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Abstract

Objectives: To characterize the epithelial-mesenchymal
transition (EMT) in chronic rhinosinusitis with nasal polyps
(CRSwWNP) and to investigate the mechanism by which mi-
croRNA-21 (miR-21) regulates EMT in CRSWNP. Method: (1)
Tissue experiments: Mucosa tissues were collected from 13
patients with CRSWNP and 12 patients with CRS without na-
sal polyps (CRSsNP), as well as 11 patients without CRS (con-
trols). Protein localization and quantification were achieved
by immunofluorescence staining and Western blotting, in-
volving the epithelial marker protein E-cadherin and the
mesenchymal marker proteins a-smooth muscle actin
(a-SMA), fibronectin, and vimentin. Quantitative RT-PCR was
used to detect the relative expression levels of miR-21 and
TGF-B1 mRNAs. (2) Cellular experiments: Primary human na-
sal epithelial cells (PHNECs) treated with TGF-31, or TGF-31
with miR-21 inhibitor, or miR-21 mimics alone were ob-
served for morphology changes under a phase-contrast mi-
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croscope. The expression levels of epithelial/mesenchymal
marker proteins were determined as aforementioned. PTEN
and phosphorylated Akt were detected by Western blotting.
Results: (1) Tissue experiments: Compared with the CRSsNP
and control groups, the expression of E-cadherin was down-
regulated in the CRSWNP group, whereas the expression of
TGF-B1, a-SMA, fibronectin, and vimentin was upregulated.
The expression levels of miR-21 and TGF-B1 mRNAs in
CRSwWNP were significantly higher than those in CRSsNP and
controls. (2) Cellular experiments: TGF-B1 induced EMT-like
transformation in PHNECs, featured by changes in cell mor-
phology and upregulation of mesenchymal proteins and
miR-21. The miR-21 inhibitor, as well as the Akt-specific
inhibitor, suppressed TGF-B1-induced EMT. Mechanically,
downregulation of miR-21 resulted in increased PTEN and
decreased Akt phosphorylation. Furthermore, overexpres-
sion of miR-21 had the opposite effects. Conclusions: Our
findings suggest that the TGF-31-miR-21-PTEN-Akt axis may
contribute to the pathogenesis of CRSWNP. miR-21 might be
a reliable target for treating nasal polyp genesis through
EMT suppression. Moreover, miR-21 inhibitors could be a
novel class of antipolyp drug that modulates PTEN expres-
sion and Akt activation. In addition, further investigation re-
garding the reason underlying miR-21 overexpression in
CRSWNP could provide a molecular target for novel treat-
ment strategies for nasal polyposis. ©2019 5. Karger AG, Basel
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Introduction

Chronic rhinosinusitis (CRS) is a multifactorial in-
flammatory disease involving the nasal cavity and sinus
mucosa. CRS is divided into 2 phenotypes based on nasal
endoscopy: CRS with nasal polyps (CRSWNP) and CRS
without nasal polyps (CRSsNP), which are heterogeneous
[1]. A typical response to chronic inflammation is tissue
remodeling. Tissue remodeling is a reconstruction pro-
cess for wound repair and a dynamic process involving a
structural reorganization of tissues [2]. Remodeling is not
only linked to chronic inflammatory lower airway disor-
ders, like cystic fibrosis and asthma [3], but also takes
place in the upper airways during chronic inflammation
like allergic rhinitis or CRS. It can cause pathological
changes in the lamina propria, airway epithelium, and
submucosal regions in CRS, including inflammatory cell
infiltrates, basement membrane thickening, subepithelial
edema, and fibrosis [4]. Accordingly, CRSWNP is charac-
terized by diffuse sinus mucosal thickening and benign
edematous polyp outgrowths with a histological pattern
of chronic mononuclear cell and eosinophil infiltration
and airway remodeling, including epithelial goblet cell
hyperplasia, an increase in a-smooth muscle actin
(a-SMA) and myofibroblasts, and an increase in base-
ment membrane and submucosal collagen deposition [5-
10]. However, the mechanisms underlying mucosal re-
modeling and polyp formation in patients with CRSWNP
are unclear.

