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Munc13-4 mediates human neutrophil elastase-induced airway
mucinSAC hypersecretion by interacting with syntaxin2
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Abstract. The overexpression and hypersecretion of mucus
is a hallmark of chronic pulmonary inflammatory disease.
Mucin5AC (MUCS5AC) is a major component of airway
gel-forming mucin. Members of the Uncl3 (Muncl3) protein
family act as important activators of granule exocytosis from
various types of mammalian cells. The present study aimed
to determine the role of Muncl3 family proteins in MUCS5AC
secretion via an in vitro study with BEAS-2B and Calu-3 cell
lines. Reverse transcription-quantitative polymerase chain
reaction and western blotting indicated that stimulation of the
cells with 100 nM human neutrophil elastase (hNE) for 1 h did
not affect the expression of either uncl3 homolog B (Muncl13-2)
or uncl3 homolog D (Muncl3-4), but immunofluorescence
analysis demonstrated that hNE treatment was associated
with the recruitment of Muncl3-4 to the plasma membrane.
Co-immunoprecipitation analysis indicated increased binding
between Muncl3-4 and syntaxin2 followingh NE stimulation;
however, Munc13-2 formed a stable interaction with syntaxin2
with or without hNE stimulation. Subsequently, Munc13-2 and
Muncl3-4 expression levels were downregulated in BEAS-2B
and Calu-3 cells using small interfering RNA (siRNA). ELISAs
and immunofluorescence analysis were performed to assess
MUCSAC secretion and intracellular retention, respectively.
Muncl3-2 siRNA transfection did not alter the expression
levels of intracellular or secreted MUCS5AC following hNE
stimulation in either cell line; however, it increased the
baseline intracellular levels of MUCS5AC and decreased the
amount of secreted MUCSAC. Conversely, Muncl3-4 siRNA
transfection increased the intracellular levels of MUCSAC
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and decreased the amount of secreted MUCSAC following
hNE stimulation, but did not affect their baseline quantities.
The results of the present study indicate that Munc13-2 may
be an essential regulator of basal MUCSAC exocytosis, while
Muncl3-4 appears to be a Muncl3 protein subtype that may
to be sensitive to hNE stimulation during airway MUCS5AC
hypersecretion.

Introduction

Goblet cells, which secret mucins, are expressed throughout
mammalian airway tracts, where they function in the hydra-
tion, lubrication and clearance of particles and pathogens from
the underlying airway epithelium (1). Goblet cells in the lung
are the primary secretory cells in the superficial epithelium.
Under normal conditions, the secretion of airway mucus
maintains airway hydration and traps particles and pathogenic
microorganisms (2); however, mucus hypersecretion is a hall-
mark of various pulmonary inflammatory diseases, including
chronic obstructive pulmonary disease (COPD), asthma and
cystic fibrosis (2). The major gel-forming mucin in the human
airway, mucin5AC (MUCS5AC), is primarily synthesized
by goblet cells. Excessive secretion of gel-forming mucins,
MUCS5AC in particular, has been observed in mortalities that
were a result of a severe asthma attack or acute exacerbation
of COPD (3).

The process of MUCSAC secretion into the airway lumen
is strictly controlled and occurs via calcium-dependent
exocytosis of MUCS5AC-containing granules from epithelial
goblet or mucous cells. Dysregulation of mucin secretion
leads to adverse alterations in the mucociliary clearance
activity and the subsequent development of obstructive
pulmonary disease. Mucin secretion is a highly regulated
process that requires certain proteins involved in the exocy-
tosis of mucin granules, such as exocyst family members and
ezrin (4,5), to be recruited. The fusion of mucin granules
and target cellular membranes depends on the formation of
soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) compounds (6). The core SNARE:S,
namely vesicle-associated membrane protein 8§ (VAMPS),
which is a vesicular SNARE protein present on secretory
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vesicles (v-SNAREs), and synaptosome-associated protein
23 (SNAP23), which is a SNARE protein present on target
membranes (t-SNARESs), in airway goblet cells are respon-
sible for the exocytosis of MUCS5AC granules (2,7). In
calcium-dependent exocytosis, granule activation is a key
rate-limiting step; when MUCSAC granules are activated, they
acquire the ability to fuse with target membranes, a process
that depends on the presence of calcium, diacylglycerol (DAG),
syntaxin, synaptotagmin and other factors (8).

