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Paralemmin-3 contributes to lipopolysaccharide-induced
inflammatory response and is involved in lipopolysaccharide-
Toll-like receptor-4 signaling in alveolar macrophages
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Abstract. Alveolar macrophages (AMs) are the first line
of defense against foreign stimulation in alveoli, and they
participate in inflammatory responses during acute lung injury
(ALI). Previous studies indicated that paralemmin-3 (PALM3)
expression is induced by lipopolysaccharides (LPS) and may
be involved in LPS-Toll-like receptor 4 (TLR4) signaling in
alveolar epithelial cells. The aim of the present study was to
investigate the effect of PALM3 on LPS-induced inflammation
and its underlying mechanisms in rat AMs. For this purpose,
the authors detected the expression of PALM3 in AMs by
reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) and western blotting following LPS stimulation.
Following this, a recombinant adenovirus expressing short
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hairpin RNA (shRNA) for PALM3 was constructed, as well
as a recombinant adenovirus carrying the rat PALM3 gene to
modulate the expression of PALM3 in rat AMs. At 48 h after
transfection, the PALM3 expression in AMs was detected by
RT-qPCR and western blotting. The levels of several cytokines
and the activity of nuclear factor-kB and interferon regulatory
factor 3 in AMs were measured after LPS stimulation. The local-
ization of PALM3 and LPS-TLR4 signaling adaptor molecules
in AMs was analyzed by confocal microscopy, and the physical
interactions of PALM3 with these adaptors were assessed
by co-immunoprecipitation assays. LPS induced PALM3
expression in AMs and that PALM3 expression promoted the
LPS-induced inflammatory response, while PALM3 downregu-
lation suppressed the LPS-induced inflammatory response in
AMs. In addition, the results demonstrated that PALM?3 could
interact with TLR4, myeloid differentiation factor 88, inter-
leukin (IL)-1 receptor associated kinase-1, tumor necrosis factor
receptor associated factor-6, and Toll-IL-1 receptor containing
adapter molecule-2 in AMs after LPS stimulation. These results
suggested that PALM3 contributes to the LPS-induced inflam-
matory response and participates in LPS-TLR4 signaling in
AMs. These data may provide the basis for the development of
novel targeted therapeutic strategies of treating ALIL

Introduction

Acute lung injury (ALI) and its severe form acute respiratory
distress syndrome (ARDS) are devastating clinical syndromes
that frequently lead to respiratory failure characterized by
neutrophil accumulation, diffuse endothelium and epithelial
damage, air-blood barrier disruption, and the subsequent infil-
tration of peripheral inflammatory cells into lung tissues (1).
Currently, there is no effective pharmacological therapy
for ALI/ARDS, and the morbidity and mortality rates of
ARDS remain as high as 30-40% (2). The pathophysiological
mechanism of ALI/ARDS is believed to be associated with an
uncontrolled and excessive inflammatory response in lungs (3).
An unchecked inflammatory reaction and the presence of
excessive inflammatory mediators can lead to inappropriate
immunity-related tissue damage, including ALI.
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Alveolar macrophages (AMs) are the most abundant cells
in the alveoli, distal airspaces and conducting airways (4).
They form the first line of defense against airborne particles
and microbes. AMs account for 90% of the cells in bronchoal-
veolar lavage fluid; as the main immune cells, they recognize
pathogen-associated molecular patterns and trigger innate
immunity and host defenses (4,5). Previous studies have
demonstrated that macrophages contribute to the modulation
of inflammatory responses during ALI/ARDS as well as to the
resolution of inflammation and tissue repair in lungs (5,6). With
increased foreign antigen stimulation, the macrophages become
activated, which further leads to inflammatory cytokine secre-
tion, neutrophil recruitment and T-effector cell interaction (7).
Lipopolysaccharides (LPS), an important component of the
outer wall of Gram-negative bacteria, are highly proinflam-
matory molecules that can activate AMs, stimulating their
production of inflammatory mediators (8,9). LPS is recognized
by LPS-binding protein (LBP) and CDI14, which then bind to
Toll-like receptor 4 (TLR4). Following this, several adaptor
proteins are recruited to transduce multiple key downstream
intracellular signaling pathways, such as the mitogen-activated
protein kinase (MAPK), IFN regulatory factor 3 (IRF-3), and
nuclear factor (NF)-«xB cascades. Activation of these signaling
pathways eventually induces the production of various cyto-
kines, including tumor necrosis factor (TNF)-a., interleukin
(IL)-1p, interferon (IFN)-a and IFN-f (10,11). Despite their
beneficial effects during infection, excessive production of
inflammatory mediators may cause edema, cell necrosis, tissue
damage and other pathological changes (12).

Paralemmin-3 (PALM3) was first described in Xenopus
laevis as Xlgv7/Xlcaax-1 by Cornish et al (13) and belongs to
the paralemmins (PALMs) protein family. The PALM protein
family includes PALM1, PALM2, PALM3 and palmdelphin
(PALMD) (14), and these proteins are highly expressed in the
brain, kidney, adrenal gland and mammary gland, as well as
in breast cancers (15-17). Previous studies have implicated
PALMI as having arole in cell shape control, plasma membrane
dynamics, cell motility, cancer cell invasiveness and metastatic
potential, cell migration and maturation modulation, and tumor
lymphangiogenesis (15,16,18). However, PALM3 is speculated
to act as an adaptor to link intrinsic membrane proteins to
each other, to the cytoskeleton, or to motor proteins (14,19).
Previous work of the authors revealed that LPS can upregulate
PALM3 expression in alveolar epithelial cells (19). In addi-
tion, the study revealed that PALM3 expression is induced
by LPS and may be involved in the LPS-TLR4 signaling in
alveolar epithelial cells (A549 cells) (19). The downregulation
of PALM3 is able to ameliorate LPS-induced ALI in mice and
reduce the LPS-induced inflammatory response in alveolar
epithelial cells (19,20). However, whether or not PALM3
participates in LPS-TLR4 signaling in AMs is still unclear.
Additionally, the manner in which PALM3 participates in
TLR4 signal transduction also warrants further investigation.
Therefore, the present study was conducted to investigate the
role of PALM3 in LPS-TLR4 signal transduction using a rat
NR8383 macrophage model, which can be stimulated with
LPS to mimic an inflammatory state. For this purpose, the
authors aimed to modulate the expression of PALM3 in AMs
by using recombinant adenoviral vectors. To assess the effects
of PALM3 expression, the corresponding cytokine levels
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were observed, as well as the activity of NF-kB and IRF-3 in
AMs. They detected the interaction of PALM3 with adaptor
molecules in LPS-TLR4 signaling by co-immunoprecipitation
and confocal microscopy.

