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Lipoteichoic acid upregulates NF-kB and proinflammatory
cytokines by modulating 3-catenin in bronchial epithelial cells
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Abstract. Lipoteichoic acid (LTA) is a major cell wall
component and virulence factor of gram-positive bacteria.
The present study investigated the LTA-induced inflammatory
response of BEAS-2B human bronchial epithelial cells, and
detected the expression levels of proinflammatory cytokines
interleukin (IL)-6, IL-8, IL-1, tumour necrosis factor-o. and
monocyte chemotactic protein-1, the upregulation of NF-«xB,
and the phosphorylation and degradation of I-kB. During
the LTA-induced inflammatory response of the BEAS-2B
human bronchial epithelial cells, the activity levels of the
[-catenin-dependent promoter, and the protein expression
levels of f-catenin were significantly upregulated, whereas
[-catenin phosphorylation and the expression levels of AXIN
were significantly downregulated. Following knockdown
of B-catenin by small interfering (si)RNA transfection, both
the LTA-induced protein expression levels of NF-kB and the
LTA-induced activity levels of the NF-kB-dependent promoter
were significantly reduced. Similarly, a marked reduction
in I-«B phosphorylation and degradation was observed
following B-catenin knockdown. The expression levels of the
LTA-induced proinflammatory cytokines were also signifi-
cantly reduced following [-catenin siRNA. These results
suggest that 3-catenin has a significant role in the regulation
of NF-«xB activity and proinflammatory cytokine expression
during the LTA-induced inflammatory response of bronchial
epithelial cells.
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Introduction

Lipoteichoic acids (LTA) are polymers composed of alternating
units of polyhydroxy alkanes, including glycerol and ribitol, and
phosphoric acids, which together form phosphodiester units in
the envelop of gram-positive bacteria (1). LTA is released from
bacterial cells following bacteriolysis induced by leukocyte
lysozymes or B-lactam antibiotics, and binds to target cells either
non-specifically via membrane phospholipids, or specifically via
CD14 and Toll-like receptor 2, resulting in the release of reactive
oxygen and nitrogen species, acid hydrolase, proteinase, bacte-
ricidal peptides, and proinflammatory cytokines (2). Through
these mechanisms LTA is involved in the pathophysiology of
inflammation and post-infectious sequelae such as septic shock,
adult respiratory distress syndrome, and toxic shock syndrome,
thus suggesting that LTA is one of the major virulence factors of
gram-positive bacteria (2-4).

The bronchial epithelium is continuously exposed to
gram-positive bacteria that induce inflammation, such as
Streptococcus pneumoniae, which initiate the release of inter-
leukin (IL)-8 in human lung epithelial cells via nuclear factor
(NF)-kB recruitment to the IL-8 promoter (5). LTA is a major
virulence factor of Streptococcus pneumoniae, and activates
NF-kB in order to induce inflammatory responses in the
respiratory system, via a complex signaling pathway involving
Toll-like receptors (6,7). In numerous respiratory diseases, the
bronchial epithelium induces an inflammatory response through
the production of proinflammatory cytokines (8). Therefore,
ascertaining which genes and proteins are involved in the
regulation of the inflammatory response of bronchial epithelial
cells is crucial for the prevention and treatment of respiratory
diseases (8).

[B-catenin is a member of the WNT/B-catenin signaling
pathway, which regulates various biological processes
including cellular proliferation, differentiation, and develop-
ment (9). A previous study showed that (3-catenin modulated
the inflammatory response of bronchial epithelial cells treated
with lipopolysaccharide (LPS), which is a virulence factor of
gram-negative bacteria (10). The present study was conducted
to investigate if B-catenin also has a significant role in the
LTA-induced inflammatory response in BEAS-2B human bron-
chial epithelial cells.
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Materials and methods

Cell culture. The BEAS-2B human bronchial epithelial
cell line was purchased from the American Type Culture
Collection (Manassas, VA, USA), and cultured in Dulbecco's
modified Eagle's medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (Gibco
Life Technologies, Grand Island, NY, USA), 100 pg/ml
streptomycin, and 100 U/ml penicillin (Lonza, Walkersville,
MD, USA) at 37°C in an atmosphere containing 5% CO,. The
BEAS-2B human bronchial epithelial cells were treated with
LTA from Staphylococcus aureus (Sigma-Aldrich), in order
to induce an inflammatory response. LTA was treated at a
concentration of 100 ug/ml for up to 3 h after suitable treat-
ment conditions were experimentally determined.

