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Abstract

Background: Recent studies demonstrated that nasal polyps (NP) patients in China and other Asian regions possessed
distinct Th17-dominant inflammation and enhanced tissue remodeling. However, the mechanism underlying these
observations is not fully understood. This study sought to evaluate the association of interleukin (IL)-17A with MUC5AC
expression and goblet cell hyperplasia in Chinese NP patients and to characterize the signaling pathway underlying IL-17A-
induced MUC5AC expression in vitro.

Method: We enrolled 25 NP patients and 22 normal controls and examined the expression of IL-17A, MUC5AC and act1 in
polyp tissues by immunohistochemical (IHC) staining, quantitative polymerase chain reaction (qPCR) and western blot.
Moreover, by using an in vitro culture system of polyp epithelial cells (PECs), IL-17A-induced gene expression was screened
in cultured PECs by DNA microarray. The expression of IL-17RA, IL-17RC, act1 and MUC5AC and the activation of the MAPK
pathway (ERK, p38 and JNK), were further examined in cultured PECs and NCI-H292 cells by qPCR and western blotting,
respectively.

Results: We found that increased IL-17A production was significantly correlated with MUC5AC and act1 expression and
goblet cell hyperplasia in polyp tissues (p,0.05). IL-17A significantly stimulated the expression of IL-17RA, IL-17RC, act1 and
MUC5AC, and the activation of the MAPK pathway in cultured PECs and NCI-H292 cells (p,0.05). In addition, IL-17RA, IL-
17RC and act1 siRNA significantly blocked IL-17A-induced MUC5AC production in vitro (p,0.05).

Conclusion: Our results suggest that IL-17A plays a crucial role in stimulating the production of MUC5AC and goblet cell
hyperplasia through the act1-mediated signaling pathway and may suggest a promising strategy for the management of
Th17-dominant NP patients.
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Introduction

Nasal polyps (NP) is characterized by specific Th2-skewed,

eosinophilic inflammation and extensive edema in polyp tissues

[1]. Th2-dominant eosinophilic inflammation and subsequent

tissue edema are the key features of western NP patients, as

demonstrated by marked infiltration of activated eosinophils, a

high extent of tissue edema and paucity of submucosal glands [2].

Of interest, some recent studies have demonstrated that NP

patients in China and other Asian regions had distinct inflamma-

tory patterns compared with their Caucasian counterparts [3–5].

For example, Kim et al. reported that non-eosinophilic NP

patients comprised 66.7% of the total Korean patients included in

their study [3]. Cao et al. reported more than half of Chinese NP

patients presented a Th17-dominant, neutrophilic inflammation

pattern [4]. In the recent study by Shi et al., they found

significantly enhanced mucous metaplasia and tissue remodeling

in non-eosinophilic NP patients in China [5]. However, the

underlying mechanism is not yet fully understood.

Th17 cells are newly emerged immune/inflammatory cell

subsets which are now widely believed to be critical for the

regulation of various chronic immune diseases [6]. As the

characteristic cytokine of Th17 cells, IL-17A has been revealed

to play a significant role in regulating inflammation, modulating

airway structural cells and stimulating innate immunity to mediate

neutrophil recruitment in asthma and other airway diseases [7].
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Investigations have revealed that IL-17A can orchestrate local

inflammation by inducing the release of proinflammatory cyto-

kines, such as TNF-a, IL-1b, G-CSF and IL-6, as well as the

chemokines CXCL2 and IL-8, produced by human bronchial

fibroblasts, epithelial cells and airway smooth muscle cells [8–10].

Furthermore, IL-17A can act in synergy with IL-6 to induce the

expression of the mucus proteins MUCAC and MUC5B [11]. On

the other hand, mucin overproduction is one of the hallmarks of

chronic airway diseases such as chronic obstructive pulmonary

disease, asthma and NP [12]. Excessive mucus production can

increase morbidity and mortality by disturbing proper mucociliary

and innate immune functions in the airway. Of the several

secretory mucin genes, MUC5AC is particularly considered to be

a marker of mucus metaplasia because of its high expression in

mucus-secreting goblet cells [13]. Therefore, targeting MUC5AC

regulation may represent a promising strategy for NP treatment

[12,14].