So far, the mechanism of this tissue remodeling is not
precisely understood but may involve epithelial-mesen-
chymal transition (EMT). EMT is a fundamental biologi-
cal process involving normal embryogenesis, wound
healing, and tissue repair, as well as numerous patholo-
gies, including organ fibrosis, malignant transformation,
and cancer progression [11]. Recently, the features of
EMT have been observed in CRS and confirmed in nasal
polyp tissue [12], which induces loss of epithelium and
differentiation to myofibroblasts [13, 14]. Transforming
growth factor (TGF)-f1, a representative cytokine in tis-
sue repair and remodeling, initiates tissue remodeling in
the airway epithelium and nasal tissue through activation
of EMT signals [15]. TGF-P1 plays an important function
in nasal polyp formation and growth, promoting remod-
eling and cell growth, which stimulate fibrosis (by attract-
ing stromal cells), angiogenesis, and accumulation of ex-
tracellular matrix [16]. However, reports about TGF-f1
expression in CRSWNP are contradictory, with some in-
vestigators reporting increased TGF-p1 expression in pa-
tients with CRSWNP compared to patients with CRSsNP
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and controls [8, 16-21], whereas others report low levels
in comparison to CRSsNP and normal controls [22-24].
MicroRNAs (miRs) have been shown to play a key role
in the regulation of cellular activity. miRs are a class of
evolutionarily conserved, endogenous, noncoding, small
RNAs, measuring approximately ~22 nucleotides in
length. They are estimated to regulate over 60% of the
protein-coding genes, which bind to the 3’ UTR of target
genes and thereby repress translation of target genes and/
or induce degradation of target gene mRNA [25-28].
miR-21 is a polycistronic miR whose gene is located in
chromosome 17q23.2, where it overlaps with the protein-
coding gene VMP1, also known as TMEM49 [29]. miR-
21 has been found to be deregulated in almost all types of
cancers and is therefore classified as an important onco-
genic miR [30]. Recently, miR-21 has been ascribed a cru-
cial role in the regulation of cellular activity during phys-
iological and pathological processes [31]. miR-21 is wide-
ly expressed and has been found to be increased in organs
and tissues which have suffered fibrogenesis or remodel-
ing, including the heart [32], kidney [33], lung [34], asth-
matic airways [35, 36], liver [37, 38], skin [39-41], and
tumor tissue [42, 43]. Studies revealed that enhanced
miR-21 expression is involved in the progression of lung
fibrosis, and TGF-f1 plays an important role in mediat-
ing increased miR-21 expression [34, 44]. However, there
are no studies investigating the expression changes in
miR-21 and the relationship between miR-21 and TGF-p1
in EMT of CRSWNP in particular. Although TGF-f/Smad
signaling is regarded as the main pathway in EMT, TGF-3
also activates a Smad-independent signaling pathway,
with the direct involvement of TGF-p-activated kinase
[42, 43, 45, 46]. Since past researches confirm that
PTEN is an miR-21-directed target gene, we hypothe-
sized that miR-21 mediated TGF-pl-induced EMT
through the PTEN/Akt pathway in PHNECs. Further-
more, we showed for the first time that the important role
miR-21 plays in TGF-B1-induced EMT in CRSWNP. Be-
sides, the findings suggest that miR-21 might be a reliable
target for treating CRSWNP through EMT suppression.

Materials and Methods

Subjects

Sinonasal mucosa specimens from 12 patients with CRSsNP,
13 patients with CRSWNP, and 11 control patients were obtained
from the Department of Otorhinolaryngology of the Second
Xiangya Hospital, Central South University. All study participants
were enrolled after providing written informed consent. Inferior
turbinates from patients with anatomical variations but without
sinus disease undergoing septoplasty or rhinoseptoplasty were col-
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Table 1. Patient characteristics

Control CRSwNP CRSsNP
Patients, n 11 13 12
Median age (range), years 34 (12-74) 42 (16-61) 41 (27-58)
Females/males, n 2/9 3/10 3/9
Skin prick test positive?, n 0 0 0
History of asthma, n 0 0 0
Aspirin intolerance, n 0 0 0
Median duration of CRS (range), years 0 13 (1-30) 6 (0.5-15)
Previous sinus surgeries, yes/no 0/11 4/9 3/9
Current or recent ex-smokers, yes/no 4/7 4/9 4/8
Alcohol abuse, yes/no 3/8 1/12 2/10