Reverse transcription-quantitative polymerase chain reaction
(RT-qgPCR). The mRNA expression levels of the proinflam-
matory cytokines were measured by RT-qPCR, as previously
described (10). Briefly, the BEAS-2B human bronchial epithe-
lial cells were cultured in 12-well plates, and total RNA
was extracted using an RNeasy kit (Qiagen GmbH, Hilden,
Germany). Total RNA (1 xg) was then reverse-transcribed
at 37°C using a cDNA Reverse Transcription kit (Applied
Biosystems Life Technologies, Foster City, CA, USA). Briefly,
the reaction was performed in a final volume of 20 ul, which
included reverse transcriptase reaction buffer, 100 mM dNTP
mix, random primers, MultiScribe reverse transcriptase,
RNase inhibitor and total RNA. The reaction mixtures were
heated at 25°C for 10 min, 37°C for 120 min and 85°C for
5 min. RT-qPCR was performed in triplicate using a StepOne
PCR system (Applied Biosystems Life Technologies), in a final
volume of 20 ul containing TagMan® Gene Expression Master
mix (Applied Biosystems Life Technologies), an optimized
concentration of each primer, 250 nM TagMan® probe, and
2.0 ul cDNA reaction mixture. The reaction mixtures were
preheated at 95°C for 10 min in order to activate the enzyme, and
then subjected to 40 cycles of melting at 95°C for 15 sec, prior
to annealing/extension at 60°C for 1 min. RT-qPCR efficien-
cies were ~100%. Assay-on-demand gene expression products
(Applied Biosystems Life Technologies) were used to evaluate
the mRNA expression levels of IL-6 (Hs00174131/m1), IL-8
(Hs99999034/m1), IL-1p (Hs01555410/m1), tumor necrosis
factor (TNF)-a (Hs01113624/m1), monocyte chemoat-
tractant protein (MCP)-1 (Hs00234140/m1), and 18S rRNA
(Hs99999901/m1). For each sample, the mRNA expression
levels were normalized to 18S rRNA expression levels, and
the ratios of normalized mRNA to untreated control sample
mRNA were determined using the comparative cycle threshold
(Ct) method (11).

Promoter reporter assay. The transcriptional activity levels
induced by NF-xB or f-catenin were determined using a
promoter reporter assay as previously described (10). In order
to measure NF-xB-dependent transcriptional activity, 2x10°
BEAS-2B human bronchial epithelial cells were co-transfected
at a 1:50 ratio with a pGL 4.32 vector (Promega Corporation,
Madison, WI, USA) containing a firefly luciferase reporter gene
linked to a promoter containing the NF-xB response element,
and a pGL 4.17 vector (Promega Corporation) containing a
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Renilla luciferase reporter gene using Lipofectamine 2000
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA).
The cells were harvested 24 h post-transfection, and luciferase
activity was measured using a Dual-Luciferase Reporter
Assay system (Promega Corporation). In order to measure
[(-catenin-dependent transcriptional activity, the BEAS-2B
human bronchial epithelial cells were co-transfected at a 1:50
ratio with a TOP flash vector (EMD Millipore, Billerica, MA,
USA) containing a firefly luciferase reporter gene linked to
a promoter containing the f-catenin response element, and a
pGL 4.17 vector containing a Renilla luciferase reporter gene.
For each assay, the firefly luciferase activity was normalized to
the Renilla luciferase activity in order to identify variations in
transfection efficiency.