To date, numerous reports have shown that both Th2 and

Th17 cells are able to prominently stimulate MUC5AC gene

expression in airway epithelial cells either in vitro or in vivo [14–16].

However, whether and how Th17 promotes MUC5AC produc-

tion and goblet cell hyperplasia in NP patients remains unclear.

Materials and Methods

Ethics statement
The research protocols were approved by the Ethics Committee

of the First Affiliated Hospital of Sun Yat-sen University. All NP

and control participants with tissue examination provided their

written informed consent to participate in this study.

Patients and tissue samples
Adult NP subjects (n = 25) were recruited from the First

Affiliated Hospital of Sun Yat-sen University. The diagnosis of

NP was made according to the current European Position Paper

on rhinosinusitis and nasal polyps [1]. All patients had undergone

an unsuccessful standardized course of medical therapy (oral and/

or nasal glucocorticoid, antibiotics, antileukotrienes and nasal

irrigation for more than 12 weeks) and consented to tissue

collection at the time of surgery. None of the subjects used oral or

nasal glucocorticoids or other medications (e.g., antibiotics or

antileukotrienes) for 4 weeks before sample collection. During

endoscopic surgery, the polyp tissues were sampled for experi-

mental use. As normal controls, 22 patients undergoing septoplasty

due to anatomical variations were enrolled, and the tissues from

the inferior turbinate were sampled during septal surgery. The

demographic data of all subjects enrolled in this study are listed in

Table S1 in File SI.

Tissue samples were divided into 3 portions: the first portion

was frozen in liquid nitrogen and stored at 280uC for subsequent

RNA isolation, the second portion was used for protein isolation,

and the third portion was fixed overnight in a freshly prepared

fixative containing 4% paraformaldehyde in PBS (pH 7.4) and was

embedded in paraffin wax for histological staining. In addition,

some fresh polyp tissues were further used for the isolation and

culture of polyp epithelial cells (PECs) to assess the effect of IL-17A

on MUC5AC expression in vitro.

Histological staining
Paraffin sections (4 mm) were used for histological staining. PAS

staining was performed to evaluate goblet cell hyperplasia. IHC

staining was performed by the peroxidase-labeled streptavidin-

biotin technique as we described elsewhere. The sections were

incubated overnight at 4uC in the presence of anti-IL-17A (R&D

systems, Minneapolis, MN, USA) and anti-MUC5AC antibodies

(Santa Cruz, Santa Cruz Biotech, CA, USA). Thereafter, each

section was incubated with a secondary antibody and then with

horseradish peroxidase-labeled streptavidin complex (Zhongshan-

jinqiao, Beijing, China). The distribution of peroxidase was

revealed by incubating the sections in a solution containing 3%

3,3-diaminobenzidine tetrahydrochloride before being counter-

stained with hematoxylin and coverslipped. Negative control

studies were performed by replacing the primary antibodies with

normal IgG in appropriate concentrations.

The PAS staining and MUC5AC staining were semi-quantita-

tively scored on a scale of 0 to 4 (0, no staining; 1, mild; 2,

medium; 3, severe; 4, extremely severe) in 10 randomly selected

HPFs (6400 magnification) and then averaged. The number of IL-

17A+ cells was determined by counting the positive-staining cells in

10 randomly selected HPFs (6400 magnification) and then

averaged.

Real-time quantitative polymerase chain reaction (qPCR)
The mRNA expression levels of IL-17A, IL-17RA, IL-17RC,

MUC5AC and act1 were detected by real-time qPCR analysis.

