stained with StainsAll�. Bottom panel, densitometry analysis of image above. Curves depict samples exposed to air (red), CigS (blue), and molecular weight
standards. The arrows point toward the peaks (black dotted line) generated by molecular weight standards used to calibrate the curve. B, immunofluorescence
images of E-cadherin (red) distribution in NHBE cultures exposed to (panel A) PBS or HA of 2.8, 6.5, 35, 132, and 1000 kDa (panels B–F) for 24 h. xy plane (lower
panels) for each image were taken at the level indicated by the arrow in the z-stack images (upper panels). Nuclei were visualized with DAPI. Bottom panel,
quantification of AJC disruption by mean linear intercept (Lm, n � 3).
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0.1-fold change, p � 0.05), and these results were accompanied
by decreased protein expression. A representativeWBandden-
sitometry analysis of these experiments are shown in Fig. 3B (%
change in oHAwas 63� 9.3 versus 100� 3.0 in PBS, n� 3, p�
0.05). To assess if these changes were associated with changes
in epithelial cell permeability, TEER was measured, and the
results (Fig. 3C) show that oHA exposure significantly reduced
TEER when compared with PBS (60.2 � 7.0 versus 102.1 �
2.4%; n� 5, p� 0.05). These changes correlated to an increased
basal to apical paracellular flux of fluorescent dextran (Fig. 3D),
where fluorescence diffusion (% DFD) was significantly
increased in oHA-treated cells when compared with cells
exposed to PBS (n � 5, 26.2 � 5.7 versus 9.6 � 1.2% DFD, p �
0.05), confirming that oHA is able to mimic CigS-induced
effects in epithelial barrier function.
oHA Signals through RhoA/ROCK—Because small GTPases

fromRho family are involved in the regulation of proteins of the
AJC, we first tested if RhoA and ROCK were expressed in air-
way epithelium. Fig. 4A depicts images of NHBE cells labeled
with antibodies against RhoA (green) and ROCK (red) that pro-
vide evidence that RhoA and ROCK are expressed in NHBE
cells and localize at the apical and lateral domains (yellow
arrows). To test if oHA is able to induceRhoAactivation,NHBE
cells were exposed to PBS (control) or oHA, and RhoA activa-
tion was assessed as described under “Experimental Proce-

dures.” Results depicted in Fig. 4B show that oHA induced
significant RhoA activation compared with PBS (n � 6, 1.9 �
0.2- versus 1.0 � 0.1-fold, p � 0.005). To test if RhoA/ROCK
pathway was involved in the decreased E-cadherin expression
induced by oHA, cells were apically exposed to PBS or oHA in
the presence or absence of the RhoA inhibitor C3 exoenzyme
(C3) or the ROCK inhibitor Y27632. Images depicted in Fig. 4C
showa reduction in E-cadherin staining at the cellmembrane in
oHA-treated cells that was prevented by C3 and Y27632 pre-
treatment (top panel). Morphometric analysis (bottom panel)
revealed that oHA induced a reduction of �30% in the number
of E-cadherin strand intercepts when compared with PBS
(7.8� 0.6 versus 11.2� 0.3; n� 4 p� 0.001) although pretreat-
ment with C3 or Y27632 resulted in values comparable with
PBS (11.0 � 0.4 and 10.9 � 0.4, respectively). These data point
toward RhoA/ROCK as signaling effectors involved in E-cad-
herin inhibition triggered by oHA.
Layilin Is Expressed at the Apical Surface of Ciliated Epithe-

lial Cells and Binds HA but Not Chondroitin Sulfate—Because
layilin is a cell surface HA receptor (39) that interacts with pro-
teins known to regulate cytoskeleton-plasma membrane inter-
actions in polarized cell, and thus an ideal candidate tomediate
increases in AJC disruption by HA, we used immunofluores-
cence and WB to test if layilin was expressed in respiratory
epithelium. As depicted in Fig. 5, layilin (red) is expressed in the