Materials and methods

Cell culture. Cells (293) were obtained from Microbix
Biosystems, Inc. (Toronto, Canada) and were grown in
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), supplemented with 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at
37°C in a humidified chamber with 5% CO,. The rat AM cell
line NR8383 (American Type Culture Collection, Manassas,
VA, USA) was cultured in Ham's F12 medium (Gibco; Thermo
Fisher Scientific, Inc.), supplemented with 10% fetal bovine
serum at 37°C in a humidified atmosphere with 5% CO,. Cells
in the exponential growth phase were used in the experiments
described in the following section.

Generation of adenoviral vectors. An adenovirus was gener-
ated that contained a single open reading frame encoding rat
PALM3 (tPALM3). First, cDNA coding for rPALM3 was
synthesized by GeneChem Co. Ltd. (Shanghai, China) and
ligated into the adenoviral shuttle plasmid pDC316 (Microbix
Biosystems, Inc.) to generate the plasmid pDC316-rPALM3.
Recombinant viruses were then generated using 293 packaging
cells co-transfected with pDC316-rPALM3 and a plasmid
containing cDNA for adenoviral proteins (P BHGlox; Microbix
Biosystems, Inc.) via the AdMax™ system (Microbix
Biosystems, Inc.). Plaques were isolated after ~14 days and
expanded in 293 cells. Viral stocks were purified using CsCl
gradients. The acquired overexpression adenoviral vector was
named Ad.rPALM3. Meanwhile, a recombinant adenoviral
vector expressing short hairpin (sh)RNA for rat PALM3 was
constructed using a similar method and named Ad.shRNA.
The sequence 5'-AGATCTTGATGGAGGGTTT-3' was
chosen as the targeted sequence. The primers for the targeted
sequence were: 5'-CCGGGGAGATCTTGATGGAGGGT
TTCTCGAGAAACCCTCCATCAAGATCTCCTTTTTG-3'
(sense) and 5'-AATTCAAAAAGGAGATCTTGATGGAGG
GTTTCTCGAGAAACCCTCCATCAAGATCTCC-3' (anti-
sense) (GeneChem Co., Ltd.). An adenoviral vector, free of any
transgenes, was used as a control vector and named Ad.V
(GeneChem Co., Ltd.). The titers of the recombinant adenovi-
ruses were determined by means of the 50% tissue culture
infectious dose. The titers of Ad.rPALM3, Ad.shRNA and
AdV were 5x10° plaque-forming units (PFU)/ml,3x 10" PFU/ml,
and 6x10° PFU/ml, respectively.

Experimental design. Rat AMs were routinely grown in Ham's
F12 medium supplemented with 10% fetal bovine serum and
seeded in 6-well plates at a density of 1x10° cells/well. After the
cell growth reached 50-60% confluence, rat AMs were treated
with 0.5 ug/ml LPS (Escherichia coli 0111: B4; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) as described previously
to simulate ALI in an in vitro model (4,5). The total RNA and
protein were isolated before the treatment with LPS and at 3, 6,
12, 24 and 48 h following the addition of LPS for the analysis
of PALM3 expression.



; DIDOS
EJ PUBLICATIONS

For some experiments, rat AMs were seeded in appropriate
plates and left untreated (normal) or were transfected with the
adenoviruses Ad.rPALM3, Ad.shRNA, or Ad.V when the cell
growth reached 50-60% confluence. At 48 h post-transfection,
the total RNA and protein were isolated from some of the cells
for detecting the PALM3 expression in cells transfected with
the recombinant adenoviruses. Also, at 48 h post-transfection,
0.5 pug/ml LPS was added into the cell culture medium of some
cells (normal + LPS, Ad.rPALM3 + LPS, Ad.shRNA + LPS
and Ad.V + LPS). The cell culture supernatant was collected
both before the LPS treatment and at 24 h following LPS
stimulation for the detection of cytokine levels, and the nuclear
protein was isolated for determining the activity of NF-kB and
IRF-3.

For other experiments, rat AMs were seeded in appropriate
plates and, after the cells were treated with LPS (0.5 pg/ml)
or phosphate-buffered saline (PBS) for 24 h, the total protein
was extracted for subsequent co-immunoprecipitation, and
cell monolayers were fixed with 4% paraformaldehyde for
immunofluorescence analysis.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Following the treatment,
cells were harvested, and total cellular RNA was isolated using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. Reverse transcription (RT)
of the lung samples was performed using the Takara PrimeScript
RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian,
China). Then, RT-qPCR was performed using the iTaq
Universal SYBR Green Supermix (Takara
Biotechnology Co., Ltd.) according to the manufacturer's
instructions. Rat -actin was selected as an internal standard.
The primers used for rat PALM3 were 5-GAGGCAGGG
ATCTTGATGTC-3' (sense) and 5'-GCCCAACACCCTCA
AGACTA-3' (antisense). The primers used for rat $-actin were
5'-GGAGATTACTGCCCTGGCTCCTA-3" (sense) and
5'-GACTCATCGTACTCCTGCTTGCTG-3' (antisense). The
PCR conditions were as follows: 95°C for 30 sec, then 35 cycles
of 95°C for 5 sec, 60°C for 30 sec. All reactions were performed
in triplicate, and reports were generated by Rotor-Gene
Real-time Analysis Software 6.0 (Qiagen GmbH, Hilden,
Germany). The relative expression of each target gene (PALM3
and f-actin) was calculated by the 2-22%“ method (21).