Briefly, total RNA was extracted with TRIzol reagent (Invitrogen,

Carlsbad, CA, USA) following the manufacturer’s instructions.

Reverse transcription was performed, and the cDNA was

synthesized from 2 mg of total RNA using an oligo (dT)18 primer

and M-MLV reverse transcriptase (TAKARA, Syuzou, Shiga,

Japan) for quantitative PCR. RNA integrity and the success of the

reverse transcription reaction were monitored by PCR amplifica-

tion of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

transcripts. Expression of mRNA was determined using the ABI

PRISM 7600 Detection System (Applied Biosystems, Foster City,

CA, USA) and SYBR Premix (TAKARA). The primer sequences

of each gene used in the study are listed in Table S2 in File SI.

PRISM samples contained 16SYBR Green Master Mix, 1.5 mL of

5 mM primers, and 25 ng synthesized cDNA in a 25-mL volume.

Reactions were heated to 95uC for 10 min followed by 40 cycles of

denaturation at 95uC for 10 s and annealing and extension at

60uC for 60 s. Melting curve analysis was used to control for

amplification specificity. The mean threshold cycle (Ct) values

were normalized to GAPDH, and the relative mRNA levels of

target genes were analyzed with the 22DDCt method. Experiments

were performed in triplicate for each data point.

Western blot analysis
The protein levels of act1, total p38, ERK, JNK and

phosphorylated p38, ERK and JNK (p-p38, p-ERK and p-JNK)

were detected by western blot analysis. Briefly, the tissues or cells

were collected, and total protein was extracted in 100 mL of RIPA

lysis buffer at 4uC for 30 min. The protein concentration was

determined by the Bradford method. Samples containing 10 mg of

protein were boiled, subjected to SDS-PAGE in 10% Tris-glycine

gels and transferred electrophoretically to a polyvinylidene fluoride

membrane. The membrane was incubated with 5% fat-free milk

in Tris-buffered solution (TBS) containing 0.05% Tween 20 (1 h,

room temperature) and then incubated with primary antibodies

(against total p38, ERK, JNK, p-p38, p-ERK, p-JNK and

GAPDH, each diluted 1:1000 to 2000; all were purchased from

Cell Signaling, Danvers, MA, USA; anti-act1, 1:1500; Genetex,

Irvine, CA, USA) overnight at 4uC. The membrane was then

incubated with horseradish peroxidase-linked secondary antibody

and finally processed using the ECL chemiluminescence reaction

kit (Cell Signaling), followed by exposure on medical film. The

relative band density of the target protein compared with GAPDH
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was quantified with the Bio-Rad Quantity One 1-D Analysis

Software (Bio-Rad, Hercules, CA, USA).

Enzyme-linked immunosorbent assay (ELISA)
The level of secreted MUC5AC in the supernatants of cultured

cells was measured by using a MUC5AC sandwich ELISA

developed in our laboratory with anti-MUC5AC antibody (Santa

Cruz). Briefly, 10 mL of collected sample and 40 mL of diluent

were added to 96-well plates pre-coated with captured MUC5AC

antibody (1:200) for assay. After incubation and washing, anti-

MUC5AC antibody (1:200) was added into each well. After

incubation and washing again, 100 mL of horseradish peroxidase-

goat anti-mouse IgG conjugate (1:10,000) was dispensed into each

well. The color reaction was developed with 3,39, 5,59-tetra-

methylbenzidine peroxide solution and stopped with 1 M H2SO4.

The absorbance was read at 450 nm using a microplate reader

(Bio-Rad), and the optical density (OD) value at 450 nm was

recorded.

Cell culture, stimulation and siRNA interference
For in vitro cell culture, primary PECs were randomly collected

from 5 NP patients by means of enzymatic digestion. Collected

cells were rinsed in 5 mL Dulbecco’s modified Eagle’s medium/

F12, then transferred into BEGM medium (Lonza, Walkersville,

MD, USA) and poured into a plastic flask for overnight incubation

at 37uC in a 5% CO2 atmosphere. The PECs were collected after

5–7 days. Next, PECs and NCI-H292 cells (purchased from

ATCC, MD, USA) were cultured in submersion cultures in

BEGM medium (Lonza, Walkersville, MD, USA) until passaged.