FIGURE 3. oHA exposure results in decreased E-cadherin gene and protein expression and increased airway epithelial permeability. A, E-cadherin
mRNA was measured by qPCR in cells apically exposed to oHA (open bars) or PBS (filled bars). Results expressed as fold change show means � S.E. with
respect to PBS. Asterisk indicates p � 0.05 (n � 3). B, E-cadherin (E-cad) protein expression was evaluated by WB. Top, representative blot. Bottom, bands
were quantified by densitometry (n � 3) and results expressed as means � S.E. of percentage of change with respect to air-exposed cells. Asterisk
indicates p � 0.05. C, graph shows TEER measurements in NHBE apically exposed to PBS or oHA. Measurements were recorded immediately before (T0)
and 24 h after the initial treatment, and the percentage of change from T0 was expressed as means � S.E. (n � 5). D, paracellular permeability to
fluorescent dextran (�10 kDa) added to basolateral media and quantified in the apical washes. Results were expressed as percentage of dextran
fluorescence diffusion (%DFD) compared with diffusion across empty filters (no cells), and graph shows means � S.E. (n � 5) Asterisk indicates p � 0.05.
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airway epithelium of human trachea. Fig. 5a depicts a nonim-
mune control of tracheal tissue, and the image in Fig. 5b shows
that layilin is expressed at the airway epithelium, but more
importantly, its localization is limited to the apical compart-
ment. Fig. 5, d and e, shows differential interference contrast
images corresponding to Fig. 5, a and b, respectively. Apical
localization is also evident in NHBE cells (Fig. 5c) but not at the
basolateral compartment (Fig. 5f). z axis reconstruction of the
image depicted in Fig. 5f (top panel) confirms layilin expression
at the apical surface of ciliated cells. We conclude that layilin is
present and at the right location to interact with HA fragments
released by CigS at the airway lumen. A representative blot of
samples of NHBE cell lysates labeled with an antibody against
human layilin as described in “Experimental Procedures” (sup-
plemental Fig. 7) reveals two specific bands of �52 and � 40
kDa that coincide with the reported size of layilin (40). We
reproduced the affinity chromatography experiments reported

by Bono et al. (39), evidencing that layilin is an HA-binding
protein. We confirmed that layilin binds to immobilized HA
and can be eluted with excess oHA. In contrast, when layilin
was preincubated with HA, binding did not occur. An addi-
tional control shows that CS do not interfere with HA binding
(as reported previously (39)). Visualization byWB (Fig. 6) sum-
marizes the results of these experiments. Samples where run in
denaturing and nondenaturing conditions, and the lanes in Fig.
6 are as follows: starting material (ST), flow-through (FT), high
salt wash (W), and elution with HA (E). The changes in layilin
mobility in nondenaturing conditions further confirmed that
layilin is in fact an HA-binding protein that selectively binds
HA but not CS.
Epithelial Disruption byCigS and oHA IsMediated by theHA

Receptor Layilin—Toexplore the participation of layilin inCigS
and oHA-associated epithelial barrier disruption, its expression
was knocked down using lentivirus-expressing small interfer-
ence RNA (siLy). Using these constructs, we obtained �60% of
layilin knockdown when compared with infected cells carrying
a nontargeting sequence (NTsi, 0.4� 0.1- versus 1.0� 0.1-fold,
p� 0.005) but did not decrease the expression of other relevant

FIGURE 4. RhoA/ROCK are expressed in NHBE cells and mediate AJC disruption triggered by oHA. A, NHBE cells were fixed and double labeled using
specific antibodies for RhoA (green) and ROCK (red). A representative immunofluorescence shows the apical and basolateral localization (yellow arrows). Nuclei
were stained with DAPI (blue). B, RhoA activation determined by G-lisa 24 h after NHBE cells were exposed to PBS or oHA. Results are expressed as fold change
respect to PBS, and graph shows means � S.E. Asterisk indicates p � 0.05 (n � 6). C, top panel, E-cadherin distribution (red) assessed by immunofluorescence in
NHBE cells exposed to PBS or oHA in the presence or the absence of a RhoA inhibitor (C3) or a ROCK kinase inhibitor (Y27632 (Y27)), Bar, 20 �m. Bottom,
quantification of AJC disruption by mean linear intercept (Lm, n � 4). Asterisk indicates p � 0.001 respect to PBS.

