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Annexin II mediates the neutrophil elastase-stimulated
exocytosis of mucin Sac
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Abstract. The overexpression and hypersecretion of mucus is a
hallmark of several chronic pulmonary inflammatory diseases,
including chronic obstructive pulmonary disease (COPD),
asthma and cystic fibrosis. Mucin Sac (MUCS5AC) is a major
component of airway mucus. Annexin II (ANXII) has been
reported to be expressed in various cells and is associated with
the fusion of secretory vesicles. Neutrophil elastase (NE) is
present at high concentrations in the airway surface fluid in
patients with cystic fibrosis and various other severe diseases.
However, the role of ANXII in NE-induced secretion of
MUCSAC granules remains unclear. It was determined that NE
upregulates the transcription and protein synthesis of ANXII in
16HBE human bronchial epithelial cells. Following stimulation
with NE, ANXII is recruited to the cell membrane, as visual-
ised by cell immunochemistry and laser confocal microscopy,
and the redistribution of ANXII is inhibited by the protein
kinase-C (PKC) inhibitor bisindolylmaleimide I. Conversely,
depleting endogenous ANXII decreases MUCSAC secretion
into the cell culture supernatant and increases the levels of
intracellular MUCSAC protein. The data indicated that ANXII
is associated with the secretion of MUCSAC granules.

Introduction

The airway mucociliary clearance system is essential for innate
lung defence. The major components of this system are ciliary
movement and airway surface liquid, which is composed of
water, electrolytes and macromolecules. Appropriate mucin
secretion ensures the removal of inhaled foreign objects,
including particulates and pathogens. Mucus hypersecretion
is a hallmark of various pulmonary inflammatory diseases,
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including chronic obstructive disease (COPD), asthma and
cystic fibrosis. The gel-forming mucin 5ac (MUCS5AC) is
primarily synthesised by goblet cells. Airway goblet cell
hyperplasia is the primary pathology in asthma and COPD (1).
However, the oversecretion of gel-forming mucin, particularly
MUCS5AC, is generally observed in those patients who succumb
to a severe asthma attack or an acute exacerbation of COPD (2).

Neutrophil elastase (NE) is primarily synthesised and
released by neutrophils, which have been implicated in
various mucus hypersecretory diseases. NE has been reported
to be associated with goblet cell metaplasia (3) and decreased
airway mucociliary clearance ability. NE induces robust
MUCSAC production in human airway epithelial cells, and
the upregulation of MUCSAC gene expression is mediated
by the epidermal growth-factor receptor (EGFR) signalling
pathway (4,5). Furthermore, NE downregulates the expression
of CD40, CD80 and CD86, which promotes the maturation of
dendritic cells in COPD patients (6).

Annexins are a family of membrane binding proteins that
regulate membrane organisation, membrane trafficking and
Ca®-related cellular processes (7). Annexin IT (ANXII) is
expressed in numerous cells, but is more highly expressed in
cells that are poorly differentiated than in well-differentiated
cells. ANXII has been implicated in the fusion of secretory
vesicles and target membranes in several studies (8,9). In
eukaryotes, ANXII exists either as a soluble monomer (p36)
or as a tetrameric complex (p90) with its specific ligand,
S100A10. According to a study on chromaffin cells, the
prevention of ANXII tetramer formation markedly inhibited
the exocytosis of noradrenaline secretory granules (SGs) (10).
Studies have demonstrated that a synthetic peptide bound to
the NH,-terminal of ANXII, containing the protein kinase-C
(PKC) phosphorylation site, inhibits catecholamine secretion
when microinjected into chromaffin cells (11). This finding
suggests a close correlation between ANXII activation and the
phosphorylation of PKC (12). A study on rat lung epithelial
cells revealed a time-dependent increase in ANXII expres-
sion following stimulation with acrolein (13). ANXII has
been identified to correlate with N-ethylmaleimide sensitive
factor attachment protein receptors (SNAREs) in stimulated
chromaffin cells (10). However, whether ANXII mediates
the exocytosis of MUCSAC SGs has not been investigated.
Based on the evidence mentioned above, we hypothesized that
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Table I. Primers for real-time quantitative PCR.
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Forward primer

Reverse primer

[-actin 5-TGGCACCCAGCACAATGAA-3'

Annexin II

5-ACTTTGATGCTGAGCGGGATG-3'

5-CTAAGTCATAGTCCGCCTAGAAGCA-3'
5'-CGAAGGCAATATCCTGTCTCTGTG-3'

ANXII mediated membrane fusion between MUCSAC SGs
and the plasma membrane. We designed cellular study in vitro
and attempted to reveal the specific mechanisms involved.