Protein extraction and western blotting. Following appropriate
treatment, rat AMs were lysed in lysis buffer [30 mM Tris-HCl
(pH 8.0), 200 mM NaCl, 1% NP-40, 1 mM phenylmethylsul-
fonyl fluoride and protease inhibitor cocktail (Sigma-Aldrich;
Merck KGaA)]. The protein concentrations were measured by
the bicinchoninic acid (BCA) assay method (Sigma-Aldrich;
Merck KGaA). Equal amounts of protein (30 pg) were sepa-
rated using SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane. The membranes were then blocked and
incubated overnight at 4°C with goat polyclonal anti-rPALM3
antibody (cat. no. sc-248213; polyclonal goat anti-rat; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) at a 1:500 dilution
in TBST (TBS with 0.1% Tween-20). After extensive washing
with TBST, the membranes were incubated with horseradish
peroxidase-labeled rabbit anti-goat secondary antibody at a
1:2,500 dilution in TBST (cat. no. ZB-2306; Beijing Zhongshan
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Golden Bridge Biotechnology Co., Ltd., Beijing, China) at room
temperature for 120 min. The signals were detected by enhanced
chemiluminescence following the manufacturer's instructions
(Beyotime Institute of Biotechnology, Haimen, China). The
images were quantified by Quantity One (version, 4.62; Bio-Rad
Laboratories, Inc., Hercules, CA, USA) software.

ELISA for the detection of cytokine levels. The expression levels
of TNF-a, IL-1f, IL-10, IFN-a, IFN-f3 and macrophage migra-
tion inhibitory factor (MIF) were measured by performing
ELISAs. The NR8383 AMs were incubated in 24-well plates
and transfected with Ad.rPALM3, Ad.shRNA or Ad.V. At
48 h following transfection, the AMs were treated with LPS
(0.5 ug/ml). The cell culture supernatant was collected both
before the treatment with LPS and, at 24 h after the addition of
LPS, these samples were centrifuged at 1,000 x g for 15 min.
The levels of TNF-a (cat. no. RTA0O0), IL-1p (cat. no. RLB0O)
and IL-10 (cat. no. R1000) (R&D System, Inc., Minneapolis,
MN, USA) and of IFN-a (cat. no. CSB-E08637r), IFN-f3
(cat. no. CSB-E04845r) and MIF (cat. no. CSB-E07293r)
(Cusabio Biotech Co., Ltd., Wuhan, China) in the supernatants
were determined by using the corresponding ELISA kit,
according to the manufacturer's instructions.

ELISA for the detection of NF-kB activity. The NR8383
AMs were incubated in 6-well plates and transfected with
Ad.rPALM3, Ad.shRNA or AdV. At 48 h after transfec-
tion, the AMs were treated with LPS (0.5 pug/ml) for 24 h.
The nuclear extracts of AMs were then prepared by using
the Nuclear Extract kit (Active Motif, Carlsbad, CA, USA)
according to the manufacturer's protocol. The protein
concentration of the nuclear extracts was quantified by the
BCA method (Sigma-Aldrich; Merck KGaA). The NF-kB
p65 DNA binding activity in the isolated nuclear extracts was
assessed by performing ELISAs using the TransAM™ NF-kB
Transcription Factor Assay kit according to the manufacturer's
protocol (Active Motif).

Western blot analysis of phospho-IRF3. After the cells were
treated as described above, the nuclear extracts of AMs were
prepared as described above, and the procedure of western
blot analysis was performed as described above. The nuclear
extracts were analyzed by immunoblotting with rabbit
polyclonal phosphor-specific anti-IRF-3 (1:500 in TBST;
cat. no. ab138449; Abcam, Cambridge, UK) antibody. Rabbit
polyclonal Histone H3 (cat. no. sc8654; 1:1,000 in TBST; Santa
Cruz Biotechnology, Inc.) was used as a lysate control.

Confocal immunofluorescence imaging. Rat AMs were plated
on poly-L-lysine-coated glass cover slides and cultured until
they reached 50-60% confluence, after which these cells were
treated with LPS (0.5 pg/ml) or PBS for 24 h. Following LPS
stimulation, the cell monolayers were fixed with 4% parafor-
maldehyde for 20 min, permeabilized with 0.1% Triton X-100
for 30 min, and blocked with 5% bovine serum albumin (BSA)
for 1 h at room temperature. Slides were incubated overnight at
4°C with a primary rat-specific anti-rPALM3 antibody (1:100
in PBS with 1% BSA; cat. no. sc-248213; polyclonal goat
anti-rat; Santa Cruz Biotechnology, Inc.), anti-TLR4 antibody
(1:50 in PBS with 1% BSA; cat. no. sc-293072; monoclonal
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Figure 1. Gene and protein expression of PALM3 in rat AMs following LPS stimulation. The (A) mRNA levels and (B) protein levels of PALM3 in rat AMs
at 0, 3, 6, 12, 24 and 48 h following LPS stimulation were determined by reverse transcription-quantitative polymerase chain reaction and western blotting,
respectively. The upper panels of (B) show representative blots, and the lower panels of (B) represent densitometry analyses of the bands. Data are expressed
as the mean =+ standard error of the mean of three independent experiments. 'P<0.05 vs. 0 h time point; “P>0.05 for 24 h time point vs. 48 h time point.

AMs, alveolar macrophages; LPS, lipopolysaccharides.

mouse anti-rat; Santa Cruz Biotechnology, Inc.), anti-myeloid
differentiation factor 88 (MyD88; HFL-296) antibody (1:50 in
PBS with 1% BSA; cat. no. sc-11356; monoclonal mouse anti-
rat; Santa Cruz Biotechnology, Inc.), anti-interleukin 1 receptor
associated kinase (IRAK)-1 antibody (1:50 in PBS with 1%
BSA; cat. no. NBP1-77068; polyclonal rabbit anti-rat; Novus
Biologicals, LLC, Littleton, CO, USA), anti-tumor necrosis
factor receptor associated factor (TRAF)-6 antibody (1:100 in
PBS with 1% BSA; cat. no. NBP1-33357; polyclonal rabbit anti-
rat; Novus Biologicals, LLC), or anti-TICAM-2 (E-2) antibody
(1:50in PBS with 1% BSA; cat.no.sc-376076; monoclonal mouse
anti-rat; Santa Cruz Biotechnology, Inc.). Following incubation,
the slides were washed three times with PBS. The slides were
then incubated at room temperature with a Cy3-conjugated
donkey anti-goat secondary antibody at a 1:1,000 dilution
(cat. no. A0502; Beyotime Institute of Biotechnology) for
90 min followed by three washes with PBS. The slides were
finally incubated with a fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse secondary antibody at a 1:1,000
dilution (cat. no. A0568; Beyotime Institute of Biotechnology)
or a FITC-conjugated goat anti-rabbit secondary antibody
at a 1:1,000 dilution (cat. no. A0562; Beyotime Institute of
Biotechnology) for 30 min. The slides were subsequently
counterstained for 5 min with 4',6-diamidino-2-phenylindole
(DAPI), and samples were observed using a confocal Leica
TCS SP5 (Leica Microsystems GmbH, Wetzlar, Germany).