When 80–90% confluence was reached, the epithelial cells were

washed with PBS (37uC, pH 7.4), and fresh medium without

hydrocortisone was added in the presence of recombinant IL-17A

(R&D systems) or PBS (control) for different periods of time. To

screen the gene expression, genome-wide gene expression analysis

was performed on IL-17A stimulated PECs ((10 ng/mL for 24 h)

with the Human 126135K Gene Expression Array (Catalog

No. 05543789001) (Roche NimbleGen, Inc., Madison, WI, USA)

according to the manufacturer’s protocol. To evaluate the role of

Figure 1. PAS staining and immunostaining of IL-17A and MUC5AC in polyp tissues and normal controls. (A) Representative results of
PAS staining and IHC staining of MUC5AC and IL-17A in polyp tissues and normal controls are shown (magnification, 2006). (B) The mean number of
IL-17+ cells in polyp tissues and normal controls. (C) The PAS staining index in polyp tissues and normal controls. (D) The MUC5AC staining score in
polyp tissues and normal controls. (E) The association between IL-17A and the PAS staining index in polyp tissues. (F) The association between IL-17A
and MUC5AC staining scores in polyp tissues. Data are expressed as the medians (IQRs).
doi:10.1371/journal.pone.0098915.g001
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the MAPK signaling pathway in IL-17A-induced MUC5AC

production, specific inhibitors of p38 (SB203580, 5 mM), ERK

(U0126, 10 mM) and JNK (SP600125, 25 mM) (all were purchased

from Cell Signaling) were used to evaluate the role of the MAPK

signaling pathway in IL-17A-induced MUC5AC production. For

RNA interference, act1, IL-17RA and IL-17RC siRNA (50 nmol/

L) (Genepharma Co., Ltd. Shanghai, China) was transfected into

NCI-H292 cells with Lipofectamine 2000 reagent (Invitrogen)

according to the manufacturer’s protocol. Thereafter, cell pellets

and supernatants were collected for further analysis by following

the mentioned protocol.

Statistical analysis
For histological examination, data were expressed as the median

and interquartile range (IQR) and were analyzed via the

nonparametric Mann-Whitney U test. Correlations between the

various parameters were assessed by the Spearman rank correla-

tion analysis. For in vitro experiments, data were expressed as the

means and the standard error of the mean (SEM) and were

analyzed with one-way ANOVA and the paired Student’s t test. A

P value of less than 0.05 was considered statistically significant.

Results

Because IL-17A has been proposed to be significantly

upregulated in nasal polyps, we firstly examined the expression

of IL-17A and MUC5AC, as well as goblet cell hyperplasia, in

polyp tissues and normal controls. As shown in Fig. 1, the mean

number of IL-17A+ cells per HPF was 6.7[2.9, 11.8] in polyp

tissues and 1.6[0.8, 2.4] in normal controls; the mean staining

score of MUC5AC was 2.2[1.7, 3.0] in polyp tissues and 0.6[0.4,

1.1] in normal controls. Both IL-17A and MUC5AC immuno-

staining were significantly increased in polyp tissues compared

with the normal controls (p,0.05). Accordingly, we observed more

PAS+ epithelial cells in polyp tissues, indicating an enhanced

goblet cell hyperplasia. The PAS staining index in polyp tissues

Figure 2. Expression of IL-17A, MUC5AC and act1 in polyp tissues and normal controls. (A–C) The mRNA levels of IL-17A, MUC5AC and
act1 in polyp tissues and normal controls. (D) The association of IL-17A and MUC5AC mRNA in polyp tissues. (E) The association of IL-17A and act1
mRNA in polyp tissues. (F) The protein levels of act1 in polyp tissues and normal controls. (G) Representative western blot results of act1 in polyp
tissues and normal controls are shown. (H) Densitometric analysis of act1 in polyp tissues and normal controls. The data are expressed as the medians
(IQRs).
doi:10.1371/journal.pone.0098915.g002
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was 1.9[1.3, 2.2] and was significantly different than in normal