Materials and methods

Cells, reagents and antibodies. 16HBE human bronchial
epithelial cells were purchased from Guangzhou Respiratory
Institute (Guangzhou, China). Human NE (hNE) was
purchased from Elastin Products Company (Owensville,
MO, USA). All antibodies used for western blotting and
immunocytochemistry, including mouse anti-human ANXII
(ab54771), mouse anti-human mucinSac (ab3649), fluorescein
isothiocyanate (FITC)-conjugated goat polyclonal secondary
antibody to mouse IgG (ab6785) and horseradish peroxidase
(HRP)-conjugated goat polyclonal secondary antibody to
mouse [gG (ab6789), were purchased from Abcam (Cambridge,
MA, USA). The transfection reagent, FUGENE HD, was
acquired from Roche (Basel, Switzerland).

Cell culture and treatment. 16HBE cells were propagated in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% foetal bovine serum (FBS), 50 U/ml penicillin and
100 pg/ml streptomycin in a 37°C, 5% CO, incubator. The
16HBE cells were plated in 6x60-mm culture dishes at a density
of ~2x10° cells/ml and cultured in a 37°C, 5% CO, incubator to
allow the cells to attach. Following serum-starvation for 24 h,
16HBE cells were divided into the following groups: i) The
untreated group, which was grown in serum-free DMEM to
determine the basal level of MUCSAC secretion and the basal
expression level and intracellular distribution of ANXII. ii) The
NE-stimulated group, which was treated with 8 yg/ml hNE for
4 h. iii) The NE-treated and control siRNA-transfected group,
which was transfected with the negative control siRNA and
subsequently treated with 8 g/ml hNE in serum-free DMEM
for 4 h. iv) The NE-treated and ANXII siRNA-transfected
group, which was transfected with ANXII siRNA and subse-
quently treated with 8 pg/ml hNE in serum-free DMEM for
4 h. v) The PKC inhibitor- and NE-treated group, which was
preincubated with the PKC inhibitor bisindolylmaleimide I
(500 nmol/l) for 15 min and subsequently treated with hNE in
serum-free DMEM for 4 h.

Small interfering RNA (siRNA) preparation and
transfection. ANXII-specific siRNA and the vector
pGC-silencer-U6/Neo/green fluorescent protein (GFP)/ANXII
(targetshRNA sequence5'-GGTCTGAATTCAAGAGAAA-3")
were synthesised and packaged by GeneChem (Shanghai,
China). A base sequence containing a similar GC content was
inserted into the vector as a negative control. Prior to transfec-
tion, I6GHBE cells in the exponential growth phase were plated

at a density of ~2x10° cells/ml and incubated in the culture
dishes for 12 h. Following washing with phosphate-buffered
saline (PBS) three times in order to avoid any interference by
the antibiotics and the serum, the 16HBE cells were transfected
using FuGENE HD with either ANXII siRNA or the negative
control vector according to the manufacturer's instructions.
siRNA concentrations were based on dose-response studies
(data not shown).

Reverse transcription (RT) and quantitative polymerase chain
reaction analysis (qPCR). Total RNA was extracted from
16HBE cells in each group using TRIzol. The extraction was
confirmed by RNA electrophoresis on a 1.5% agarose gel, and
an absorbance (A ,/,5) Value of 1.8-2.0 was deemed acceptable.
The reverse transcription followed the specifications provided
in the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA,
USA). The synthesised cDNA was prepared for gPCR. gPCR
was performed using the iQ SYBR Green supermix (Bio-Rad)
with PCR primers in an iCycler (Bio-Rad). In order to quan-
tify the expression of ANXII mRNA, (3-actin mRNA served
as an internal control. All primers used for qPCR are listed
in Table I. The qPCR curves were analysed using the CFX
Manager™ software (Bio-Rad) in order to obtain threshold
cycle (Ct) values for each sample. The mRNA expression level
was calculated based on a generated standard curve.