Members of the Muncl3 protein family act as important
activators of granule secretion in a wide variety of mamma-
lian cells. To date, four subtypes of Muncl3, termed uncl3
homologs A to D (Muncl3-1 to Muncl3-4), have been
isolated from mammalian cells. All of the Muncl3 subtypes
contain numerous C2 domains, some of which bind calcium
and phospholipids, while others appear to be specialized for
protein-protein interactions (9,10). Additionally, a C1 domain
that is able to bind DAG is present in all Muncl3 subtypes,
excluding Muncl3-4; this site is also the major pharmaco-
logical target of phorbol esters, which stimulate synaptic
transmission (11). Muncl3 proteins also contain a MUN
domain, which is an a-helical region that allows the direct or
indirect interaction of Muncl3 proteins with syntaxin. This
interaction is essential in the ability of the Muncl3 family
members to regulate granule exocytosis (11). In neurons,
Muncl3-1 activation by DAG leads to the translocation of
Muncl3-1 to the plasma membrane, where it subsequently
forms a tripartite complex with Rab3a on tethered vesicles
and Rab3a-interacting molecule on the plasma membrane;
however, only Muncl3-2 and Muncl3-4 are expressed in the
human airway (12). Analysis in mice has demonstrated that
Muncl3-2 is a mucin granule activator that aids the regulation
of baseline secretion (13). Additionally, upon stimulation with
extracellular ATP, intracellular mucin release was maintained
in Muncl3-2-mutant mice, indicating that other mechanisms
may support agonist-regulated mucin secretion (13). It has
been revealed that Muncl3 may interact with distinct SNARE
proteins, such as those of the syntaxin family (14); however,
whether Muncl3-4, a recently discovered Muncl3 family
member, participates in agonist-stimulated MUCSAC granule
secretion, and the associated underlying mechanisms, requires
further investigation (15).

Materials and methods

Cells, reagents and antibodies. SV40-immortalized human
bronchial epithelial cells (BEAS-2B) and a human lung
adenocarcinoma cell line (Calu-3) were purchased from the
American Type Culture Collection (Manassas, VA, USA).
Fetal bovine serum (FBS) was purchased from Invitrogen
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Human
neutrophil elastase (hNE) and Dulbecco's modified Eagle's
medium (DMEM) were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). Primary antibodies, including
rabbit anti-human syntaxin 2 (ab12369), rabbit anti-human
Muncl3-2 (ab97924), rabbit anti-human Muncl3-4 (ab109113)
and mouse anti-human MUCS5AC antibodies (ab218466) were
purchased from Abcam (Cambridge, MA, USA). An internal
reference B-actin antibody (TA890010) and secondary anti-
bodies, including horseradish peroxidase (HRP)-conjugated
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goat anti-rabbit IgG (TA130023), fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit IgG (TA130022), and
HRP-conjugated goat anti-mouse IgG (TA130005) were
purchased from OriGene Technologies, Inc. (Beijing, China).
Tetramethylrhodamine (TRITC)-conjugated goat anti-mouse
IgG (BA1089-0.5) was purchased from Wuhan Boster
Biological Technology, Ltd., Wuhan, China.

Cell culture. The BEAS-2B and Calu-3 cell lines were cultured
in DMEM with 10% FBS, penicillin (100 IU/ml) and strepto-
mycin (100 TU/ml) at 37°C in a 5% CO, incubator and were
passaged when cells were 80-90% confluent. Cells at the 3rd
passage were used for subsequent analysis.

MTT [3-(4,5-dimethylthiazol-2-ul)-2,5-diphenyltetrazolium
bromide] assay. Cells treated with 100 nM hNE according to
the experimental requirements were plated at 96-well plates at
a density of 5,000 cells/well. The MTT reagent, with a finial
concentration of 5 mg/ml, (E606334-0500; Sangon Biotech
Co., Ltd., Shanghai, China) was added to each well at the indi-
cated time points (0, 20, 40, 60 and 80 min) and incubated for
4 h at 37°C. The optical density (OD) was read at 570 nm on a
microplate spectrophotometer. Each group had 5 repeat wells
to ensure the accuracy of the experiment.

Small interfering RNA (siRNA) preparation and
transfection. A human Muncl3-2-specific siRNA plasmid,
a human Muncl3-4-specific siRNA plasmid and control
siRNA plasmids, were transfected into cells. The vector
pGC-silencer-U6/Neo/ GFP was purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). siRNA sequences
used were Muncl3-2 5-GGCCUGCUUGAACUCUACAUA
UGAA-3', and Muncl3-4 5-CCAGCCCAGCUACACUGU
ACACUUU-3". Muncl13-2 and Muncl3-4 control siRNAs
were scrambled siRNAs containing the similar GU content as
Muncl13-2 siRNA and Muncl3-4 siRNA, respectively. Prior
to transfection, cells in the exponential growth phase were
plated in 6-well cell culture plates and incubated at 37°C for
12 h. Each well had a basal area of 9.6 cm?and contained
~4x109 cells. Following washing with PBS three times to avoid
any interference caused by antibiotics or serum, the cells were
transfected using FuGENE® HD reagent (E2311; Promega
Corporation, Madison, WI, USA) with Muncl13-2-specific
siRNA, Muncl3-4-specific siRNA or control siRNA (20 pug
DNA: 60 ul transfection reagent) at 22°C for 15 min according
to the manufacturer's protocol. Following transfection, cells
were washed with PBS three times. Cells were incubated in
the full culture medium for 24 h at 37°C, prior to western blot-
ting, RT-qPCR, ELISA and immunofluorescence).