controls with a staining index of 0.7[0.4, 1.2] (p,0.05). By setting

the median of IL-17A+ cells in polyp tissues as the cutoff value

(6.7/HPFs), we subdivided them into two subgroups: IL-17Ahigh

(n = 12) and IL-17low (n = 13). Consequently, the MUC5AC

staining score and PAS staining index were significantly higher

in IL-17Ahigh subgroup than those in IL-17low subgroup (p,0.05).

These findings suggested that IL-17A might contribute to

MUC5AC expression and goblet cell hyperplasia in polyp tissues.

We next examined the gene expression levels of IL-17A,

MUC5AC and act1 in polyp tissues and normal controls. The

mRNA level of IL-17A was 3.3[2.0, 5.5] in polyp tissues and

0.8[0.4, 1.2] in normal controls, and the mRNA level of

MUC5AC was 4.4[2.3, 6.3] in polyp tissues and 1.2[0.4, 2.2] in

normal controls. In accordance with the histological staining, the

mRNA levels of IL-17A and MUC5AC were significantly

increased in polyp tissues compared with the normal controls

(Fig. 2A and B, p,0.05). There was significant association of IL-

17A and MUC5AC mRNA in polyp tissues (Fig. 2D, p,0.05).

Moreover, there was significant difference in act1 mRNA in polyp

tissues (1.1[0.7, 1.8]) and normal controls (0.8[0.3, 1.2])(Fig 2C,

p,0.05), and act1 mRNA was significantly correlated with IL-17A

mRNA in polyp tissues (Fig 2E, p,0.05).

When divided the nasal polyps into IL-17Ahigh and IL-17low

subgroup, we found the mRNA levels of IL-17A, MUC5AC and

act1 were significantly higher in IL-17Ahigh polyp tissues than

those in IL-17Alow polyp tissues (p,0.05) (Fig S1 in File SI).

Correspondingly, act1 protein significantly increased in polyp

tissues compared to normal controls (p,0.05), and the act1 protein

level was significantly higher in the IL-17Ahigh subgroup than

those in the IL-17low subgroup (p,0.05) (Fig 2F-H). Accordingly,

and the protein levels of p-p38, p-EKR and p-JNK were

significantly higher in the IL-17Ahigh subgroup than those in the

IL-17low subgroup and normal controls (p,0.05) (Fig S2 in File

SI). These findings suggested that MAPK pathway and act1 might

be involved in IL-17A-related MUC5AC expression and goblet

cell hyperplasia in polyp tissues.

To assess the regulatory effect of IL-17A on gene expression in

nasal epithelial cells in vitro, we then screened the upregulated gene

expression in cultured PECs by DNA microarray analysis after IL-

17A stimulation (10 ng/mL) for 24 h. As a result, we identified 46

upregulated related genes (Fig 3). Of these genes, MUC5AC was

increased 6.25 fold in stimulated PECs, and act1 was increased 4

Figure 3. DNA microarray analysis of PECs stimulated by IL-17A. Shown are the heatmap of genes upregulated in stimulated PECs (A) and
the scatter-plot for stimulated vs unstimulated PECs (B).
doi:10.1371/journal.pone.0098915.g003

IL-17A and MUC5AC in Nasal Polyps

PLOS ONE | www.plosone.org 5 June 2014 | Volume 9 | Issue 6 | e98915



fold in PECs. To further validate the promotive effect of IL-17A

on MUC5AC expression and the underlying pathways, we

examined IL-17RA, IL-17RC, act1 and MUC5AC mRNA

expression after IL-17A stimulation. As shown in Fig. 4, IL-17A

significantly increased IL-17RA, IL-17RC, act1 and MUC5AC

mRNA expression in cultured PECs in a dose-dependent manner

(p,0.05). Accordingly, MUC5AC protein level was dose-depen-

dently upregulated in cultured PECs in the presence of IL-17A as

well (p,0.05).