Western blotting to detect ANXII protein. The expression of
ANXII protein in each group was detected by western blot-
ting. The cells were washed with PBS three times and lysed
on ice for 20 min using a lysis buffer containing 10 mmol/l
Tris (pH 7.4), 1% sodium dodecyl sulphate (SDS), 1 mmol/l
sodium orthovanadate and cOmplete ULTRA protease inhibi-
tors (Roche ID: 05892970001; Roche, Basel, Switzerland). In
order to remove the nuclei and intact cells, the lysis products
were centrifuged at 21,773 x g (1-14K centrifuge; Sigma
Laborzentrifugen GmbH, Osterode am Harz, Germany) for
15 min at 4°C. The supernatants were standardised for equal
protein concentration using the instructions in the Bicinchoninic
Acid Protein Assay kit (Beyotime, Beijing, China). The samples
were subsequently boiled for 5 min in water. Following separa-
tion with SDS-polyacrylamide gel electrophoresis, the proteins
were transferred onto polyvinylidene difluoride (PVDF)
membranes (Bio-Rad). The PVDF membranes were incubated
with anti-ANXII (dilution, 1:100) and anti-f-actin primary
antibodies (dilution, 1:1,000) overnight at room temperature.
Following washing with PBS with tween-20 three times
for 15 min, the PVDF membranes were incubated with the
secondary antibody, HRP-conjugated goat anti-mouse IgG,
at a 1:2,000 dilution for 2 h. The blots were visualised using
enhanced chemiluminescence according to the manufacturer's
instructions (KeyGen, Nanjing, China). The intensity of each
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band was measured using the Fluor-S Multilmager and
Quantity-One software (Bio-Rad). The ANXII protein expres-
sion level was normalised to that of (-actin.

Cell immunochemistry and laser confocal microscopy. The
direct visual observation of ANXII and intracellular MUCS5AC
protein were performed using immunochemistry and laser
confocal microscopy. 16HBE cells were plated at a density of
2x10° cells/ml in 24-well plates on a glass coverslip in each
well. Following culturing in a serum- and antibiotic-free
environment for 12 h, the cells were washed three times with
PBS. The cells were fixed with 4% paraformaldehyde for
15 min and washed again with PBS. The fixed 16HBE cells
were permeabilised with 0.1% Triton X-100 in PBS for 10 min
and washed three times with PBS. The cells were subsequently
blocked in 5% goat serum for 60 min and incubated with
mouse anti-MUCS5AC (1:500 dilution) or mouse anti-ANXII
(1:50 dilution) overnight. Following three washes with PBS,
the slides were incubated with the secondary antibody, FITC-
linked goat anti-mouse IgG (dilution, 1:1,000), for 60 min.
The cells were washed three times with PBS and embedded
in 50% glycerol. The 16HBE cells were visualised using a
confocal microscope (TCS-SP2, Leica Microsystems, Wetzlar,
Germany). Representative images were captured with the
incorporated digital camera and subsequently processed with
Adobe Photoshop 7.0 (Adobe Systems Inc., Beijing, China).

Enzyme-linked immunosorbent assay (ELISA) for MUC5AC
in the cell supernatant. Secreted MUCSAC in the 16HBE cell
culture supernatant was assessed by ELISA. The culture super-
natants (50 pl/well) were added to a 96-well plate and incubated
at 40°C until dry. Following washing and blocking the wells,
the mouse monoclonal antibody against MUCSAC (dilution,
1:200) was incubated in the wells for 1 h. The plates were
washed three times with PBS and incubated with 100 ul/well
HRP-conjugated goat anti-mouse IgG at a 1:5,000 dilution. After
1 h, the plates were washed three times with PBS. The colour
reaction was performed using an HRP solution and was stopped
with H,SO,. The absorbance was read at 450 nm and the results
were expressed as the ratio of MUCSAC to the standard.