Western blotting. The BEAS-2B human bronchial epithelial
cells were lysed with ice-cold radioimmunoprecipitation assay
buffer containing 25 mM Tris-HCI pH 7.6, 150 mM NaCl,
1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, and a
protease inhibitor cocktail (Sigma-Aldrich), and the insoluble
materials were subsequently removed by centrifugation at
20,000 x g for 20 min at 4°C. The protein concentrations
were determined using a bicinchoninic acid protein assay kit
(Pierce, Rockford, IL, USA). A total of 50 ug lysate proteins
were electrophoresed in 12% SDS-PAGE and transferred
onto nitrocellulose membranes (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Protein expression was detected using
1:1,000 dilutions of primary antibodies, including anti NF-xB
(cat.no. 13681, Cell Signaling Technology, Inc., Danvers, MA,
USA), anti I-xB (cat. no. 9242, Cell Signaling Technology,
Inc.), anti phospho I-kB (cat. no. 9246, Cell Signaling
Technology, Inc.) and anti (3-catenin (cat. no. 610153, BD
Biosciences, San Jose, CA, USA) overnight at 4°C, followed
by 1:1,000 dilutions of horseradish peroxidase-conjugated
anti-mouse (cat. no. 7076S, Cell Signaling Technology, Inc.)
or anti-rabbit (cat. no. 7074S, Cell Signaling Technology,
Inc.) secondary antibody for 2 h at room temperature.
Peroxidase activity was visualized using an ECL kit
(Bio-Rad Laboratories Inc.). Anti-B-actin antibody (Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) was used as the
loading control for total cell lysates.

Small interfering (si)RNA transfection. The BEAS-2B human
bronchial epithelial cells were grown to 70% confluence and
transfected with 50 nM control siRNA or [3-catenin siRNA
(Santa Cruz Biotechnology, Inc.) mixed with Lipofectamine®
RNAiMAX Transfection reagent (Invitrogen Life
Technologies), all of which were suspended in Opti-MEM®
medium (Invitrogen Life Technologies). Following an
incubation period of 18 h, the transfected cells (2x10° cells)
were treated with LTA in order to induce an inflammatory
response.

Statistical analysis. All data are expressed as the mean + stan-
dard deviation, and all experiments were performed in
triplicate. Statistically significant differences between treated
and untreated samples were detected using unpaired t-tests.
P<0.05 was considered to indicate a statistically significant
difference. All statistical analyses were performed using
SPSS 18.0 (SPSS, Chicago, IL, USA).
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Figure 1. Effects of various lipoteichoic acid (LTA) concentrations on mRNA expression of proinflammatory cytokines. The BEAS-2B human bronchial
epithelial cells were treated with LTA at various concentrations ranging from 0.1-100 pg/ml for up to 3 h, and the mRNA expression levels of the proinflamma-
tory cytokines: (A) Interleukin (IL)-6; (B) IL-8; (C) IL-1p3; (D) tumor necrosis factor (TNF)-a; (E) monocyte chemoattractant protein (MCP)-1 were measured
by reverse transcription-quantitative polymerase chain reaction. Data are expressed as the mean + standard deviation. "‘P<0.05, "“P<0.01, and ""P<0.001, vs.

the untreated control cells.
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Figure 2. Time course of lipoteichoic acid (LTA)-induced mRNA expression of proinflammatory cytokines. The BEAS-2B human bronchial epithelial cells
were treated with 100 pgg/ml LTA for various time periods up to 3 h, and the mRNA expression levels of proinflammatory cytokines: (A) Interleukin (IL)-6;

(B) IL-8; (C) IL-1p; (D) monocyte chemoattractant protein (MCP)-1; and (E)

tive polymerase chain reaction. Data are expressed as the mean + standard deviation. "P<0.05, “P<0.01, and

Results

LTA-induces mRNA expression levels of proinflammatory
cytokines in bronchial epithelial cells. The mRNA expression
of proinflammatory cytokines IL-6, IL-8, IL-1p3, TNF-a., and
MCP-1 was induced in a dose-dependent manner by treating
the BEAS-2B human bronchial epithelial cells with various
concentrations of LTA, ranging from 0.1-100 xg/ml (Fig. 1). All
subsequent experiments were conducted using LTA at a concen-
tration of 100 pg/ml. Treatment with 100 xg/ml LTA increased

tumor necrosis factor (TNF)-a, were measured by reverse transcription quantita-
“"P<0.001, vs. the untreated control (0) cells.

the mRNA expression levels of the proinflammatory cytokines
following ~1 h incubation (Fig. 2).