® Subjects underwent allergy skin prick testing with a panel of 23 prick and 15 intradermal allergens to assess
allergic sensitivity. The results are indicated as“positive” if the subject had 1 or more positive skin tests.

lected as controls. For CRSsNP, mucosa samples originated from
middle turbinates. For CRSWNP, polyp tissue samples in the mid-
dle meatus area were used. The diagnosis of sinus disease was car-
ried out according to a European Position Paper on Rhinosinusitis
and Nasal Polyps (EPOS) [1], which is based on history, clinical
examination, nasal endoscopy, and sinus CT scans. General exclu-
sion criteria were based on the EPOS definition for research (cystic
fibrosis, gross immunodeficiency, congenital mucociliary prob-
lems, noninvasive fungal balls and invasive fungal disease, system-
ic vasculitis, and granulomatous diseases). None of the subjects
received antihistamines, antileukotrienes, oral or intranasal de-
congestants, or intranasal anticholinergics during the 2 weeks pri-
or to surgery. All patients stopped oral and topical application of
corticosteroids and antibiotics at least 4 weeks before surgery. Pa-
tients with allergies or asthma were excluded from the study, and
all patients did not take any other relevant medication. Females
who were pregnant or breastfeeding were also excluded from the
study. Patient characteristics are detailed in Table 1.

The fresh nasal tissue samples collected during surgery were
divided into 2 parts. Half of them were immediately snap frozen in
liquid nitrogen and stored at —80 °C before quantitative real-time
polymerase chain reaction (QRT-PCR) and protein extraction for
Western blotting. Others were fixed with 4% paraformaldehyde
for immunofluorescence.

Cell Culture

Primary human nasal epithelial cells (PHNECs) were pur-
chased from BeNa Culture Collection (Beijing, China). PHNECs
were cultured in RPMI-1640 medium supplemented with 10% fe-
tal bovine serum (FBS) in an incubator at 37°C and 5% CO,. Cul-
tured cells had monolayer growth, and the rate of cells passaging
the attachment reached 80-90%. The purity of PHNECs was con-
firmed through positive staining for cytokeratin 6A by immuno-
cytochemistry.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton X-100 in 1% bovine serum albumin (BSA) for 30 min,
and blocked with 5% BSA for 1 h at room temperature. Tissues and
cells were stained with primary antibodies (E-cadherin, a-SMA,
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fibronectin, and vimentin), incubated with Alexa Fluor 594-conju-
gated donkey anti-rabbit 1gG secondary antibodies (Proteintech;
USA) and finally counterstained with 4'-6-diamidino-2-phenylin-
dole (DAPI; Wellbio). Images of immunostained cells and tissues
were captured using a confocal microscope (Motic).

Transient Transfection Analysis

Cells were seeded in 25-cm? culture flasks and grown in com-
plete medium to a density of 30-50%. Lipofectamine 2000 (5 pL;
Invitrogen Company, USA) was diluted with 100 pL serum-free
medium and then kept at room temperature for 5 min. DNA (1 pg)
was diluted with 100 pL serum-free culture medium. Both dilu-
tions were gently mixed and stored at room temperature for 20
min for complex formation, and serum-free culture medium was
used to wash cells. Serum-free culture medium was added to the
complex, and then the complex was transferred to culture flasks
for transfection at 37°C in 5% CO,. Complete medium was added
6 h later, and cells were cultivated continuously.

qRT-PCR Assay

Total RNA was extracted from tissue specimens and cells by
TRIzol (Beijing ComWin Biotech Co., Ltd., China) according to
the manufacturer’s protocol and dissolved in ultrapure water
which was processed by diethylpyrocarbonate (DEPC; Sigma,
USA). The quality of total RNA was identified by measuring ab-
sorbance at 260 and 280 nm using a spectrophotometer. According
to miR cDNA synthesis kit instructions (Beijing ComWin Biotech
Co., Ltd., China), RNA was extracted from tissues, and cells were
reversely transcribed. The reaction conditions were: 37 °C for 15
min, ice bath for 2 min, 42 °C for 50 min, 85°C for 5 min, and then
cDNA was directly used for qRT-PCR or temporarily placed at
-20°C. SYBR Green I (Newprobe, China) was used in qRT-PCR
according to the manufacturer’s protocol. PCR was performed
using the appropriate primers (primer sequences are shown in
Table 2). The reaction conditions consisted of the following cycles:
predenaturation at 95°C for 10 min, denaturation at 95°C for 15 s,
annealing and extension at 60 °C for 1 min, which were repeated
40 times. The test was performed using qRT-PCR (PIKO REAL 96;
Thermo, USA). The internal reference of miR-21 was small nucle-
ar RNA U6, and the mRNA expression of GAPDH, a housekeep-
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ing gene, was considered to be the endogenous control of the oth-
er genes for normalization. The relative quantification method
[47] was used for calculation and 272 was used to represent the
relative multiple expression of target genes. All experiments were
repeated 3 times.