Statistical analysis. Data were reported as the mean + standard
deviation. All data were analysed with the SPSS 17.0 statistical
package (SPSS Inc., Chicago, IL, USA). The analysis of one-way
analysis of variance with Student-Newman-Keuls g-test was
used to compare the levels of difference between groups. P<0.05
was considered to indicate a statistically significant difference.

Results

NE increases ANXII expression in I6HBE cells. The mRNA
expression of ANXII was investigated in I6HBE cells following
treatment with hNE. Trypan staining was used to evaluate
the viability of 16HBE cells following treatment with hNE.
Further research depended on >95% cell viability. As shown in
Fig. 1A and B, the normalized ANXII mRNA level exhibited a
dose- and time-dependent increase following stimulation with
hNE. However, a higher dose of 12 xg/ml hNE or extending
the stimulation time to >4 h failed to induce a significantly
higher transcription of ANXII in 16HBE cells (Fig. 1A and B).
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Furthermore, ANXII protein in 16HBE cells was detected
by western blotting. The expression levels of ANXII in I6HBE
cells were normalized by pB-actin. As shown in Fig. 1C a
concentration of hNE ranging from 4 to 12 ug/ml significantly
increased the synthesis of ANXII in 16HBE cells. However,
no significant differences were observed between 16HBE
cells stimulated by 8 or 12 pg/ml hNE in the synthesis level
of ANXII (Fig. 1C). Stimulation of hNE increased the expres-
sion of ANXII in 16HBE cells in a time-dependent manner.
However, extending the exposure time to >8 h failed to induce
a further increase of ANXII expression compared with the 4 h
exposure group (Fig. 1D).

ANXII is recruited to the cell membrane upon stimulation with
NE. As mentioned previously, NE upregulated the expression
of ANXII. To further investigate the distribution of ANXII
protein in stimulated 16HBE cells, ANXII was visualised
by cell immunochemistry. Immunoreactivity was performed
using laser confocal microscopy and Leica Confocal Software.
ANXII was recruited to the plasma membrane in 16HBE cells
treated for 4 h with 8 yg/ml NE but not in the untreated control
cells (Fig. 2A and B). The phosphorylation of ANXII and the
formation of an ANXII heterotetrameric complex (p90), which
has been demonstrated to be more efficient than monomeric
p36, has been reported to be dependent on the activation of
PKC (14). Therefore, it was investigated whether PKC partici-
pated in the redistribution of ANXII in stimulated 16HBE
cells. I6HBE cells were preincubated with the PKC inhibitor
bisindolylmaleimide I (500 nmol/l) and subsequently stimu-
lated with NE, as described previously. Images were captured
using a laser confocal microscope (Fig. 2C). Pretreatment with
bisindolylmaleimide I markedly reduced the recruitment of
ANXII to the cell membrane in NE-stimulated 16HBE cells.

ANXII is required for MUCS5AC secretion in I6HBE cells. In
order to investigate whether ANXII is required for the secre-
tion of MUCSAC, a specific siRNA that targets ANXII was
designed. The downregulation of ANXII in 16HBE cells using
ANXII siRNA was verified by western blotting (Fig. 3A). The
secretion of MUCS5AC into the cell culture supernatant was
measured by ELISA. NE increased MUCS5AC secretion by
~3-fold after 4 h. I6HBE cells transfected with ANXII siRNA
secreted significantly less MUCSAC following stimulation with
NE (Fig. 3B). Treatment with bisindolylmaleimide I partially
reduced the secretion of MUCSAC in NE-stimulated 16HBE
cells. The MUCS5AC retained in the endochylema was visual-
ised by cell immunochemistry. The retained MUCSAC in the
16HBE cells was quantified using the fluorescence intensity
ratio and was compared with the untreated control (Fig. 3C-G).
16HBE cells transfected with ANXII siRNA exhibited poor
levels of MUCS5AC secretion following incubation with NE,
and the retained MUCS5AC level was significantly higher in
the endochylema compared with that in the NE-treated group
(Fig. 3H, P<0.05).