FIGURE 5. HA receptor layilin is expressed apically in human airway epi-
thelium. Human tracheal tissue sections (a, b, d, and e) obtained from lung
donors (representative image from n � 4) and NHBE cell cultures (n � 4; c and
f) were labeled with specific mouse anti-human layilin (b, c, and f) or mouse
IgG (nonimmune control, a), followed by secondary antibodies tagged with
Alexa 555. A yellow line highlights the lamina propria separating epithelium
from subepithelial matrix, and the corresponding differential interference
contrast images are shown in d and e. NHBE cells were labeled as above, and
image from xy planes were obtained at the apical (c) or the basolateral levels
(f) that are accompanied with z-stack reconstruction at the top. Bar, 20 �m.

FIGURE 6. Layilin specifically binds to HA and not chondroitin sulfate.
Layilin was loaded into HA-Sepharose as detailed under “Experimental Pro-
cedures,” washed with 0.5 M NaCl in PBS, and eluted with HA 35 kDa in PBS.
Experiment was repeated using layilin preincubated with CS or HA (6.5 kDa),
and samples were analyzed by WB. Figure shows WB using antibodies against
layilin. Samples were run in denaturating and nondenaturing conditions.
Lines are molecular markers (MW), starting material (ST), flow-through (FT),
high salt wash (W), and HA elution (E).
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targets such asHAS2,HAS3, CD44, or RHAMM(supplemental
Fig. 8). We did observe a significant increase in RHAMM
expression in siLy-infected cells when compared with NTsi
(2.5 � 0.6- versus 1.0 � 0.1-fold, p � 0.005), suggesting that
layilin and RHAMMare part of a redundant system, likely asso-
ciated with HA signaling-independent of Rho/ROCK. Cultures
infected with siLy or NTsi were exposed to air or CigS, and
E-cadherin expression was determined by qPCR. Fig. 7A sum-
marizes the results of these experiments. As observed in the
cells infected with non-targeting siRNA (NTsi) exposed to
CigS, expressed significantly less E-cadherin mRNA when
comparedwithNTsi cells exposed to air (0.7� 0.1- versus 1.1�
0.1-fold change; n � 6, p � 0.001). In contrast, cells infected
with siLy were protected, and CigS exposure did not affect
E-cadherin gene expression. Results in siLy cells were compa-
rable with the expression observed in cells exposed to air (1.4�
0.3 versus 1.2� 0.3 n� 6). A representative blot (Fig. 7B) shows
that changes in mRNA were accompanied by similar results in
protein expression. In NTsi cells exposed to CigS, we observed
decreased protein levels, but in siLy-infected cells E-cadherin
amounts remained virtually unchanged (71.7 � 4.2 in nontar-
geting versus 101.3 � 1.5 in siLy), both compared with NTsi
air-exposed cells (100 � 1.6; p � 0.05). To confirm that these
effects were indeed mediated by HA, siLy- or NTsi-infected
cells were exposed to oHAor PBS, and the E- cadherin gene and
protein expression were assessed as detailed under “Experi-

mental Procedures.” Results depicted in Fig. 7C show that
E-cadherin mRNA expression was reduced in NTsi cells
exposed to oHA when compared with PBS (0.7 � 0.1- versus
1.0 � 0.1-fold change; n � 4 p � 0.05), but this inhibition did
not occur in cells infected with siLy (1.3 � 0.2- versus 1.2 �
0.2-fold change; n � 4). Accordingly, the loss of E-cadherin
immunostaining in NTsi cells exposed to oHA was partially
prevented in cells expressing siLy (Fig. 7D). These data provide
strong evidence that layilin functions as an HA cell surface
receptor in airway epithelial cells and its responsible for the
increased epithelial permeability induced by CigS and oHA.