We next examined the importance of the MAPK pathway in

IL-17A-induced MUC5AC expression in cultured PECs and NCI-

H292 cells. Based on the preliminary experiment, we used 10 ng/

mL of IL-17A as the optimal concentration for stimulation. As

shown in Fig. 5A and B, IL-17A significantly increased p-p38, p-

ERK and p-JNK in both PECs and NCI-H292 cells in a time-

dependent manner. When adding specific inhibitors of p-p38

(SB203580), p-ERK (U0126) and p-JNK (SP600125), we found

SB203580 and U0126, but not SP600125, significantly inhibited

IL-17A-induced MUC5AC production (Fig. 5C–E, p,0.05),

suggesting activated p38 and ERK were involved in MUC5AC

expression in response to IL-17A stimulation. To further evaluate

the importance of IL-17RA, IL-17RC and act1 in IL-17A-induced

MUC5AC expression in vitro, we examined IL-17A-induced

MUC5AC production in cultured NCI-H292 in the presence of

IL-17RA, IL-17RC and act1 siRNA. Consequently, we found

both IL-17RA and IL-17RC siRNA significantly inhibited the

mRNA and protein levels of MUC5AC in IL-17A induced NCI-

H292 cells (Fig S3 in File SI). As to act1 expression, IL-17A

stimulation significantly increased act1 protein expression in

cultured PECs and NCI-H292 cells in a time-dependent manner

(Fig. 6A and B, p,0.05). When adding act1 siRNA, we found that

act1, p-p38 and p-ERK protein levels were significantly inhibited

in NCI-H292 cells compared with the control group (Fig. 6C–G,

p,0.05). Consistently, MUC5AC mRNA and protein levels were

significantly inhibited in NCI-H292 cells compared with the

control group (Fig 6H, p,0.05). These findings suggested that IL-

17RA and IL-17RC and act1 were required for IL-17A-induced

MUC5AC production in airway epithelial cells.

Discussion

In the present study, we have demonstrated enhanced

MUC5AC expression and goblet cell hyperplasia in NP patients,

which were correlated with IL-17A levels. Furthermore, we have

shown that IL-17A significantly increases MUC5AC production in

cultured airway epithelial cells, and provide evidence that act1-

mediated signaling was required for IL-17A-induced MUC5AC

production by using siRNA interference. Therefore, our finding

may be crucial for the understanding of pathophysiology of NP

patients and contribute to the establishment of optimal therapeutic

strategy.

Profound mucus accumulation and goblet cell hyperplasia in the

airway are commonly observed in NP patients [17]. These

abnormalities in goblet cell number and stored mucins, such as

MUC5AC, contribute to subsequent nasal congestion and

rhinorrhea. There are numerous publications concerning MU-

C5AC expression in NP patients [18,19]. In agreement with the

previous studies, we found that MUC5AC expression was

significantly increased in NP patients. The molecular mechanisms

underlying excessive MUC5AC production in chronic airway

Figure 4. IL-17A induced IL-17RA, IL-17RC, act1 and MUC5AC expression in PECs and NCI-H292 cells in vitro. (A-D) The IL-17RA, IL-17RC,
act1 and MUC5AC mRNA levels in PECs after IL-17A (0–100 ng/mL) stimulation for 12 h. (E) The MUC5AC protein level in PECs after IL-17A (0–100 ng/
mL) stimulation for 24 h. The data are expressed as the means (SEM) of 3 independent experiments.
doi:10.1371/journal.pone.0098915.g004
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diseases are not fully understood; thus, the optimal therapeutic