LTA induces NF-kB-driven transcriptional activity in BEAS-2B
human bronchial epithelial cells. The role of NF-xB, which is
the principal transcription factor responsible for proinflamma-
tory cytokine expression, was investigated in the BEAS-2B
human bronchial epithelial cells treated with 100 zg/ml LTA.
NF-«kB-driven transcriptional activity was measured at various
time points in the LTA-treated cells following transfection
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Figure 3. Modulation of nuclear factor (NF)-xB and I-xB during the lipoteichoic acid (LTA)-induced inflammatory response. The BEAS-2B human bronchial
epithelial cells were treated with 100 yg/ml LTA for various time periods prior to nuclear factor (NF)-kB and I-kB analysis. (A) Luciferase reporter assays
were conducted via cellular transfection with a pGL 4.32 vector containing an NF-kB-dependent promoter. (B) The protein expression levels of phospho-I-kB,
I-xB, and NF-kB were quantified by western blotting of the cell lysates. 3-actin was used as an endogenous control. Data are expressed as the mean + standard

deviation. ‘P<0.05, “"P<0.001, vs. 0 h.
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Figure 4. Modulation of $-catenin during the lipoteichoic acid (LTA)-induced inflammatory response. The activity and expression levels of 3-catenin were ana-
lyzed in BEAS-2B human bronchial epithelial cells treated with 100 yg/ml LTA for various time periods. (A) The protein expression levels of total $-catenin,
phosphorylated f3-catenin (at Ser 33/37 residues), and AXIN were analyzed by western blotting. (3B) and (A) were obtained from the identical cellular extracts,
and the same [3-actin blot was used as the endogenous control of both. (B) Luciferase reporter assays were conducted by transfection with a TOP flash vector
containing a f3-catenin-dependent promoter. Data are expressed as the mean + standard deviation. "P<0.05, “P<0.01, and ““P<0.001, vs. 0 h.

with a pGL 4.32 vector containing a luciferase gene linked to
an NF-kB-dependent promoter. The results demonstrated that
NF-«xB-driven transcription increased ~1 h following LTA
treatment (Fig. 3A). Under the same experimental conditions,
phosphorylation of I-kB increased 0.25-0.5 h following LTA
treatment, whereas the protein expression levels of I-xB were
decreased (Fig. 3B). In addition, the protein expression levels of
NF-«B increased 1 h following LTA treatment (Fig. 3B).

LTA upregulates f-catenin in BEAS-2B human bronchial
epithelial cells. The BEAS-2B human bronchial epithelial cells
were treated with 100 pg/ml LTA for various time periods.
The results showed that the protein expression levels of
(-catenin increased 0.5 h following treatment with LTA
(Fig. 4A). Conversely, the phosphorylation levels of f3-catenin
at Ser 33/37 residues, as well as the expression levels of AXIN,
a major component of the -catenin degradation complex, were
downregulated following treatment with LTA (12,13). The

transcriptional coactivator activity levels of B-catenin were
measured using a TOP flash vector containing a luciferase
gene linked to a (3-catenin-dependent promoter (Fig. 4B). LTA
upregulated both the activity and protein expression levels of
[-catenin.