Co-immunoprecipitation (ColP). ColP was performed using
a Co-Immunoprecipitation kit (26149; Pierce; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. Cells
were washed three times with PBS and lysed on ice for 30 min
using IP lysis buffer (Beyotime Institute of Biotechnology,
Shanghai, China) with protease inhibitors (Thermo Fisher
Scientific, Inc.). To remove nuclei and intact cells, the lysates
were centrifuged at 20,000 x g for 15 min at 4°C. Protein A
agarose was washed, diluted 50% with PBS and added to the
protein at a 1:10 (v/v) ratio. The mixture was agitated on a
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Table I. Reverse transcription-quantitative polymerase chain reaction primers.

Target gene Forward primer (5'-3") Reverse primer (5'-3")
Munc13-2 CTTCCTACTCCTGTAAGCAGGG TGTTGACTGGCGCATTGTGG
Munc13-4 AGGGAAGCCCTTCATCCTGT TCTGTAGACAGCCAAACTCC
MUCSAC ACTTTGATGCTGAGCGGGATG CGAAGGCAATATCCTGTCTCTGTG
GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC

Munc13-2, unc-13 homolog B; Munc13-4, unc-13 homolog D; MUCS5AC, mucin SAC.

shaking table for 30 min at 4°C and subsequently centrifuged
at 20,000 x g for 15 min at 4°C for supernatant collection. The
supernatants were standardized at 5 ug/ul for equal protein
loading via a Bicinchoninic Acid Protein assay kit (Beyotime
Institute of Biotechnology), according to the manufacturer's
protocol. Subsequently, 5 g rabbit anti-human syntaxin 2
(1:200 dilution) was added to an Eppendorf tube containing
500 pl cell lysate and the mixture was agitated on a shaking
table at 4°C overnight. The antigen-antibody complexes were
captured by adding 100 ul Protein A agarose and incubating
at room temperature for 90 min. Following centrifugation
at 20,000 x g 4°C for 1 min, the Protein A agarose bound
to the antigen-antibody complexes was washed three times
with ice-cold PBS. The precipitates were mixed with 5X
western blot loading buffer and boiled for 5 min. Following
centrifugation at 20,000 x g 4°C for 15 min, the supernatants
were separated via SDS-PAGE as described in the following
‘western blotting’ section.

Western blotting. The expression levels of the proteins of interest
in the cellular lysate supernatants were detected via western
blotting. Generally, cells were washed with PBS three times and
lysed on ice for 20 min using an IPlysis buffer (P0O013; Beyotime
Institute of Biotechnology). To remove nuclei and intact cells,
the lysates were centrifuged at 20,000 x g for 15 min at 4°C.
Supernatants were standardized for equal protein concentra-
tion (5 ug/ul) using a Bicinchoninic Acid Protein Assay kit
(Beyotime Institute of Biotechnology). Following separation
by SDS-PAGE (6% SDS separation gel for Munc13-2 and
Muncl3-4, 10% SDS separation gel for syntaxin2 and (3-actin),
proteins were transferred onto polyvinylidene difluoride
(PVDF) membranes, which were blocked with 5% skimmed
milk for 1 h at a room temperature (22°C) and incubated with
anti-Muncl13-2 antibody (1:1,000 dilution), anti-Muncl3-4
antibody (1:5,000 dilution), anti-human syntaxin 2 antibody
(1:1,000 dilution) and anti-B-actin antibody (1:200 dilution) at
4°C overnight. Following three washes with PBS with Tween-20
(0.05%) for 15 min each, the PVDF membranes were incubated
with HRP-conjugated goat anti-rabbit IgG at a 1:2,000 dilution
for 2 h at room temperature (22°C). The blots were visualized
using enhanced chemiluminescence according to the protocol
of the New-SUPER ECL kit (KGP1127; Nanjing KeyGen
Biotech Co., Ltd., Nanjing, China). The intensity of each band
was measured using a Fluor-S Multi Imager and Quantity One
version 4.6.2 software (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The expression levels of the proteins of interest were
normalized to that of (3-actin.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) analysis. Total RNA was extracted from
cells using TRIzol (Thermo Fisher Scientific, Inc.). The
extraction was confirmed by RNA electrophoresis on a 1.5%
agarose gel and an absorbance (A,q5,) value of 1.8-2.0 was
deemed acceptable. RT was performed using an iScript cDNA
Synthesis kit (1708891; Bio-Rad Laboratories, Inc.) according
to the manufacturer's protocol. The reaction conditions for
RT were 5 min at 25°C, 30 min at 42°C, 5 min at 85°C, and
hold at 4°C. Synthesized cDNA (0.1 pg/ul) was prepared for
gPCR, which was performed using iQ SYBR Green Supermix
(Bio-Rad Laboratories, Inc.) with qPCR primers in an iCycler
thermal cycler (Bio-Rad Laboratories, Inc.). Generally, gPCR
conditions were pre-denaturation at 95°C for 3 min followed
by 35 cycles of denaturation at 95°C for 10 sec, annealing and
elongation at 55°C for 40 sec. To quantify the expression levels
of MUCS5AC, Muncl3-2 and Muncl3-4 mRNA, GAPDH
mRNA was used as an internal control. All of the primers
used for the qPCR experiments are listed in Table 1. The
gPCR curves were analyzed using CFX Manager™ software
version 3.1 (Bio-Rad Laboratories, Inc.) to obtain quantifica-
tion cycle (Cq) values for each sample (16). mRNA expression
was calculated based on the generated standard curve.