intervention for mucin remains controversial [20–22]. Previously,

it was proposed that airway goblet cell hyperplasia and profound

mucus hypersecretion are largely driven by the Th2 cytokine IL-

13 [13,15]. For example, IL-13 has been demonstrated to induce

goblet cell hyperplasia in human airway epithelial cells in vitro

[13], and blocking IL-13 significantly inhibits mucus overproduc-

tion in a murine model of asthma [15]. However, when we

attempted to evaluate the importance of IL-13 in MUC5AC

production and glandular hyperplasia, we only observed very low

levels of IL-13 in these polyp tissues and we failed to establish

association between IL-13 and MUC5AC expression in this cohort

(data not shown). These made us to look for other candidate

drivers for mucin hypersecretion in Chinese NP patients.

Due to the absence or low expression of IL-17A in polyp tissues

in western patients [23], Th17 cells have not been well

documented in the pathogenesis of NP. Recently, some studies

have demonstrated that Th17 cells are specifically increased in NP

Figure 5. MAPK signaling mediated IL-17A induced MUC5AC in PECs and NCI-H292 cells in vitro. (A) Representative western blot result of
phosphorylated p38, ERK and JNK in PECs after IL-17A stimulation. (B) Representative western blot result of phosphorylated p38, ERK and JNK in NCI-
H292 cells after IL-17A stimulation. (C, D) MUC5AC protein level in cultured PECs and NCI-H292 cells after IL-17A stimulation for 24 h in the presence
of specific inhibitors of p38, ERK and JNK. The data are expressed the means (SEM) of 3 independent experiments. * p,0.05 when compared with
control PECs, # p,0.05 when compared with control NCI-H292 cells.
doi:10.1371/journal.pone.0098915.g005
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patients in China and eastern Asian regions compared to their

western counterparts [16,24]. Increased IL-17A has been

proposed to be responsible for enhanced tissue neutrophilia,

collagen deposition and corticosteroid resistance in polyp tissues

[10,25,26]. In this study, we established a close relationship

between excessive MUC5AC expression, goblet cell hyperplasia

and IL-17A production in polyp tissues, providing the clue that

Th17 cells may play an important role in the excessive MUC5AC

production and goblet cell hyperplasia.

IL-17A, produced by Th17 cells, is the prototypic IL-17 family

member. IL-17A can cause accumulation of neutrophils in the

bronchoalveolar lavage fluid of rats and mice in vivo. The main

function of IL-17A is to coordinate local tissue inflammation via

the up-regulation of proinflammatory and neutrophil-mobilizing

cytokines and chemokines (including IL-6, G-CSF, TNF-a, IL-1b,

CCL2 and CCL20), as well as matrix metalloproteases, to allow

activated T cells to penetrate the extracellular matrix [27]. Recent

studies have demonstrated that the Th17 cytokine IL-17A is able

to promote airway goblet cell hyperplasia and profound mucus

hypersecretion through an NF-kB-based transcriptional mecha-

nism [14]. Because IL-17A has also been demonstrated to

modulate corticosteroid sensitivity by increasing the expression

of corticosteroid b receptor [28], it is reasonable to speculate that

IL-17A-induced MUC5AC production and goblet cell hyperplasia

were specifically resistant to corticosteroid therapy in chronic

airway diseases. Therefore, it demands a further understanding of

the signaling pathway underlying IL-17A-induced MUC5AC

production to establish an available therapeutic strategy.

IL-17A signals through a heteromeric receptor complex,

consisting of IL-17R (IL-17RA) and IL-17RC, which are single-

pass transmembrane proteins and ubiquitously expressed in

various cell types including epithelial cells and fibroblasts [29].