Co-immunoprecipitation. To examine protein-protein interac-
tions, co-immunoprecipitation assays were performed. The rat
AMs were treated with LPS (0.5 pg/ml) or PBS for 24 h. Then,
the cells were washed with PBS and scraped from the plate in the
lysis buffer described above. Aliquots of the resulting cell lysates
(containing 500 pg protein) were incubated with a primary
rat-specific anti-TLR4 (25) antibody (cat. no. sc-293072; 1:100
in TBST; Santa Cruz Biotechnology, Inc.), anti-MyD88 antibody
(D8OF5; 1:50 in TBST; cat. no. 4283; monoclonal rabbit anti-rat;
Cell Signaling Technology, Inc., Danvers, MA, USA), anti-

IRAK-1 antibody (cat. no. NBP1-77068; 1:50 in TBST; Novus
Biologicals, LLC), anti-TRAF-6 antibody (cat. no. NBP1-
33357; 1:50 in TBST; Novus Biologicals, LLC), anti-TICAM-2
(E-2) antibody (cat. no. sc-376076; 1:50 in TBST; Santa Cruz
Biotechnology, Inc.), or normal rat IgG (cat. no. sc-2026; 1:50
in TBST; Santa Cruz Biotechnology, Inc.) at 4°C for 2 h and
then with 20 pl protein A/G-agarose (Beyotime Institute of
Biotechnology) at 4°C with rocking overnight. The pellets
obtained after centrifugation at 14,000 x g for 5 sec were
washed five times with washing buffer [SO mM Tris (pH 7.5),
7 mM MgCl,, 2 mM EDTA and 1 mM PMSF (phenylmethyl-
sulfonyl fluoride)]. The pellets were resolved by 1X SDS-PAGE
loading buffer and boiled for 10 min. Following centrifugation,
the supernatants were obtained as immunoprecipitates for
western blotting analysis by using anti-PALM3 antibody, anti-
TLR4 antibody, anti-MyD88 antibody, anti-IRAK-1 antibody,
anti-TRAF-6 antibody or anti-TICAM-2 antibody.

Statistical analysis. All data are presented as means + stan-
dard error of the mean. Comparison of means was performed
by a one-way analysis of variance, and the Student-Newman-
Keuls test was used to analyze comparisons between multiple
groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression of PALM3 after LPS stimulation in rat AMs. The
authors detected PALM3 gene and protein expression in rat
AMs by using RT-qPCR and western blot analysis at 0, 3,
6, 12, 24 and 48 h following LPS stimulation. The PALM3
gene and protein expression in rat AMs were both upregulated
following the administration of LPS in a time-dependent
manner (P<0.05 vs. their respective O h time points; Fig. 1).
However, there was no significant difference in the PALM3
expression levels between the 24 and 48 h time points (P>0.05
for the 24 h time point vs. 48 h time point; Fig. 1).
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Figure 2. Expression of PALM3 after adenovirus transfection in rat AMs. The (A) mRNA levels and (B) protein levels of PALM3 in untransfected (normal) or
adenovirus-transfected rat AMs at 48 h following transfection with Ad.shRNA, Ad.V, or Ad.rPALM3 were determined by reverse transcription-quantitative
polymerase chain reaction and western blotting, respectively. The upper panels (B) show representative blots, and the lower panels (B) represent densitometry
analyses of the bands. Data are expressed as the mean = standard error of the mean of three independent experiments. "P<0.05 vs. Ad.V and normal groups;
"P<0.05 vs. AdV and normal groups. AMs, alveolar macrophages; shRNA, short hairpin RNA; Ad, adenovirus; normal, untransfected cells; Ad.shRNA,
Ad.shRNA-transfected cells; Ad.V, Ad V-transfected cells; Ad.rPALM3, Ad.rPALM?3-transfected cells.

Expression of PALM3 after adenovirus transfection in rat
AMs. At 48 h following adenovirus transfection, the total
RNA and protein of rat AMs were isolated for an analysis of
the PALM3 expression. Compared with the normal (untrans-
fected) and Ad.V (Ad.V-transfected as a negative control)
groups, the PALM3 mRNA and protein levels in rat AMs in
the Ad.rPALM3 (Ad.rPALM3-tranfected) group were signifi-
cantly enhanced (P<0.05 vs. normal and Ad.V groups; Fig. 2A
and B). However, in the Ad.shRNA (Ad.shRNA-transfected)
group, the PALM3 mRNA and protein expression were
significantly inhibited (P<0.05 vs. normal and Ad.V groups;
Fig. 2A and B).