Detection of MUCSAC concentrations in cell supernatants
by ELISA. Secreted MUCSAC in cell culture supernatants
was assessed via ELISA assays. Then, 24 h following trans-
fection, the culture supernatants (50 ul/well) were added to
a 96-well plate and incubated at 40°C until dry. Following
the washing of the wells and blocking with 2% FBS (Gibco;
Thermo Fisher Scientific, Inc.) for 1 h at room temperature,
a mouse monoclonal antibody against MUCS5AC (1:200 dilu-
tion) was incubated in the wells for 1 h at room temperature.
The plates were washed three times with PBS and incubated
with 100 ul/well of HRP-conjugated goat anti-mouse IgG at
1:5,000 dilution. After 1 h incubation at room temperature, the
plates were washed three times with PBS. 3,3',5,5'-tetrameth-
ylbenzidineperoxidase solution (P0209; Beyotime Institute of
Biotechnology) was used to produce a color reaction, which
was terminated upon the addition of H,SO,. The absorbance
was read at 450 nm and the results were expressed as the ratio
of MUCSAC to the untransfected cells without hNE treatment
(the CTL NT group).

Immunofluorescence staining and laser confocal microscopy.
Direct visual observation of Muncl3 protein family members
and intracellular MUCSAC protein was performed by
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immunofluorescence staining and laser confocal microscopy.
Cells were plated at a density of 2x10%/ml on a glass coverslip
in each well of 24-well plates. Following three washes with
PBS, the cells were fixed with a formaldehyde solution freshly
prepared from 4% paraformaldehyde (dissolved in PBS) for
10 min at room temperature and were washed again with PBS.
The fixed cells were permeabilized with 0.1% Triton X-100
in PBS for 3 min at room temperature and washed three
times with PBS. The cells were subsequently blocked in 5%
goat serum (AR0009; Wuhan Boster Biological Technology,
Ltd.) for 60 min and incubated with mouse anti-MUCS5AC
antibody (1:500 dilution), rabbit anti-Muncl3-2 antibody
(1:100 dilution) or rabbit anti-Muncl3-4 antibody (1:100 dilu-
tion) at 4°C overnight. Following three washes with PBS, the
slides were incubated with TRITC-linked goat anti-mouse
IgG (1:200 dilution) or FITC-conjugated goat anti-rabbit
IgG (1:200 dilution) for 60 min at room temperature. The
cells were then washed 3 times with PBS and incubated with
100 ng/ml 4',6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI; C1002; Beyotime Institute of Biotechnology) for 3 min
at room temperature. Following washing 5 times with PBS,
the cells were mounted in 50% glycerol and visualized using
a confocal laser microscope (TCSSP2; Leica Microsystems
GmbH, Wetzlar, Germany). Representative images were
captured and processed with Adobe Photoshop version 7.0
(Adobe Systems, Inc., San Jose, CA, USA). A total of 20
cells on each slide were evaluated for each condition. The
fluorescence intensity (original magnification, x400) and line
scan (magnification, x800) analysis (17) were recorded and
calculated using Leica Microsystem (LeicaTCS SP2).

Statistical analysis. Data are presented as the mean + standard
deviation of six independent experiments. All data were
analyzed using the SPSS 17.0 statistical package (SPSS, Inc.,
Chicago, IL, USA). One-way analysis of variance followed
by a Student-Newman-Keuls test was performed to compare
differences between groups. P<0.05 was considered to indicate
a statistically significant difference.

Results

Cell viability and the effect of hNE stimulation on Muncl3
synthesis. Cell viability was assessed using a conventional
MTT reduction assay. The results revealed no significant
decreases in the viability of BEAS-2B or Calu-3 cells
following exposure to 100 nM hNE for up to 1 h (Fig. 1).
Thus, 1 h was selected as the appropriate exposure time for
subsequent experiments.