DISCUSSION

The airway epithelium is the first line of defense providing a
physical barrier to the environment. Besides its barrier/fence
function, it plays a key role in regulating the underlying tissue
response to external stimuli (55). The harmful effects of ciga-
rette smoke start with epithelial damage followed by an inflam-
matory response that propagates into the subepithelial tissue
(56). Exposure to CigS leads to increased paracellular permea-
bility (6–10) that potentiates and sustains airway inflammation
(57) in respiratory diseases such as COPD and asthma (3, 4, 10).
In fact, airway epithelial permeability and the number of
inflammatory cells in the bronchial lumen are increased in
smokers and passive smokers (58–62).
Although increased epithelial permeability is a known harm-

ful effect of CigS, the molecular mechanisms orchestrating the
loss of epithelia cell-cell contact have not been fully character-
ized. The integrity of the epithelial barrier is maintained by the
AJC that separates apical from basolateral domains, providing
mechanical strength to the epithelial layer (63, 64) and selec-
tively regulating the movement of water, molecules, and
inflammatory cells through the paracellular space.
Here, we report that exposure to CigS generated by one ciga-

rette is enough to down-regulate E-cadherin gene expression and
to alter AJC architecture in primary cultures of NHBE cells. Con-
sistent with these findings, Shaykhiev et al. (54) recently showed
that a profound down-regulation of the entire molecular AJC
machinery, particularly claudin and E-cadherin, is observed in
healthy smokers when compared with nonsmokers. Our results
are also in agreement with a previous report indicating that CigS
extract in BEAS-2B and 16HBE14o cell lines facilitates allergen
penetration by increasing epithelial permeability (54, 65).
HA is a glycosaminoglycan that is normally found as a high

molecular weight polymer attached to the apical membrane of
bronchial epithelium (20, 21), soluble in tracheobronchial
secretions (20, 66, 67) and in the subepithelialmatrix (68).HA is
involved in a broad range of processes that involve structural
changes in AJC. For instance, HA mediates the epidermal
response to barrier injury by accelerating terminal differentia-
tion (69), cell differentiation, and epithelial-mesenchymal tran-
sition (70–74). Cywes andWessels (75) have shown that tissue
invasion by group A Streptococcus is due to intercellular junc-
tion disruption mediated by capsule-associated HA. We and
others have reported that there is an increased HA degradation
with appearance of soluble HA fragments in smokers and in
cells exposed to oxidative stress (36, 37, 76). Here, we show that
this effect can be mimicked by directly exposing primary cul-

FIGURE 7. Layilin knockdown protects NHBE cells from CigS and oHA-
induced E-cadherin down-regulation. Cultures were infected with lentivi-
rus expressing siRNA for layilin (siLy) or nontargeting siRNA (NTsi) and after full
differentiation were exposed to CigS or air. A, E-cadherin mRNA expression
was evaluated by qPCR, and results were expressed as fold change with
respect to air. B, representative blot (top) of E-cadherin protein expression
and results are normalized to �-actin (bottom), means � S.E. Asterisk indicates
p � 0.001 with respect to air-exposed cultures (n � 3). C, NHBE cells infected
with siLy or NTsi were exposed to PBS or oHA (6.5 kDa). E-cadherin mRNA
expression was evaluated by qPCR, and results are expressed as fold changes
from NTsi PBS. Asterisk indicates p � 0.001 (n � 4). D representative immuno-
fluorescence image depicting E-cadherin distribution in cells infected with
siLy or NTsi controls exposed to oHA.
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tures to CigS. We also show that apical exposure to HA of �70
kDa, but not a higher molecular mass, induced architectural
changes of the AJC that are accompanied by altered distribu-
tion and down-regulation of the E-cadherin gene and protein
expression. These changes were associated with decreased
trans-epithelial resistance and increased paracellular permea-
bility and agreedwith studies in other tissueswhere exposure to
oHA induced vascular barrier disruption, although highmolec-
ular weight prevented pulmonary vascular leakiness (30). The
size-dependent effects are broadly documented, with high
molecular weight exerting anti-inflammatory and immunosup-
pressive effects, whereas fragments stimulate gene expression
and protein synthesis of pro-inflammatory mediators (77, 78).
Themechanisms responsible for regulation of epithelial per-