Effect of PALM3 on the production of cytokines in
LPS-stimulated rat AMs. The influence of PALM3 on the
levels of TNF-a, IL-1f, IL-10, IFN-a, IFN- and MIF was
measured by ELISAs in LPS-stimulated NR8383 cells. The
ELISA results show that the levels of TNF-a, IL-13, IL-10,
IFN-a, IFN-f and MIF were very low in the culture superna-
tant of LPS-unstimulated cells (Fig. 3). The administration of
AdYV, Ad.shRNA or Ad.rPALM3 did not influence the level
of cytokine (TNF-a, IL-1@, IL-10, IFN-a, IFN-$ and MIF)
release before LPS stimulation (P>0.05 vs. normal cells;
Fig. 3). However, in response to LPS, there was a marked
increase in the levels of TNF-a, IL-1f, IL-10, IFN-a, IFN-f,
and MIF in all LPS-stimulated cells (P<0.05 vs. unstimulated
cells). Ad.rPALM3 pretreatment increased the amount of
proinflammatory cytokines (TNF-a, IL-18, IFN-a, IFN-3
and MIF) but decreased the amount of an anti-inflammatory
cytokine (IL-10) released from rat AMs after LPS stimulation
(P<0.05 vs. AdV + LPS, normal + LPS, and Ad.shRNA + LPS
groups; Fig. 3). Downregulation of PALM3 through
Ad.shRNA pretreatment inhibited LPS-induced expression of
these proinflammatory cytokines but promoted LPS-induced
expression of an anti-inflammatory cytokine (IL-10) (P<0.05
vs. AdV + LPS, normal + LPS, and Ad.rPALM3 + LPS groups;
Fig. 3). However, these changes in the levels of cytokines were

not observed in the Ad.V-transfected group after LPS chal-
lenge (P>0.05 vs. normal + LPS group; Fig. 3).

Effect of PALM3 on the activity of NF-«xB in LPS-stimulated
rat AMs. NF-xB is a critical transcription factor required
for the maximal expression of many cytokines (22). As
presented in Fig. 4, adenovirus vectors, Ad.V, Ad.rPALM3
and Ad.shRNA, had no impact on NF-«B activity before
LPS stimulation (P>0.05 vs. normal group) (Fig. 4A). All
LPS-stimulated rat AMs exhibited a marked increase in
NF-kB-DNA-binding in comparison with cells not treated
with LPS (Fig. 4). Additionally, Ad.rPALM3 pretreatment
further increased the LPS-induced NF-«B activation (P<0.05
vs. AdV + LPS, normal + LPS and Ad.shRNA + LPS groups;
Fig. 4). However, Ad.shRNA pretreatment significantly attenu-
ated the LPS-induced increase in NF-«B activation compared
with the AdV + LPS and normal + LPS groups (P<0.05 vs.
AdV + LPS, normal + LPS and Ad.rPALM3 + LPS groups).

Effect of PALM3 on the IRF3 activity in LPS-stimulated rat
AMs. IRF3 is also an important transcription factor in cells
and serves a role in the post-transcriptional regulation of the
proinflammatory cytokines TNF-a and IL-1p (23). In addi-
tion, the authors examined the phospho-IRF-3 protein level in
nuclear extracts by using western blot analysis to detect the
influence of PALM3 on LPS-induced IRF-3 activation. The
results demonstrated that the phospho-IRF-3 protein levels
in all LPS-stimulated rat AMs were significantly higher than
those in normal rat AMs (P<0.05 vs. normal group; Fig. 5).
Additionally, Ad.rPALM3 pretreatment further increased the
phospho-IRF-3 protein level in rat AMs after LPS stimulation
(P<0.05 vs. AdV + LPS, normal + LPS, and Ad.shRNA + LPS
groups; Fig. 5). However, Ad.shRNA pretreatment signifi-
cantly attenuated the phospho-IRF-3 protein level in rat AMs
after LPS stimulation, compared with the Ad.V + LPS and
normal + LPS groups (P<0.05 vs. AdV + LPS, normal + LPS
and Ad.rPALM3 + LPS groups). Pretreatment with Ad.V had
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Figure 3. Effect of PALM3 on cytokine production in LPS-stimulated rat AMs. Cells from each group of rat AMs were treated with LPS (0.5 pg/ml) or left
untreated. The secretion levels of (A) TNF-a, (B) IL-1p, (C) IL-10, (D) IFN-a, (E) IFN-f and (F) MIF were measured by using appropriate ELISA Kits.
Data are expressed as the mean + standard error of the mean of three independent experiments. "P<0.05 vs. normal group, Ad.V group, Ad.rPALM3 and
Ad.shRNA groups; “P<0.05 vs. Ad.shRNA + LPS group. LPS, lipopolysaccharides; AMs, alveolar macrophages; LPS, lipopolysaccharides; shRNA, short
hairpin RNA; Ad, adenovirus; normal, untransfected cells; Ad.shRNA, Ad.shRNA-transfected cells; Ad.V, Ad.V-transfected cells; Ad.rPALM3, Ad.rPALM3-
transfected cells; normal + LPS, LPS-stimulated untransfected cells; Ad.V + LPS, LPS-stimulated Ad.V-transfected cells; Ad.rPALM3 + LPS, LPS-stimulated
Ad.rPALM3-transfected cells; Ad.shRNA + LPS, LPS-stimulated Ad.shRNA-transfected cells; TNF-o, tumor necrosis factor-a; IL, interleukin; IFN, inter-

feron; MIF, macrophage migration inhibitory factor.

no impact on the LPS-induced increase in phospho-IRF-3
protein level (P>0.05 vs. normal group; Fig. 5).

Co-localization of TLR4, MyDS88, IRAK-1, TRAF-6, and
TICAM-2 with PALM3. The cellular localizations of TLR4,
MyD88, IRAK-1, TRAF-6, TICAM-2 and PALM3 in NR8383
cells were observed by performing confocal microscopy.
Cells were incubated at 4°C with anti-TLR4, anti-MyD88,
anti-IRAK-1, anti-TRAF-6, anti-TICAM-2 and anti-PALM?3
antibodies. Corresponding fluorescence-conjugated secondary
antibodies were used to visualize the localization of TLR4,
MyD88, IRAK-1, TRAF-6, TICAM-2 and PALM3. The
resulting fluorescence signals revealed that, before LPS stimu-
lation, both TLR4 and PALM3 were primarily located on the
cell membrane (Fig. 6A1 and A2). When the TLR4-FITC
and PALM3-Cy3 localization patterns were superimposed,
co-localization of these signals was observed (Fig. 6A3).
These results indicated that TLR4 and PALM3 co-localized
on the plasma membranes of rat AMs before LPS stimulation.
Following LPS stimulation, some TLR4-specific and PALM3-
specific signals were still observed in the plasma membrane,
but they were additionally observed co-localizing in the cell
cytoplasm (Fig. 6B1-3). This result suggested that, like the
LPS-induced internalization of TLR4, PALM3 also translo-
cated into the cytoplasm in response to LPS stimulation.