Subsequently, the present study investigated whether
hNE influenced the synthesis of Munc13-2 or Muncl3-4 in
human airway epithelial cell lines. The results of RT-qPCR
and western blotting demonstrated stable and unaltered
mRNA and protein expression of Muncl3-2 and Muncl3-4
prior to and following stimulation with hNE in both cell lines
(Fig. 2). To examine the cellular distribution of Muncl3-2 and
Muncl3-4 in cells induced to hypersecrete MUCS5AC by hNE,
the present study conducted cell immunofluorescence staining
and laser confocal microscopy of BEAS-2B and Calu-3 cells
(Fig. 3A). Upon hNE application, the plasma membrane fluo-
rescence intensity/cellular mean fluorescence intensity ratios
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Figure 1. An MTT assay was performed to investigate cell viability. In the
test, 100 nM hNE was added to each experimental well in a 96-well plate.
The results were recorded as the percentage of living cells compared with the
respective control groups. "P<0.05 vs. respective 0 min control group. hNE,
human neutrophil elastase.

of Muncl3-4 were significantly increased compared with in
the respective control groups, indicating the recruitment of
Muncl3-4 to the cellular membrane (Fig. 3). Prior to hNE
stimulation, Muncl13-4 exhibited cytoplasmic distribution
(Fig. 3). Conversely, no marked alterations in the cellular
distribution of Munc13-2 were observed upon hNE application
(Fig. 3).

hNE increases the binding of Muncl3-4 to syntaxin2
during MUCSAC hypersecretion. Previous in vitro studies
using membrane-integrated SNARE proteins to reveal the
SNARE-binding properties of the Muncl3 protein family
members have reported that an interaction exists between the
N-terminus of Muncl3 and syntaxin (14,18,19). Syntaxin is a
crucial SNARE component whose C-terminus binds to the
plasma membrane. Syntaxin 1, syntaxin 2 and syntaxin 3 are all
present in human airway epithelial cells (20,21) and syntaxin
2 serves a crucial role in regulating the exocytosis of mucin
granules (22). In mammalian endocrine cells, Muncl3 was
reported to competitively bind to syntaxin and release Muncl8
during the exocytosis of secretory granules (SGs) (14,23). In the
present study, ColP assays demonstrated that Muncl13-2 binds
to syntaxin2 with or without hNE pretreatment in BEAS-2B
and Calu-3 cells (Fig. 4). Conversely, Muncl3-4 demonstrated
limited levels of binding to syntaxin2 in the absence of hNE
pretreatment, with enhanced binding observed following
pretreatment with hNE (Fig. 4).

SiRNA-mediated downregulation of Munci3-2 or Muncl3-4
does not affect MUC5SAC mRNA expression. siRNA was used
to inhibit Muncl3-2 or Muncl3-4 expression, and the down-
regulation of expression was verified by western blotting
(Fig. 5). MUCS5AC mRNA expression levels were investi-
gated in untransfected cells and Muncl3-knockdown cells
using RT-qPCR analysis. The untransfected cells served as
a negative control. The MUCS5AC mRNA expression levels
were normalized to that of GAPDH and the results were
expressed as fold changes compared with the untransfected
cells. The findings of the present study revealed no signifi-
cant differences in MUC5AC mRNA expression among
the Muncl13-2 knockdown cells, Muncl13-4 knockdown
cells, control siRNA-transfected cells and untransfected
cells (Fig. 6).
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Figure 2. Effects of 100 nM hNE on the cellular synthesis of Muncl3-2 and Munc13-4. Experiments were performed in6-well plates. After 1 h of stimula-
tion, total mRNA was extracted and analyzed by reverse transcription-quantitative polymerase chain reaction. The relative amounts of (A) Muncl3-2 and
(B) Muncl13-4 mRNA were recorded and normalized to the GAPDH mRNA expression levels. The results were expressed as Muncl3 mRNA/GAPDH mRNA
levels. (C) Cellular lysates containing total protein were normalized and separated via SDS-PAGE gels for western blot analysis. Representative bands are
presented for each protein. The relative amounts of (D) Munc13-2 protein and (E) Munc13-4 protein were recorded and normalized to the amount of -actin. A
total of six independent blots were analyzed and the results were presented as fold increases in Muncl3/B-actin compared with the NT controls. hNE, human
neutrophil elastase; Muncl13-2, unc-13 homolog B; Munc13-4, unc-13 homolog D; NT, no hNE treatment.

Muncli3-4 participates in the MUCSAC hypersecretion
induced by hNE. As Muncl3-4 is recruited to the plasma
membrane and interacts with syntaxin 2, which has been
demonstrated to serve a crucial role in MUCSAC granule
exocytosis (22), the present study employed siRNA to down-
regulate Muncl3-2 or Muncl3-4 in the two cell lines to
determine whether either of these proteins are necessary for
the hypersecretion of MUCSAC.