fB-catenin knockdown decreases the activity and expression
levels of NF-kB in LTA-treated BEAS-2B human bronchial
epithelial cells. In order to investigate the effects of 3-catenin
on LTA-induced NF-kB activity and expression, the BEAS-2B
human bronchial epithelial cells were transfected with either
control or B-catenin siRNA, and treated with LTA in order
to induce NF-xB activity. The expression levels of -catenin
upregulated by LTA treatment were reduced following
B-catenin siRNA transfection, as compared with control
siRNA transfection, demonstrating that f-catenin is knocked
down by [(-catenin siRNA. Under the same experimental
conditions, the expression levels of phospho I-kB were signifi-
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Figure 6. Effects of $-catenin knockdown on the lipoteichoic (LTA)-induced expression levels of proinflammatory cytokines. The BEAS-2B human bronchial
epithelial cells were transfected with either control or 3-catenin small interfering (si) RNA for 18 h, and stimulated with 0 or 100 gg/ml LTA for 3 h. Total RNA
was extracted for reverse transcription quantitative-polymerase chain reaction in order to quantify the expression levels of the proinflammatory cytokines:
(A) interleukin (IL)-6; (B) IL-8, (C) II-1f; (D) tumor necrosis factor (TNF)-a; (E) monocyte chemoattractant protein (MCP)-1.Data are shown as the ratio to
the value of the control cells treated with 0 gg/ml LTA following control siRNA transfection. Data are expressed as the mean + standard deviation. “P<0.01

and ""P<0.001 between the two groups.

cantly reduced following p-catenin knockdown, whereas
the expression levels of I-kB were increased, demonstrating
an inverse correlation between the expression levels of I-kB
and phospho-I-kB (Fig. 5A, lanes 3 and 4). Similarly, the
expression levels of NF-kB upregulated by LTA treatment
were significantly reduced following (3-catenin knockdown,
demonstrating an inverse correlation between the expression
levels of NF-«B and I-xB. The transcriptional activity of the
NF-«kB-dependent promoter, which was upregulated by LTA

treatment, was also significantly reduced following [3-catenin
knockdown, demonstrating a correlation between the expres-
sion levels of the NF-kB-dependent promoter and NF-«B
(Fig. 5B).

B-catenin knockdown decreases the expression levels of
proinflammatory cytokines in LTA-treated cells. In order to
investigate the effects of B-catenin on the expression levels
of LTA-induced proinflammatory cytokines, the expression
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levels of IL-6, IL-8, IL-1p3, TNF-a and MCP-1 were measured
in the BEAS-2B human bronchial epithelial cells transfected
with either control or f-catenin siRNA, both with and without
LTA treatment (Fig. 6). The expression levels of the proin-
flammatory cytokines upregulated by LTA treatment were
significantly reduced following B-catenin knockdown. These
results indicate a correlation between the expression levels of
NF-«B, the NF-kB-dependent promoter, and proinflammatory
cytokines (Figs. 5 and 6).

Discussion

LTA is a major virulence factor that has an important role
in infection and post-infection pathological events caused by
gram-positive bacteria (2). The results of the present study
confirmed that LTA induces the expression of proinflamma-
tory cytokines in BEAS-2B human bronchial epithelial cells.
In addition, LTA was able to increase the transcriptional
activity of NF-«xB, as determined by a reporter assay of the
NF-«kB-dependent promoter, and increase the phosphoryla-
tion/degradation of I-kB. These results demonstrated that
LTA may modulate the expression levels of I-kB and NF-«xB,
thereby upregulating proinflammatory cytokine expression
in BEAS-2B human bronchial epithelial cells. NF-xB is an
important factor in the inflammation of bronchial epithelial
cells exposed to various toxic compounds and pathogenic
microorganisms (14-19). Therefore, ascertaining which genes
or proteins modulate NF-kB may help identify therapeutic
targets for the prevention and treatment of respiratory diseases
mediated by bronchial inflammation.