meability are quite complex, involving a number of biochemical
and cellular pathways/events (14). In BEAS-2B and 16HBE14o
cell lines ZO-1 disassembly after exposure to CigS extract was
mediated by the EGF receptor-44/42MAPK pathway (65), but
inmonolayers of Calu-3 cells, mainstreamCigS induced a rapid
and transient permeability increase with ZO-1-occludin disso-
ciation mediated by tyrosine kinase phosphorylation followed
by ROCK activation (79, 80). Here, we show that RhoA/ROCK,
expressed in fully differentiated NHBE cells, are activated by
CigS and oHA and that both RhoA and ROCK inhibitors pro-
tected NHBE cells from AJC architectural changes induced by
oHA. Inhibition of HA synthesis by 4-methylumbelliferone
provided key evidence that depolymerization of endogenous
HA was responsible for the epithelial barrier disruption trig-
gered by CigS. Although an estimation of the exact concentra-
tion and size distribution of HA in themicroenvironment close
to the cell membrane is virtually impossible with the current
technology, the amount of exogenous HA used in our experi-
ments is about 5–10 times higher than the concentrationmeas-
ured in the airway secretions of smokers. This concentration is
enough to compete out high molecular weight species present
at the airway surface and to gain access to cell surface receptors,
which we believe is consistent with physiological conditions.
We have shown, using fluorophore-assisted carbohydrate elec-
trophoresis, that airway secretions contain low concentrations
of CS, although heparan sulfate is not detected (20). Immuno-
labeling confirmed that heparan sulfate is limited to subepithe-
lial tissue (20), and thus it is unlikely that these glycosaminogly-
cans contribute or confound the results reported here.
We determined that loss of cell-cell contact was mediated by

layilin, a membrane HA receptor with an extracellular domain
that is homologous to the carbohydrate-recognition domains of
C-type lectin, that we found to be expressed apically in airway
epithelial cells. We confirmed that layilin specifically binds HA
(39) as reported previously. What pointed toward layilin as an
ideal HA receptor to be involved epithelial permeability is that
it is known to interact with members of the ezrin, radixin, and
moesin proteins (81) that are key regulators of cytoskeleton-
plasma membrane interactions in polarized cell. CD44 and
RHAMM are two of the better characterized HA receptors in
airway epithelial cells (19, 21, 82–84), but in intact epithelium
CD44 expression is restricted to the basolateral domain (83, 85,
86) and thus, at least initially, cannot be accessed by fragments
released during luminal HA degradation. RHAMM is apically

expressed (19, 21) but lacks a cytoplasmic domain. We have
shown that RHAMM interacts with RON to regulate ciliary
beat frequency (19). Because RHAMM/RON-induced path-
ways include phosphatidylinositol 3-kinase (PI3K), mitogen-
activated protein kinase (MAPK), and c-Jun N-terminal kinase
(87) but not Rho/ROCK, it is unlikely to be involved in the
signaling pathway that results in E-cadherin inhibition. Knock-
down studies using cells infected with lentivirus carrying siLy
evidenced higher E-cadherin expression than cells infected
with nontargeting sequences, and more importantly, knock-
down cells did not respond with decreased E-cadherin expres-
sion when exposed to CigS or oHA. An unexpected finding was
that RHAMM expression was significantly increased in siLy-
infected cells, suggesting the existence of a redundant signaling
pathway shared by layilin and RHAMMbut unlikely to be asso-
ciated with the signaling events that affected E-cadherin.
In smokers and in respiratory inflammatory diseases associ-

ated with abnormal epithelial barrier function, reactive oxygen
species and Hyal2 operate in a coordinated manner to depo-
lymerize HA at the airway lumen (20, 88). This work provides
strong evidence that hyaluronan fragments generated by CigS
bind to layilin and signal through RhoA/ROCK to inhibit
E-cadherin gene and protein expression. The loss of cell-cell
contact ultimately results in increased epithelial permeability
subjecting the subepithelial tissue to exogenous insults. Thus, it
is tempting to hypothesize that the HA that blankets the airway
surface functions as a master switch, able to protect or disrupt
the epithelial barrier in its high versus low molecular weight
forms. Our results suggest that the HA receptor layilin plays an
important role regulating epithelial permeability and that HA
depolymerization by CigS is an initial and necessary event driv-
ing the inflammatory response to inhaled cigarette smoke.
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