Recently, a novel signaling molecule, act1, was found to be a key

component in IL-17A signaling [30]. The act1 gene was first

cloned as an NF-kB activator. It contains two TNF receptor-

associated factor binding sites and a helix-loop-helix domain at the

N terminus [31]. Act1 deficiency in epithelial cells caused loss of

IL-17-induced neutrophilia and reduced the phenotype of allergic

pulmonary inflammation, indicating that the act1-mediated

signaling is crucial for IL-17A-induced inflammatory response

[32]. In the present study, we found that act1 expression was

significantly increased in polyp tissues compared with normal

controls. The increased act1 production was shown to be

significantly associated with IL-17A levels in polyp tissues,

providing a clue that the IL-17A/act1 axis may play a crucial

role in MUC5AC production in NP patients.

How act1 contributes to IL-17A-mediated molecular events has

not been fully understood. Some authors proposed that act1

engages IL-17RA and IL-17RC through SEFIR–SEFIR domain

interactions following IL-17 stimulation. This process is followed

by the recruitment of TNF receptor-associated factor-6 and

transforming growth factor b-activated kinase 1 kinase, which

mediates the downstream activation of NF-kB [33]. Importantly, a

recent study has indicated that act1 is a confirmed E3 ubiquitin

ligase through its U-box-like region. Activity of E3 ubiquitin ligase

is essential for IL-17-mediated signaling pathways and inflamma-

tory gene expression [31]. However, whether act1 participates in

IL-17A-induced MUC5AC production in airway epithelial cells

remains unclear. To address this issue, we examined IL-17A-

induced changes of gene expression in vitro. By using DNA

microarray analysis, we identified 46 upregulated related genes,

including MUC5AC (6.25 fold) and act1 (4 fold), in nasal epithelial

cells, confirming the association of IL-17A, MUC5AC and act1 in

polyp tissues. Other inflammation-related genes such as MMP2

and HIF1A were shown to be significantly upregulated in response

to IL-17A, which may need further investigation. Corresponding-

Figure 6. Act1 is required for IL-17A-induced MUC5AC expression in vitro. (A, B) Representative result of western blots for act1 in PECs and
NCI-H292 cells after IL-17A stimulation. (C–E) Representative result of western blots for act1, p-p38 and p-ERK in NCI-H292 cells in the presence of IL-
17A and/or act1 siRNA. (F) Relative level of act1 in NCI-H292 cells in the presence of IL-17A and act1 siRNA. (G, H) Relative level of p-p38 and p-ERK in
NCI-H292 cells in the presence of IL-17A and act1 siRNA. (E) Relative levels of MUC5AC mRNA and protein in NCI-H292 cells in the presence of IL-17A
and act1 siRNA. The data indicated the means (SEM) of 3 independent experiments. * p,0.05 when compared with control PECs, # p,0.05 when
compared with control NCI-H292 cells.
doi:10.1371/journal.pone.0098915.g006
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ly, we found that IL-17A significantly increased IL-17RA, IL-

17RC, act1 and MUC5AC mRNA expression in cultured PECs in

a dose-dependent manner. These findings support the promotive

effect of IL-17A on MUC5AC expression and possible role of the

act1-mediated pathway in MUC5AC production. In addition, we

examined the importance of the MAPK pathway, IL-17RA, IL-

17RC and act1 in IL-17A-induced MUC5AC expression by using

specific inhibitors and siRNA. Consequently, our results showed

that IL-17RA, IL-17RC, act1, as well as p38- and ERK-mediated

pathways, were involved in MUC5AC expression in response to

IL-17A stimulation. This newly identified mechanism suggests that

act1 may represent a promising target for treating goblet cell

proliferation, differentiation and mucus hypersecretion in Th17-

dominant NP patients [34].

Conclusion

In summary, we have demonstrated that MUC5AC expression

and goblet cell hyperplasia were significantly enhanced in NP

patients, which were associated with act1-mediated signaling. This

newly identified mechanism suggests that act1-mediated signaling

may represent a promising target for treating goblet cell

proliferation, differentiation and mucus hypersecretion in Th17-

dominant NP patients.
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