The immunofluorescence results also demonstrated that
MyDS88, IRAK-1, TRAF-6 and TICAM-2 localized in both
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Figure 4. Effect of PALM3 on the NF-kB activity in LPS-stimulated rat
AMs. NF-kB activity was assessed by performing ELISAs on isolated
nuclear extracts of untransfected (normal) or adenovirus-transfected rat
AMs that had been stimulated with LPS or left untreated. Data are expressed
as the mean =+ standard error of the mean of three independent experi-
ments. “P<0.05 vs. normal group, Ad.V group, Ad."PALM3, and Ad.shRNA
groups; “P<0.05 vs. Ad.shRNA + LPS group. AMs, alveolar macrophages;
NF-kB, nuclear factor-kB; OD, optical density; LPS, lipopolysaccharides;
shRNA, short hairpin RNA; Ad, adenovirus; normal, untransfected cells;
Ad.shRNA, Ad.shRNA-transfected cells; Ad.V, Ad.V-transfected cells;
Ad.rPALM3, Ad.rPALM3-transfected cells; normal + LPS, LPS-stimulated
untransfected cells; Ad.V + LPS, LPS-stimulated Ad.V-transfected cells;
Ad.rPALM3 + LPS, LPS-stimulated Ad.rPALM3-transfected cells;
Ad.shRNA + LPS, LPS-stimulated Ad.shRNA-transfected cells.



2| SPANDIDOS
Z‘ PUBLICATIONS

p-IRF3

* # *#

*#

0.8 4

0.6 -

Phospho-1RF3 protein
(relative to Histone H3)

0.4 4

0.2 4

0.0

Figure 5. Effect of PALM3 on the IRF-3 activity in LPS-stimulated rat AMs.
The phosphor-IRF-3 protein levels in nuclear extracts of LPS-stimulated
untransfected (normal) or adenovirus-transfected rat AMs were determined
by western blotting. The upper panel shows a representative blot, and the
lower panel represents densitometry analyses of the bands. Data are expressed
as the mean + standard error of the mean of three independent experiments.
"P<0.05 vs. normal group; “P<0.05 vs. Ad.shRNA + LPS group. AMs, alve-
olar macrophages; LPS, lipopolysaccharides; shRNA, short hairpin RNA;
Ad, adenovirus; normal, untransfected cells; normal + LPS, LPS-stimulated
untransfected cells; Ad.V + LPS, LPS-stimulated Ad.V-transfected cells;
Ad.rPALM3 + LPS, LPS-stimulated Ad.rPALM3-transfected cells;
Ad.shRNA + LPS, LPS-stimulated Ad.shRNA-transfected cells.

the cell cytoplasm and plasma membrane after LPS stimula-
tion (Fig. 6C1-F1). Moreover, as presented in Fig. 6C2-F2,
PALM3-specific signals similarly localized not only on the
plasma membrane but also in the cell cytoplasm in the pres-
ence of LPS. When the MyD88-specific, IRAK-1-specific,
TRAF-6-specific or TICAM-2-specific and PALM3-specific
signals were superimposed, it was observed that PALM3
co-localized with MyD88, IRAK-1, TRAF-6, and TICAM-2
(Fig. 6C3-F3). Positive staining signals were not observed in
the negative controls, which lacked the addition of primary
antibody (Fig. 6A4-F4).

PALM3 interacted with the adaptors of LPS-TLR4 signaling.
As TLR4, MyD88, IRAK-1, TRAF-6 and Toll-IL-1 receptor
containing adapter molecule (TTACM)-2 are believed to be
the key adaptor proteins in LPS-TLR4 signaling, the authors
used co-immunoprecipitation assays to examine if PALM3
can interact with these adaptors of LPS-TLR4 signaling.
Following LPS stimulation, PALM3 protein was detected by
western blot analysis after co-precipitation with anti-TLR4,
anti-MyD88, anti-IRAK-1, anti-TRAF-6 and anti-TICAM-2
antibodies (Fig. 7). However, when the same assays were
conducted on non-LPS-stimulated cells, PALM3 protein was
only detected after co-precipitation with an anti-TLR4 anti-
body (Fig. 7). Notably, PALM3 protein was not detected after
co-precipitation with normal nonspecific IgG (Fig. 7). These
results suggested that PALM3 interacts with TLR4 under
normal conditions, but it also interacts with MyD88, IRAK-1,
TRAF-6 and TICAM-2 in a ligand-dependent manner.
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Discussion

In the present study, it was demonstrated that the PALM3
expression level was upregulated by the administration of LPS,
and modulating the expression level of PALM3 could affect
both the production of cytokines (TNF-a, IL-1f3, IL-10, IFN-a,
IFN-B and MIF) and the activation of NF-xB and IRF-3 in
rat AMs after LPS stimulation. Additionally, PALM3 was
found to interact with TLR4, IRAK-1, TRAF-6 and TTACM-2
during LPS-TLR4 signaling in rat AMs. To the best of the
authors' knowledge, the current study is the first to demonstrate
that PALM3 contributes to the LPS-induced inflammatory
response and is involved in LPS-TLR4 signaling in AMs.

ALI/ARDS is a lung inflammation disorder with a high
mortality rate (2), and its typical pathological characteristic
is an excessive lung inflammation response (24). LPS-TLR4
signaling is one of the most important inflammatory response
signal pathways (25). As AMs are the major effector cells that
participate in the initiation and development of ALI (4,5,26),
modulating the excessive inflammatory response to pathogen-
associated molecular patterns in AMs during systemic
inflammatory response syndrome is a therapeutic target for
treating ALI/ARDS. PALM3 is a novel interactive partner
of single immunoglobulin IL-1 receptor-related molecule
(SIGIRR) and may function as an adaptor in LPS-TLR4
signaling (19). Downregulation of PALM3 has been reported
to benefit mice with LPS-induced ALI by means of suppressing
the inflammatory response, ameliorating histological tissue
injury, and decreasing the permeability of the alveolar capil-
lary barrier (20). Additionally, the preliminary data also
showed that the downregulation of PALM3 protected rats
from LPS-induced ALI, and its mechanisms were partially
associated with the modulation of cytokine secretion and inhi-
bition of NF-kB and IRF3 activation. In the present study, the
authors indicated that the downregulation of PALM3 signifi-
cantly suppressed the inflammatory response to LPS in AMs.
Therefore, inhibiting the LPS-induced inflammatory response
in AMs may be part of the mechanism for the protective effect
of PALM3-knockdown on ALL