Compared with cells that did not receive hNE stimula-
tion, the quantity of retained intracellular MUCSAC protein
was marginally increased in the control untransfected cells
and control siRNA-transfected cells (CTL siRNA1 and CTL
siRNA?2) following hNE stimulation (Fig. 7). In particular, the
levels of retained intracellular MUCSAC increased by ~1.54
and 1.29-fold in Muncl3-2 siRNA-transfected BEAS-2B and
Calu-3 cells without hNE treatment, respectively, compared
with in wild-type cells without hNE treatment (Fig. 7).
However, following stimulation with hNE, there was no
significant difference in intracellular red fluorescence inten-
sity between Muncl3-2 siRNA-transfected and wild-type
cells (Fig. 7). Furthermore, no significant differences in
intracellular fluorescence intensity were detected between
Muncl3-4-knockdown cells and untransfected cells without
hNE stimulation; however, a ~3-fold increase in intracellular
fluorescence intensity was detected in Muncl3-4-knockdown
BEAS-2B and Calu-3 cells compared with in wild-type cells
following stimulation with hNE (Fig. 7).

ELISAs were used to detect MUCSAC in cell supernatants
and the results indicated that Muncl3-4 may serve a major
role in hNE-induced MUCS5AC exocytosis, concordant with
the laser confocal microscopy analysis results of retained
intracellular MUCS5AC. The concentrations of MUCS5SAC
protein in cell culture supernatants were presented as fold
changes compared with in untransfected cells without hNE
stimulation (Fig. 8). Generally, neither the CTL siRNA for
Muncl3-2 or Muncl3-4 (CTL siRNA1 and 2, respectively)
significantly affected the MUCSAC protein concentra-
tion in the cell culture supernatants prior to or following
hNE stimulation (Fig. 8). The levels of secreted MUCSAC
protein in the culture supernatants of Muncl3-2-knockdown
BEAS-2B cells were decreased by ~0.30-fold compared
with the untransfected BEAS-2B cells without hNE treat-
ment. However, the levels between these two groups
following hNE treatment became no longer significantly
different (Fig. 8A). Similar results were observed for Calu-3
cells (Fig. 8B). These findings are consistent with analysis
conducted within mouse models (13) and indicate that
Muncl3-2 may be a key regulator of baseline MUCS5AC
secretion. The levels of secreted MUCSAC protein in the
culture supernatants of Muncl3-4-knockdown BEAS-2B
cells were not significantly different from those in the
supernatants of untransfected BEAS-2B cells without hNE
treatment, whereas Muncl3-4-knockdown BEAS-2B cells
subjected to hNE pretreatment exhibited only 60% of the
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intracellular green fluorescence intensity was calculated and recorded as the mean intracellular fluorescence intensity. The ratios of Fm/Fc were recorded.
A total of 20 cells on each slide were evaluated for each condition. “P<0.05 vs. NT BEAS-2B cells; *P<0.05 vs. NT Calu-3 cells. Munc13-2, unc-13
homolog B; Muncl13-4, unc-13 homolog D; hNE, human neutrophil elastase; NT, no hNE treatment; Fm, membrane fluorescence intensity; FC, mean

intracellular fluorescence intensity.

secreted MUCSAC protein levels of untransfected BEAS-2B
cells (Fig. 8A). Similar data were obtained for the Calu-3
cell line (Fig. 8B). These results indicate that Munc13-4
may serve a crucial role in the excess secretion of MUCSAC
induced by hNE stimulation but may not be involved in
maintaining baseline secretion levels.

Discussion

In respiratory diseases, various stimuli, including infectious
agents, irritants and allergy-associated stimuli, leads to

increases in mucin synthesis and the activation of the exocytic
pathway, which results in mucus hypersecretion. The process
of mucin secretion involves multiple steps and relies on the
recruitment of particular proteins, such as members of the
exocyst family and ezrin (4,5), that facilitate the activation
and exocytosis of mucin granules. In airway goblet cells, the
exocytic complex functions as essential fusion machinery for
vesicle trafficking during MUCS5AC secretion; however, the
molecular composition of this complex and the mechanism of
membrane fusion during MUCSAC granule exocytosis are not
fully established at present.
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Figure 4. ColP analysis of Munc13-2 and Muncl3-4 binding to syntaxin2
in BEAS-2B cells and Calu-3 cells. Supernatants of cell lysates containing
total cellular protein were standardized to equal protein concentrations using
Bicinchoninic Acid Protein assays. Prior to ColP analysis, the standardized
proteins were loaded onto an SDS-PAGE gel. Normal rabbit IgG was used as
a negative control for ColP. Following ColP, the captured antigen-antibody
samples were prepared for western blotting to visualize Munc13-2 and
Muncl3-4 expression. ColP, co-immunoprecipitation; Muncl3-2, unc-13
homolog B; Muncl3-4, unc-13 homolog D; IP, immunoprecipitation; IB,
antibody; hNE, human neutrophil elastase; NT, no hNE treatment.