Discussion
Mucus hypersecretion in the human airway is a pathology

present in several respiratory diseases, including asthma and
COPD. Excessive mucus production in the airways has been
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Figure 1. Annexin IT (ANXII) expression in human bronchial epithelial (I6HBE) cells following stimulation with neutrophil elastase (NE). (A) 16HBE cells were
treated for 4 h with 4, 8 or 12 yg/ml human (hNE) or serum-free Dulbecco's modified Eagle's medium as a negative control. The quantity of ANXII mRNA was
determined by quantitative polymerase chain reaction (JPCR). The results were reported as the fold-increase in ANXII mRNA expression in the treatment group
compared with the negative control. “P<0.05 vs. the control group; “P>0.05; n=6. (B) 16HBE cells were treated with 8 xg/ml hNE for 2,4, 8 or 12 h, respectively.
The quantity of ANXII mRNA was determined by gPCR. The results were reported as the fold-increase in ANXII mRNA expression in the treatment group com-
pared with the initial time. "P<0.05 vs. the expression ANXII mRNA of the initial time; “P>0.05 between the two groups; n=6. (C) 16HBE cells were treated for 4 h
with 4, 8 or 12 ug/ml hNE or serum-free DMEM as a negative control. ANXII protein levels in 16HBE cells were determined by western blotting. “P<0.03 vs. the
control group; “P>0.05 between the two groups; n=6. (D) 16HBE cells were treated with 8 ug/ml hNE for 2, 4, 8 or 12 h, respectively. ANXII protein levels in
16HBE cells were determined by western blotting. The results were reported as the fold-increase in ANXII protein expression in the treatment group compared
with the initial time "P<0.05 vs. the initial time and “P>0.05 between the two groups.

| - | -
Figure 2. The intracellular distribution of Annexin II (ANXII) following treatment with neutrophil elastase (NE). Human bronchial epithelial (I6HBE) cells
were treated for 4 h with 8 yg/ml human NE or with serum-free Dulbecco's modified Eagle's medium as a negative control. ANXII was visualised using cell
immunochemistry and laser confocal microscopy. (A) Representative image of NE-stimulated 16HBE cells (original magnification, x800). (B) Representative

image of the negative control 16HBE cells (original magnification, x800). (C) Representative image of NE-stimulated 16HBE cells that were pretreated with
the protein kinase-C inhibitor bisindolylmaleimide I (original magnification, x800).

A

linked to an increase in morbidity and mortality in patients  substrate (MARCKS) has been demonstrated to be involved
with respiratory diseases (15). In asthma and COPD, increased  in the translocation of MUCSAC SGs (17,18). Several proteins
numbers of goblet cells correlates with excessive mucus  that promote mucus secretion, including interleukin (IL)-1§,
production. Goblet cells are capable of rapidly secreting mucus  IL-6, monocyte chemoattractant protein-1 and tumour necrosis
in response to certain stimuli in order to form a mucus layer  factor-a, improve MUCSAC hypersecretion through the activa-
that lines the airways. Highly glycosylated forms of mucin, tion of MARCKS. The exogenous attenuation of the function of
MUCSAC in particular, form a mucus gel and may lead to MARCKS may decrease airway mucin secretion (18).
severe airway obstruction (16). ANXII, also termed ANXAZ2, is widely expressed in
As several studies have reported, the translocation and  eukaryotic cells and is a calcium- and phospholipid-binding
exocytosis of MUCS5AC SGs is a complicated process with an  protein that mediates essential cellular processes, in particular
obscure intrinsic regulatory mechanism. The PKC-dependent = membrane trafficking events. Deep-etch electron microscopy
phosphorylation of myristorylated alanine-rich C-kinase has revealed a crosslink between the SGs and the plasma
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Figure 3. Annexin II (ANXII) is required for neutrophil elastase (NE)-stimulated mucin Sac (MUCSAC) secretion. (A) Human bronchial epithelial (1I6HBE)
cells were transfected with ANXII siRNA or the control vector. ANXII protein levels were detected by western blotting. (B) MUCS5AC secretion into the
cell supernatant was measured by enzyme-linked immunosorbent assay (ELISA). The concentration of MUCSAC in 16HBE cells incubated in serum-free