At present, little is understood regarding the biological
function of the PALM3. Previous studies have demonstrated
that PALM3 may act as an adaptor to link intrinsic membrane
proteins to each other, to the cytoskeleton, or to motor
proteins (14,19). Previous work of the authors revealed that
LPS upregulated the PALM3 expression in alveolar epithe-
lial cells (19). Furthermore, the present results show that
PALM3 expression was detected and also upregulated in a
time-dependent manner in rat AMs following LPS stimula-
tion, which is similar to previous results in alveolar epithelial
cells (19). The PALM3 expression pattern is similar to the
expression patterns of TLR4, TIR domain-containing adaptor
inducing IFN- (TRIF) and MyD88 (27,28), and the upregu-
lation of PALM3 may be related to its functional involvement
in LPS-TLR4 signal transduction, similar to the adaptors
in TLR signaling (19). To elucidate the role of PALM3 in
LPS-TLR4 signaling in AMs, the authors used a recombinant
adenovirus expressing sShRNA for PALM3 (Ad.shRNA) and
a recombinant adenovirus carrying the rat PALM3 gene
(Ad.rPALM3) to modulate the expression of PALM3 in rat
AMs. The results of western blotting and RT-qPCR analyses
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Figure 6. Localization of PALM3 and LPS-TLR4 signaling adaptor proteins in rat AMs. Rat AMs were incubated with anti-PALM3 antibody along with
anti-TLR4, anti-MyD88, anti-IRAK-1, anti-TRAF-6, or anti-TICAM-2 antibodies, followed by incubation with corresponding fluorescein isothiocyanate-
conjugated or Cy3-conjugated secondary antibodies. Nuclei were counterstained with DAPI. The TLR4-, MyD88-, IRAK-1-, TRAF-6- and TICAM-2-specific
signals resulting from the immunofluorescence staining are shown in green (A1, B1, C1, D1, E1, F1), and the PALM3-specific signals are shown in red (A2, B2,
C2,D2, E2, F2). The resulting merged images highlight co-localizations (shown in yellow) of the signals for TLR4, MyD88, IRAK-1, TRAF-6, or TICAM-2
and PALM3 (A3, B3, C3, D3, E3, F3). Negative controls, which were not treated with primary antibodies, are shown in A4, B4, C4, D4, E4, F4. LPS, lipo-
polysaccharides; TLR4, Toll-like receptor 4; AMs, alveolar macrophages; MyD88, myeloid differentiation factor 88; IRAK, interleukin 1 receptor associated
kinase; TRAF, tumor necrosis factor receptor associated factor; TICAM?2, Toll-like receptor adaptor molecule 2.

demonstrate that using these recombinant adenoviral vectors
successfully modulated the PALM3 gene transcript in AMs.
Previous studies have demonstrated that the down-
regulation of PALM3 inhibits the LPS-induced release of
inflammatory cytokines in alveolar epithelial cells and had a
protective effect against LPS-induced ALI in mice (19,20). In
the current study, we identified a similar result in rat AMs.
That is, the downregulation of PALM3 by transfection with
Ad.shRNA suppressed the release of proinflammatory
cytokines (TNF-a, IL-1B, IFN-a, IFN-f and MIF), but the
upregulation of PALM3 by transfection with Ad.rPALM3
promoted the production of proinflammatory cytokines
(TNF-a, IL-1p, IFN-a, IFN-f and MIF) in LPS-stimulated
AMs. The increase in the production of proinflammatory
cytokines in Ad.rPALM3-pretreated cells may be due to the
promotion of LPS-TLR4 signal transduction by the enhanced
expression of PALM3. Correspondingly, the downregulation
of PALM3 may decrease the promotion effect of PALM3 on
proinflammatory cytokine secretion. In contrast, modulating
the PALM3 expression level had the opposite effect on the
secretion of the anti-inflammatory cytokine IL-10. Moreover,
the authors examined the effect of PALM3 on the activation of
NF-«B and IRF-3. The results demonstrated that the activity

levels of transcription factor IRF-3 and NF-kB were signifi-
cantly strengthened in Ad.rPALM3-pretreated cells following
LPS stimulation, compared with the Ad.V-pretreated cells.
Correspondingly, the downregulation of PALM3 by pretreat-
ment with Ad.shRNA suppressed the NF-kB-DNA-binding
activity and decreased the phospho-IRF3 protein levels in the
nucleus of rat AMs. These changes in the IRF-3 and NF-xB
activity support the idea that enhanced PALM3 expression
may promote the transduction of LPS-TLR4 signaling while
interfering with PALM3 expression might impede this signal
transduction. Determining the detailed molecular mechanisms
of this process will require further investigations.
Protein-protein interaction is an important molecular
mechanism in signal transduction (29). LPS can induce
the dimerization of TLR4, which results in conformational
changes of the TLR4 homodimer that induce the recruitment
of adaptor proteins containing Toll/interleukin-1 receptor-
like (TIR) domains. In the MyD88-dependent pathway, the
TLR4 TIR domains recruit TIR domain-containing adaptor
proteins MyD88-adaptor-like (MAL) and MyD88, and in the
MyD88-independent pathway, these domains recruit TIR
domain-containing adaptor inducing IFN-f (TRIF) and
TICAM-2 (11). The MyD88-dependent pathway involves the
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Figure 7. Co-immunoprecipitation assays of TLR4, MyD88,IRAK-1, TRAF-6 and TICAM-2 with PALM3 in LPS-stimulated rat AMs. IP,immunoprecipitation:
the total cell lysates were immunoprecipitated with anti-TLR4, anti-MyD88, anti-IRAK-1, anti-TRAF-6, anti-TICAM-2 or normal IgG antibodies; WB, western
blot analysis: the immunocomplexes were examined by western blot analysis using the indicated antibodies; TLR4, Toll-like receptor 4; AMs, alveolar mac-
rophages; MyD88, myeloid differentiation factor 88; IRAK, interleukin 1 receptor associated kinase; TRAF, tumor necrosis factor receptor associated factor;
TICAM2, Toll-like receptor adaptor molecule 2; LPS, lipopolysaccharide; AMs, alveolar macrophages; IgG, immunoglobulin G.