In the present study, both the activity and protein expression
levels of B-catenin were significantly increased in LTA-treated
BEAS-2B human bronchial epithelial cells. Conversely, the
phosphorylation levels of (3-catenin at Ser 33/37 residues as
well as the protein expression levels of AXIN, were decreased
following treatment with LTA. Previous studies have reported
that the activity and protein expression levels of 3-catenin are
post-translationally regulated via the WNT/3-catenin signaling
pathway (12,13). When the WNT/p-catenin signaling pathway
is in the resting state, 3-catenin is degraded by a degrada-
tion complex composed of AXIN, adenomatous polyposis
coli, and glycogen synthase kinase 3f3, which phosphorylates
[B-catenin at Ser 33/37 residues creating a binding site for E3
ubiquitin, which leads to the ubiquitination and proteolytic
degradation of B-catenin (12,13). Conversely, activation of the
WNT/B-catenin signaling pathway results in the upregulation
of B-catenin via its dephosphorylation at Ser 33/37 residues,
preventing ubiquitination and proteolytic degradation (12,13).
The results of the present study demonstrated that $-catenin
was upregulated by LTA treatment via the downregulation of
AXIN, a component of the [3-catenin degradation complex.

In order to confirm the role of 3-catenin in the LTA-induced
inflammatory response of bronchial epithelial cells, 3-catenin
was knocked down by [(-catenin siRNA transfection. When
[-catenin was knocked down, the protein expression levels of
NF-«kB were significantly reduced, suggesting the important
role of p-catenin in the modulation of NF-xB expression.
NF-«kB downregulation following (3-catenin knockdown in
LTA-treated cells was accompanied by reduced phosphoryla-
tion/degradation of I-kB. The transcriptional activity of the
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NF-«kB-dependent promoter, which was upregulated by LTA,
was also significantly reduced following 3-catenin knockdown.
In addition, the expression levels of LTA-induced proinflamma-
tory cytokines were significantly reduced following [3-catenin
siRNA transfection, demonstrating a correlation between the
expression levels of NF-kB, the NF-kB-dependent promoter,
and proinflammatory cytokines. These results confirm that
[-catenin has a significant role in the upregulation of NF-xB
and proinflammatory cytokine expression during the inflam-
matory response to LTA.

Previous studies have suggested the importance of
[B-catenin in the inflammatory response induced by various
pathogenic agents. Kim et al (20) reported that LPS caused
[(-catenin accumulation and nuclear translocation, followed
by NADPH oxidation in RAW 264.7 macrophage cells, and
murine bone marrow-derived macrophages. Furthermore,
a previous study demonstrated that LPS-induced proinflam-
matory cytokine expression in bronchial epithelial cells
was suppressed by B-catenin knockdown, suggesting an
important role for f-catenin in the LPS-induced inflamma-
tory response (10). In addition, -catenin upregulated the
expression levels of inflammatory cytokines in THP-1 human
monocytic cells stimulated by Der p 1, a major house dust
mite allergen (21). TNF-a-induced proinflammatory cytokine
expression in bronchial epithelial cells has also been shown to
be suppressed by [-catenin siRNA transfection (unpublished
data). The present study provides evidence that f3-catenin
modulates the expression levels of NF-kB and inflamma-
tory cytokines in BEAS-2B human bronchial epithelial cells
stimulated by LTA, a major virulence factor of gram-positive
bacteria. The results of the present study are concordant with
those of previous studies, suggesting a major role for 3-catenin
in the regulation of the inflammatory response.

The precise mechanism underlying (-catenin modula-
tion of inflammatory signaling remains unclear. However,
the similarities in the effects of -catenin, and the variety in
upstream signaling molecules between diverse inflammatory
inducers such as LTA, LPS, and TNF-a, suggest that the target
of B-catenin may be located downstream of the inflammatory
signaling pathway. LPS (10), LTA (present study), and TNF-a
(unpublished data) induce the phosphorylation and degradation
of I-kB, followed by the upregulation of NF-kB expression,
suggesting that the target of B-catenin may be associated,
directly or indirectly, to the phosphorylation/degradation of
I-xB. Further studies are required in order to elucidate the
precise molecular mechanism underlying [3-catenin activity, but
the results of the present study suggest that -catenin may be a
regulator of bronchial inflammation. These results may prove
useful in the prevention and treatment of respiratory diseases.
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