Dulbecco's modified Eagle's medium for 12 h was set as the standard. The cell

supernatant was determined and compared with the standard. "P<0.05 compared

with the untreated group; “P<0.05 compared with the NE stimulating group; “P>0.05 between the two groups; n=6. (C-G) MUC5AC retained in the endochy-
lema was visualised with cell immunochemistry (original magnification, x400). (C) Representative image of untreated 16HBE cells. (D) Representative image
of NE-stimulated 16HBE cells. (E) Representative image of the control siRNA-transfected and NE-stimulated 16HBE cells. (F) Representative image of the
protein kinase-C (PKC) inhibitor pretreated and NE-stimulated 16HBE cells. (G) Representative image of ANXII siRNA-transfected and NE-stimulated
16HBE cells. (H) The concentration of intracytoplasmic-retained MUCSAC was quantitated by comparing the fluorescence intensity of the treated sample
with that of the negative control. At least 20 cells were evaluated for each condition. "P<0.05 compared with the other three groups mentioned in cartogram.

membrane formed by ANXII in stimulated neuroendocrine
cells (19). Direct evidence has been obtained for the role of
ANXII in exocytosis.

ANKXII exists either as a monomer (p36) or as a section of
a heterotetrameric complex (p90) with S1I00A10, a protein of
11 kDa, which is referred to as pl11. In the heterotetrameric p90
complex, the central SI00A10 dimer links two ANXII chains in
a highly symmetrical manner, creating a scaffold that is capable
of bridging the opposing membrane surfaces. Several observa-
tions have suggested that the ANXII-S100A 10 heterotetrameric
complex targets the cell surface and the cortical cytoskeleton (20).

In neuroendocrine cells, ANXII promotes monosialotetrahexo-
sylganglioside-containing lipid microdomains that are required
for calcium-related exocytosis (12). Soluble SNARESs present at
the plasma membrane have been reported to be the membrane
fusion sites for vesicle exocytosis (21,22). ANXII has been
revealed to colocalise with SNAP-23, which is abundant in
non-neuronal cells and is responsible for the secretion of mucin
granules (23). Therefore, it was investigated whether ANXII
was responsible for MUCS5AC secretion. There is evidence that
reactive oxygen species, inflammation and hypoxia activate
the expression of ANXII (24,25). It was demonstrated that
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following stimulation with NE, ANXII mRNA transcription
and protein levels increased by ~2-fold at their peak levels.
Immunohistochemistry on the NE-stimulated 16HBE cells
allowed the visualisation of the distribution of ANXII in stimu-
lated hypersecretion cells. Similar to what has been reported
in chromaffin cells (10), it was established that ANXII is
recruited to the cell membrane in stimulated 16HBE cells. As
demonstrated in mesangial cells in vitro, ANXII is phosphory-
lated by PKC (14) and a synthetic peptide corresponding to the
NH,-terminus of ANXII, which contains the PKC phosphory-
lation site and inhibits catecholamine secretion in chromaffin
cells (26). Similarly, bisindolylmaleimide I was used to inhibit
the phosphorylation of ANXII and revealed an attenuation in
the peripheral recruitment of ANXII in NE-stimulated 16HBE
cells. These data suggest that the induction of ANXII expression
and its recruitment to the cell membrane in 16HBE cells upon
NE stimulation is dependent on the PKC pathway.

Despite 20 years of extensive study, the precise function
of ANXII remains unknown. In particular, the role of ANXII
in non-neuroendocrine cell secretion has yet to be clari-
fied. According to a previous study, NE increases the novel
synthesis of MUCSAC following treatments that last >4 h,
primarily by enhancing MUCS5AC mRNA stability (27). It was
established that 4 h was the adequate stimulation time to inves-
tigate secretion of MUCSAC granules induced by NE (28). A
specific siRNA targeting ANXII was synthesised to inhibit
the endogenous production of ANXII in 16HBE cells. Using
these methods, it was determined that ANXII is essential for
MUCSAC secretion.

The present study provides evidence of ANXII involve-
ment in the mechanisms of MUCS5AC secretion in airway
epithelial cells. It may aid in the understanding of the specific
mechanism of MUCS5AC secretion and provide a novel therapy
for the management of local and systemic diseases in mucus
hypersecretion.
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