The final steps of vesicular trafficking mediate the
docking and fusion of SGs with the plasma membrane.
Previous studies have identified the components of the
exocytic machinery involved in this process and have delin-
eated their essential functions in protists and mammalian
nerve cells; however, the tethering, docking and membrane
fusion processes employed during mucin granule exocytosis
in the airway require further investigation. The central
components of this process are soluble SNARE proteins
present on secretory vesicles (v-SNARESs) and their target
membrane proteins (t-SNARESs) (24,25). In MUC5AC SG
exocytosis, the combination of VAMPS and SNAP23 has
been demonstrated to be essential in the docking and fusion
of SGs and plasma membranes (26). As one of the most
important SG activators, the Muncl3 family was originally
investigated in Caenorhabditis elegans. Further studies in
mammalian secretory cells revealed that the Muncl3 family
not only acts as the crucial activator of SGs in the nervous
system, but is also indispensable for the activation of SGs
in non-nervous system secretory cells (27,28). The specific
mechanisms involved in the promotion of SG activation by
Muncl3 have not been fully elucidated. Studies in neuronal
cells have indicated that Muncl3 may promote the depoly-
merization of syntaxin-Muncl8 complexes and maintain the
stability of syntaxin, which may promote the combination of
VAMP and SNAP25 (23,29-32). Previously, syntaxin2 was
demonstrated to be localized in human airway goblet cells
and was implicated in regulating mucin SG exocytosis (33).

In the present study, the functions of the Muncl3 family
in the BEAS-2B and Calu-3 immortalized human airway
epithelial cell lines were investigated, which are the most
commonly used cell lines for studies on airway mucin SG
exocytosis due to the similarity of their physical characteristics
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Figure 5. siRNA-mediated inhibition of Muncl3-2 and Muncl3-4 synthesis.
Untransfected cells (CTL) were employed as controls. Cells were transfected
with Munc13-2 siRNA, Munc13-4 siRNA or CTL siRNA. CTL siRNA1 exhib-
ited a similar GC content to the Munc13-2-specific siRNA, while CTL siRNA2
exhibited a similar GC content to the Munc13-4-specific siRNA. (A) Protein
expression levels of Muncl13-2 andMuncl3-4 in the transfected cells were
analyzed by western blotting. Representative bands are presented for each
protein. Protein levels of (B) Munc13-2 and (C) Muncl13-4 quantified by densi-
tometric analysis are presented as fold changes compared with untransfected
cells. "P<0.05 vs. CTL or CTL siRNA1/2 BEAS-2B cells; *P<0.05 vs. CTL or
CTL siRNA1/2Calu-3 cells. siRNA, small interfering RNA; Munc13-2, unc-13
homolog B; Munc13-4, unc-13 homolog D; CTL siRNA, control siRNA; CTL
group, untransfected cells.

WBEAS-2Bcells
1.40 B Calu-3cells

1.20

1.00
0.80
0.60
0.40
0.20
0.00

CTL CTL Munc13-2 Munc13-4
siRNA1 siRNAZ  siRNA siRNA

Fold changes of
MUCSACMRNA/GAPDHMRNA
(Mormalized by controls)

Figure 6. MUCS5AC mRNA expression levels in Muncl3-2- or
Muncl3-4-knockdown cells were analyzed by reverse transcription-quantitative
polymerase chain reaction. Untransfected cells were employed as controls. Cells
were transfected with Muncl3-2 siRNA, Muncl3-4 siRNA or CTLsiRNAs.
CTLsiRNA1 exhibited a similar GC content to the Munc13-2-specific siRNA,
while CTL siRNA?2 exhibited a similar GC content to the Muncl3-4-specific
siRNA. MUCS5AC, mucin 5AC; Muncl3-2, unc-13 homolog B; Muncl3-4,
unc-13 homolog D; siRNA, small interfering RNA; CTL siRNA, control
siRNA; CTL group, untransfected cells.
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Figure 7. Effects of Muncl3-2 or Muncl13-4 knock down on the expression levels of retained intracellular MUCSAC. Untransfected cells were employed as
controls. Cells were transfected with Munc13-2 siRNA,Munc13-4 siRNA or CTL siRNAs. CTL siRNAI exhibited a similar GC content to the Munc13-2-specific
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hNE-treated cells were exposed to a 100 nM hNE solution for 1 h. (A) Images were captured using a laser confocal microscope at an original magnification
of x400 in six independent experiments. Quantification and statistical analysis of intracellular MUCS5AC in (B) BEAS-2B cells and (C) Calu-3 cells. The red
fluorescence intensity of 20 cells on each slide was measured. The results were recorded and calculated using Leica Microsystem software. ‘P<0.05 vs. CTL,
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homolog D; MUCS5AC, mucin 5AC; siRNA, small interfering RNA; CTL siRNA, control siRNA; hNE, human neutrophil elastase; CTL group, untransfected
cells; NT, no hNE treatment.