recruitment and activation of IRAKs and TRAF-6, and the
activation of this pathway induces the activation and translo-
cation in the nucleus of transcription factors, such as NF-kB
and activator protein-1 (AP-1) (11). The MyD88-independent
pathway involves TICAM-1 and TICAM-2 adaptor proteins,
and the activation of this signaling pathway leads to the activa-
tion and translocation in the nucleus of the transcription factor
IRF3 (30). Furthermore, the MyD88-dependent pathway
induces the production of proinflammatory cytokines, while
the MyD88-independent pathway induces the production of
type I interferons (11).

In the previous study, the authors found that PALM3
can interact with SIGIRR, a negative regulator of TLR
signaling (19). Based on what is currently known about
SIGIRR, the authors presumed that, as an interaction partner
of SIGIRR, PALM3 may be involved in TIR signaling.
Additionally, because PALM3 can function as an adaptor that
links intrinsic membrane proteins to each other (14), it was
also suspected that PALM3 may function as an adaptor in
TLR signaling. Herein, the results of co-immunoprecipitation
assays showed that PALM3 interacted with TLR4, IRAK-1,
TRAF-6 and TIACM-2 in rat AMs following LPS stimula-
tion. Moreover, the interaction between PALM3 and TLR4
was independent of LPS stimulation. Meanwhile, the results
of immunofluorescence staining revealed that PALM3 and
TLR4 proteins co-localize in rat AMs whether or not the
cells are stimulated by LPS, demonstrating that PALM3 is
located in the cell membrane under normal conditions and can
internalize into the cell cytoplasm with the translocation of
TLR4 after LPS stimulation. Together, these results suggested
that the interaction between PALM3 and TLR4 exists in the
natural state, independent of LPS stimulation.

Past work has indicated that the adaptor proteins MyD88,
IRAK-1, TRAF-6 and TIACM-2 are located in the cell cyto-
plasm in the natural state (11,31), and these adaptors can be
recruited to the cell membrane through homophilic interac-
tions between TIR domains in the cytoplasmic tail of TLR4

and those present on the adaptors after LPS stimulation (11).
Our findings are similar to the results of these previous
studies (11,31). The adaptor proteins MyD88, IRAK-1,
TRAF-6 and TIACM-2 were localized in the cell cytoplasm
and on the plasma membrane in the presence of LPS. This
supports the spatial possibility that an interaction between
PALM3 and the adaptor proteins, i.e. MyD88, IRAK-1,
TRAF-6 and TIACM-2, exists in the presence of LPS. All
of these data support the idea that PALM3 can interact with
TLR4, MyD88, IRAK-1, TRAF-6 and TIACM-2 in rat AMs.
Notably, MyD88, IRAK-1 and TRAF-6 are adaptor proteins
of the MyD88-dependent pathway, but TTACM-2 is an adaptor
protein of the MyD88-independent pathway (11,30). Therefore,
the current results suggested that PALM3 may function as
an adaptor that participates in both the MyD88-dependent
and MyD88-independent pathways. However, whether or not
PALM3 serves the same role in LPS-TLR4 signaling and
possess similar regulation effects in an ALI animal model
warrants further investigation. Additionally, the authors used
a rat NR8383 macrophage cell line to investigate the role of
PALM3 in LPS-TLR4 signaling in the present study. Further
experiments in primary AMs isolated from an ALI animal
model will be needed to confirm these findings on the regula-
tion effect of PALM3 on LPS-TLR4 signaling.

TLR4 belongs to a family of pattern recognition recep-
tors and has been recognized as the sensing receptor
for LPS (11). In the present study, the results showed that
PALM3 co-localized and interacted with TLR4 protein in rat
AMs in an LPS-independent manner. In contrast, the inter-
action between PALM3 and the adaptor proteins, MyD88,
IRAK-1, TRAF-6 and TIACM-2, depended on the presence
of LPS. In addition, previous studies have demonstrated that
PALM3 interacts with SIGIRR (a negative regulator of TLR
signaling) (19) and functions as an adaptor that links intrinsic
membrane proteins to each other (14). Therefore, it was
proposed that PALM3 may act as an ‘adaptor’ or a ‘bridge’
between TLR4 and the proteins MyD88, IRAK-1, TRAF-6
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and TTACM-2 in the LPS-TLR4 signal transduction pathway,
which may enhance the interaction between TLR4 and these
adaptor proteins. Subsequently, this interaction enhancement
may further lead to inflammation. The results do not reveal
whether or not the interaction between PALM3 and the
adaptor proteins, MyD88, IRAK-1, TRAF-6 and TTACM-2,
depends on TLR4. This question remains to be confirmed by
experiments using small interfering RNA or an inhibitor to
downregulate TLR4. Although it is believed that this issue is
an important subject worth studying in LPS-TLR4 signaling,
it was not the focus of the present study. Moreover, the
mechanisms relevant to the interactions between the adaptors
and LPS-induced inflammatory signaling are very complex,
beyond simply the effect of TLR4. Therefore, a separate, but
more extensive, study of this topic is planned in the future. In
conclusion, the authors have demonstrated that PALM3 can
interact with TLR4, MyD88,IRAK-1, TRAF-6 and TTACM-2
after LPS stimulation and that upregulation of PALM3 aggra-
vates the LPS-induced inflammation, while downregulation
of PALM3 suppresses the LPS-induced inflammation in rat
AMs. Therefore, the authors hypothesized that PALM3 may
function as an adaptor to participate in the transduction of
LPS-TLR4 signaling and contribute to LPS-induced inflam-
matory responses in AMs. Modulating PALM3 expression
may be a potential novel target for treating macrophage-
associated inflammatory diseases. Future research will focus
on the issues emerging from this study and on the detailed
mechanisms by which PALM3 participates in LPS-TLR4
signal transduction.
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