Western Blotting

Tissues and cells were first washed with PBS, then homoge-
nized using 300 uL RIPA buffer (Applygen Technologies, Inc.,
China). Homogenates were clarified by centrifugation at 12,000
rpm for 15 min at 4°C, and the protein concentration was mea-
sured using the BCA protein assay kit (WellBiology). Equal
amounts of proteins from each sample were separated by SDS
polyacrylamide gel electrophoresis (Bio-Rad, USA). Separated
proteins were transferred to PVDF membranes (Millipore). Blots
were blocked in Tris-buffered saline (TBS) containing 5% skim
milk for 1.5 h at room temperature and incubated overnight at 4°C
with primary antibodies against TGF-P1, E-cadherin, vimentin,
a-SMA, fibronectin, and B-actin (Proteintech, USA) diluted in
TBST (Sigma, USA). After incubation with the corresponding
peroxidase-conjugated secondary antibody for 90 min at room
temperature, the specific protein was detected using an enhanced
chemiluminescence system (Thermo Pierce, USA).

Statistical Analysis

At least 3 independent experiments provided the results in this
study. The data were analyzed by IBM SPSS 22.0 and GraphPad
Prism software 7.0. Results are expressed as means + SEM. Differ-
ences between the values were determined by Student-Newman-
Keuls q test or analysis of variance (ANOVA). A 95% confidence
level established significance. All statistical tests were 2-sided, and
significance was considered when the p value was less than 0.05.

Results

Reduced Expression of Epithelial Markers and

Increased Expression of TGF-1 and Mesenchymal

Markers in CRSWNP

To investigate whether EMT occurs in CRSWNP in
vivo, Western blotting and immunofluorescence were
performed. We examined protein expression of TGF-p1
and the EMT markers including E-cadherin, vimentin,
a-SMA, and fibronectin in CRSWNP, CRSsNP, and con-
trols. E-cadherin expression was reduced in CRSwWNP
compared to CRSsNP (0.16 £ 0.031 vs. 0.31 + 0.006, p =
0.000) and controls (0.16 + 0.031 vs. 0.68 + 0.059, p =
0.000). TGF-B1 protein expression was increased in
CRSwNP compared to CRSsNP (0.62 + 0.030 vs. 0.35 +
0.043, p = 0.000) and controls (0.62 + 0.030 vs. 0.19 +
0.033, p = 0.000). Expression of the mesenchymal marker
vimentin was higher in CRSWNP than CRSsNP (0.40 +
0.038 vs. 0.22 + 0.112, p = 0.001) and controls (0.40 *
0.038 vs. 0.15 £ 0.013, p = 0.000). a-SMA expression was
increased in CRSWNP compared to CRSsNP (0.43 £ 0.030
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Table 2. Primer sequence for quantitative real-time polymerase
chain reaction assay

Target gene Primer sequence

miR-21-5p TAGCTTATCAGACTGATGTTGA

Ue F: 5'-CTCGCTTCGGCAGCACA-3'
R: 5'-AACGCTTCACGAATTTGCGT-3'

GAPDH F: 5'-ACAGCCTCAAGATCATCAGC-3'
R:5'-GGTCATGAGTCCTTCCACGAT-3'
TGF-B1 F: 5'-GGCCAGATCCTGTCCAAGC-3'
R: 5-GTGGGTTTCCACCATTAGCAC-3'

F, forward; R, reverse.

vs. 0.32 £ 0.037, p = 0.000) and controls (0.43 + 0.030 vs.
0.22 + 0.051, p = 0.000), and fibronectin expression in
CRSwNP was also strongly increased compared to CRSs-
NP (0.33 £ 0.041 vs. 0.14 + 0.028, p = 0.000) and controls
(0.33£0.041vs.0.06 +0.012, p = 0.000) (Fig. 1a, b). Stain-
ing for E-cadherin expression was reduced in epithelial
cells from CRSWNP compared to the other two groups.
However, the mesenchymal markers vimentin, a-SMA,
and fibronectin were strongly positive in submucosal tis-
sue of CRSWNP. However, in the other two groups, both
epithelium and submucosa were negative for these mes-
enchymal markers (Fig. 1c).