to those of human airway goblet cells (33,34). To date, two
isoforms of the Muncl3 family, Muncl3-2 and Muncl3-4,
have been isolated from the human airway epithelium (35).
According to the in vitro assay results of the present study,
hNE may not influence the synthesis of Muncl3-2 or
Muncl13-4; however, hNE stimulation recruited Muncl3-4,
but not Muncl3-2, to the cellular plasma membrane. The
binding of Muncl3-2 and Muncl3-4 to syntaxin 2 was also
investigated in the present study, which is the major syntaxin
subtype involved in airway mucin SG exocytosis. The present

study reported that Muncl3-2 exhibits a stable bond with
syntaxin 2 in response to with or without hNE stimulation;
syntaxin2-Muncl3-4 complexes were rare in both cell lines,
but they increased in number following stimulation with
hNE. These results indicate that Muncl3-4 may be sensitive
to hNE stimulation during airway mucin hypersecretion. To
further investigate this hypothesis, siRNA was employed to
individually downregulate Muncl3-2 and Muncl3-4 within
the two cell lines and analyze the subsequent secretion of
MUCSAC in the present study. No significant differences in
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Figure 8. Secreted MUCSAC protein expression levels in the cell culture
supernatants of Muncl3-2- and Muncl3-4-knockdown BEAS-2B and
Calu-3 cells were measured by ELISA. Untransfected cells were employed
as controls. Cells were transfected with Muncl13-2 siRNA, Muncl3-4
siRNA or CTL siRNA. CTL siRNAI exhibited a similar GC content to
the Muncl3-2-specific siRNA, while CTL siRNA2 exhibited a similar GC
content to the Munc13-4-specific siRNA. ELISA was performed to determine
MUCSAC protein levels in the cell culture supernatants of (A) BEAS-2B and
(B) Calu-3 cell lines. The results were recorded as fold changes compared
with the CTL group. "P<0.05 vs. CTL, CTL siRNA1 and CTL siRNA2 NT
groups; 4P<0.05 vs. CTL, CTL siRNA1 and CTL siRNA2 hNE groups.
*P<0.05 vs. CTL with NT, *P<0.05 vs. CTL siRNA2-transfected cells
with NT, **P<0.05 vs. CTL siRNA I-transfected cells with NT, “P<0.05 vs.
Muncl3-4-transfected cells with NT, ”P<0.05 vs. Munc13-2-transfected cells
with NT. MUCS5AC, mucin 5AC; Muncl3-2, unc-13 homolog B; Munc13-4,
unc-13 homolog D; siRNA, small interfering RNA; CTL siRNA, control
siRNA; CTL group, untransfected cells; hNE, human neutrophil elastase;
NT, no hNE treatment.

MUCSAC mRNA expression were detected in untransfected,
Munc 13-2-knockdown or Muncl3-4-knockdown cells for
either the BEAS-2B or Calu-3 cell lines. Munc13-2-knockdown
cells partially lost their baseline MUCSAC exocytosis ability,
where as Muncl3-4-defective cells retained this ability.
These data indicate that Muncl3-2, but not Munc13-4, may
be an essential regulator of baseline MUCS5AC exocytosis,
which is consistent with previous investigation within a
mouse model (13). hNE was employed in the present study
to induce MUCSAC hypersecretion in both cell lines. Unlike
Muncl3-4-knockdown cells, Muncl3-2-knockdown cells
retained the majority of their sensitivity to hNE when in
MUCSAC hypersecretion mode, indicating that Muncl3-4
may be an essential regulator of MUCSAC SG hypersecretion,
at least in the presence of hNE. Conversely, Muncl3-2 appears
to participate in baseline MUCSAC exocytosis rather than
agonist-induced MUCSAC hypersecretion. The present study
indicated the crucial role of Muncl13-2 in the basal MUCS5AC
exocytosis and the essential role of Munc13-4 in hNE-induced
MUCSAC hypersecretion mode. Beyond core complex
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composed by v-SNARE and t-SNARE, the tethering docking
and releasing of secretory granules (SGs) depend on a series
of multi-subunit protein complexes, including EEA1, the Rab
family and its effector (36). The complex interrelationships
between these proteins and the core complex are understood in
yeast and neuronal SGs. However, they are still ambiguous in
nonneuronal SGs. As a majority of the functional relationships
between the SNARE complex members in the exocytosis of
airway MUCSAC SGs are still unknown, further researches
on the functional bindings of SNARE complex members in
the tethering docking and releasing of MUCSAC SGs will
be performed in the future. In conclusion, Muncl3 family
members act as important activators of MUCSAC granule
secretion. Muncl3-2 may be an essential regulator of
baseline MUCSAC exocytosis, whereas Muncl3-4 appears
to be sensitive to hNE stimulation during airway MUCS5AC
hypersecretion. The present study has extended our current
knowledge about the tethering/docking procedure during
MUCSAC hyper-secretion and provides potential targets for
the development of novel therapy in the management of post-
infectious airway mucus hypersecretion.
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