Increased Expression of miR-21 and TGF-1 mRNA

in CRSwNP

As presented in Figure 2, miR-21 expression in
CRSwWNP was significantly increased compared with
CRSsNP (113.10 + 36.3 vs. 21.99 + 14.6, p = 0.016) and
controls (113.10 + 36.3 vs. 55.74 + 16.8, p = 0.045). In
agreement with the data on miR-21, qRT-PCR showed
that TGF-p1 mRNA expression was significantly higher
in CRSWNP than CRSsNP (0.74 £ 0.11 vs. 0.36 £ 0.08,
p = 0.002) and controls (0.74 + 0.11 vs. 0.44 + 0.03,
p=0.015).

TGF-f1 Upregulated miR-21 and Induced EMT in

PHNEC:s

A previous study confirmed that TGF-B1 induces
EMT in primary airway epithelial cells [15]. Therefore,
we tested the capacity of TGF-B1 to induce EMT in
PHNEC:. Cells were stimulated with TGF-$1 (5 ng/mL)
for 5 days. Phase-contrast microscopy revealed that
treatment with TGF-p1 changed PHNECs from normal
epithelial morphology with a cobblestone-like appear-
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Fig. 1. Reduced expression of epithelial
markers and increased expression of
mesenchymal markers and TGF-f1 in
CRSWNP. Protein expression of EMT
markers and TGF-B1 detected by Western
blotting (a). Western blotting demonstrat-
ed downregulation of E-cadherin expres-
sion but upregulation of TGF-B1, a-SMA,
fibronectin, and vimentin expression in
CRSWNP compared to CRSsNP and con-
trols (a’). The location of EMT markers
E-cadherin, vimentin, a-SMA, and fibro-
nectin was determined by immunofluores-
cence (b). Representative fluorescein
immunocytochemical staining is shown
with EMT markers (red) and nuclear DAPI
(blue). **p < 0.01, ***p < 0.001.
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ance (Fig. 3a) into a migratory mesenchymal morphol-
ogy with an abnormally elongated appearance (Fig. 3b),
which means TGF-P1 treatment could lead PHNECs to
undergo EMT-like transformation. During the EMT
progression, cell-cell adhesion and epithelial cell polar-
ity gradually decreased, and epithelial cells changed into
mesenchymal cells. Expression of E-cadherin, vimentin,
fibronectin, and a-SMA proteins as EMT marker was
examined using Western blotting. Consistent with the
observed morphological changes, TGF-p1 treatment de-
creased the expression of the epithelial marker E-cad-
herin but increased the expression of the mesenchymal
markers vimentin, fibronectin, and a-SMA using West-
ern blotting and fluorescent immunocytochemical
staining (Fig. 3¢, d). In previous studies, miR-21 expres-
sion was increased in fibrotic disease and rapidly induc-
ible by TGF-f1 [34, 48, 49]. We then examined expres-
sion changes of miR-21 in PHNECs following TGF-p1
treatment. Expression of miR-21 was upregulated after
treatment with 5 ng/mL of TGF-P1, suggesting that it
may play an important role in TGF-f1-induced EMT
(Fig. 3e).

miR-21 Mediated TGF-B1-Induced EMT in PHNECs

In order to confirm the role of miR-21 in EMT, we ex-
amined whether inhibition of miR-21 could attenuate
EMT induced by TGF-B1 in PHNECs. After downregula-
tion of miR-21 expression in PHNECs following transfec-
tion with the miR-21 inhibitor, EMT was inhibited sig-
nificantly. First of all, morphological changes induced by
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TGF-B1 were ameliorated (Fig. 4a, b). Second, consistent
with the observed morphological changes, we observed
the recovery of E-cadherin expression and loss of vimen-
tin, fibronectin, and a-SMA expression by Western blot-
ting and immunofluorescence staining after downregula-
tion of miR-21 expression (Fig. 4¢, ¢’, d). Furthermore, we
found that overexpression of miR-21 alone also resulted
in EMT-like transformation in PHNECs (Fig. 4e,f).
Transfection of miR-21 mimics into PHNECs leads to re-
duced E-cadherin and increased vimentin, fibronectin,
and a-SMA expression (Fig. 4g, g, h).

miR-21 Mediated TGF-f1-Induced EMT through the

PTEN/Akt Pathway in PHNECs

The results showed that TGF-p1 treatment resulted in
decreased PTEN and increased Akt phosphorylation.
However, downregulation of miR-21 reversed this effect,
indicating that miR-21 regulates the TGF-B1-induced
PTEN/Akt pathway in PHNECs (Fig. 5a, a’). Then, over-
expression of miR-21 in PHNECs downregulated PTEN
and upregulated Akt phosphorylation (Fig. 5b, b'), sug-
gesting that the PTEN/Akt pathway is a miR-21 target in
PHNECs. We next verified whether the PTEN/Akt path-
way affected miR-21 mediated TGF-p1-induced EMT in
PHNECsS. The results showed the specific inhibitor for
Akt activation significantly weakened EMT by increasing
E-cadherin and decreasing vimentin, fibronectin, and
a-SMA (Fig. 5¢, ¢, d), suggesting miR-21 mediated
TGF-B1-induced EMT through the PTEN/Akt pathway
in PHNECs.
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Phase-contrast microscopy revealed that treatment with TGF-1
changed PHNECs from normal epithelial morphology with a cob-
blestone-like appearance (a) into a migratory mesenchymal mor-
phology with an abnormally elongated appearance (b). PHNECs
were treated with 5 ng/mL TGF-p1 for different times. The protein

Fig. 4. miR-21-mediated TGF-B1-induced EMT in PHNECs:. Fol-
lowing transfection with the miR-21 inhibitor (a), the morpho-
logical changes induced by TGF-P1 were ameliorated compared
with the control group (b) by phase-contrast microscopy (x100).
Protein expression of E-cadherin, vimentin, fibronectin, and
a-SMA was examined by Western blotting (¢, ¢’) and immuno-
fluorescence staining (d). After transfection of miR-21 mimics
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expression of E-cadherin, vimentin, fibronectin, and a-SMA was
examined by Western blotting (c-¢'""") and immunofluorescence
staining (d). Representative fluorescein immunocytochemical
staining is depicted with a-SMA (green), fibronectin (red), vimen-
tin (green), E-cadherin (red), and nuclear DAPI (blue). After
PHNECs were treated with 5 ng/mL TGF-p1 for 5 days, miR-21
expression was measured by qRT-PCR (e). **p <0.01, ***p < 0.001.

(e), we found that overexpression of miR-21 alone also resulted
in EMT-like transformation in PHNECs compared with control
(f). The protein expression of E-cadherin, vimentin, fibro-
nectin, and a-SMA was examined by Western blotting (g, g')
and immunofluorescence staining (h). NC, negative control.
**p <0.01, ***p < 0.001.

(For figure see next pages.)
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Fig. 5. miR-21 mediated TGF-Bl-induced EMT through the
PTEN/Akt pathway in PHNECs. Cells were treated with 5 ng/ml
TGEF-B1 after downregulating miR-21. TGF-B1 treatment resulted
in decreased PTEN and increased Akt phosphorylation. However,
downregulation of miR-21 reversed this effect (a, a’). Overexpres-
sion of miR-21 in PHNECs downregulated PTEN and upregulated
Akt phosphorylation (b, b’). Cells were treated with 5 um Akt in-
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hibitor IIT after upregulating miR-21. The specific inhibitor for Akt
activation significantly weakened EMT by increasing E-cadherin
and decreasing vimentin, fibronectin, and a-SMA (¢, c’, d).
The protein expression of E-cadherin, vimentin, fibronectin,
and a-SMA was examined by Western blotting (¢, ¢') and

immunofluorescence staining (d). ***p < 0.001.

(Figure continued on next page.)
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Discussion/Conclusion

In this study, we showed that miR-21 mediates EMT
in PHNECs via the PTEN/Akt pathway in response to
TGEF-P1. To our knowledge, this is the first report regard-
ing the important role miR-21 plays in EMT in CRSwNP.
Although dysregulation of miRs is known to be involved
in a variety of pathophysiological processes, the role of
miRs in CRSWNP is unclear. miR-21 has previously been
shown to be induced by an increased level of TGF-{1 dur-
ing smooth muscle cell development [49]. Soon afterwards,
studies revealed that the enhanced expression of miR-21 is
involved in the progression of lung fibrosis, and TGF-f1
plays an important role in mediating the increased miR-21
expression [34, 44]. Because TGF-B1, a well-known stimu-
lator of EMT, induces the transition of epithelial cells into
myofibroblasts, contributing to tissue remodeling and the
pathogenesis of CRSWNP [15, 17], the induction of miR-21
by TGF-P1 suggests that miR-21 may have a potential role
in the pathogenesis of CRSWNP. The related literature [15,
17, 34, 44] was consistent with our findings.

CRS is defined as a chronic inflammatory disease in-
volving the nasal cavity and sinus mucosa, which accom-
panies symptoms such as nasal obstruction, nasal airway
inflammation, facial pain, or olfactory dysfunction and na-

TGEF-B1 Induces EMT of Chronic
Sinusitis with Nasal Polyps via miR-21

sal discharge lasting for more than 12 weeks. Typically, it
has been divided into CRSWNP and CRSsNP based on the
presence or absence of polyps on endoscopic examinations
[1]. CRS results in a substantial burden with a prevalence
of about 12.5% in the population [50] and is estimated to
affect over 10 million patients in the US, leading to total
annual costs of USD 22 billion [51]. Besides inflammation,
these chronic upper airway disorders are characterized by
remodeling of structural components, especially of the ep-
ithelium [13]. Remodeling is a normal and essential recon-
structive process when it occurs in response to a minor
inflammatory condition. On the contrary, dysregulated re-
modeling, such as that caused by severe or chronic long-
lasting inflammation, can cause pathological reconstruc-
tion and pathological tissue formation during the progres-
sion of healing and repairing [52]. Inflammation results in
a varied degree of tissue injury depending on the disease
and its severity, which means that remodeling takes place
in all inflammatory diseases including CRSwNP. In the
past, remodeling in upper airway chronic inflammatory
diseases, such as CRS, received little attention. This could
be partly due to the fact that remodeling of the upper air-
ways does not result in the same fatal airflow limitations
that occur in patients with asthma and chronic obstructive
pulmonary disease. Recently, however, there has been in-
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creased concern about the role of remodeling in upper air-
way diseases, including CRS, for 2 main reasons. On the
one hand, upper airway remodeling can lead to irreversible
structural changes, which could explain the recalcitrance
of disease [53, 54]. On the other hand, remodeling begins
early in the development of disease and therefore plays an
important role in disease progression [12].

Until now, the mechanism of this tissue remodeling is
not precisely understood but may involve EMT. Therefore,
EMT is also receiving great attention as a convergence point
between inflammation and pathological remodeling in
many progressive fibrotic diseases. EMT is known as the
feature of epithelial cells losing their epithelial character
(such as cell-to-cell adhesion and apical-basal polarity) and
acquiring mesenchymal properties and eventually contrib-
uting to the local fibroblast pool [55, 56], which means it is
also a process by which fully differentiated epithelial cells
undergo a phenotypic conversion and develop a mesenchy-
mal cell phenotype. Accumulating evidence has confirmed
that ongoing EMT leads to loss of epithelial barrier func-
tion, which would also contribute to disease progression,
especially in CRSWNP [57]. Upon injury, epithelial cells un-
dergoing EMT usually downregulate junctional proteins
(such as E-cadherin) whilst modulating their cytoskeletal
organization and acquiring mesenchymal features such as
a-SMA, vimentin, and fibronectin filaments, which results
in morphological changes [11, 58]. In agreement with pre-
vious reports [11, 58], our study shows that E-cadherin ex-
pression was downregulated, but a-SMA, fibronectin, and
vimentin expression was upregulated in CRSwWNP tissue
compared to CRSsNP and controls. CRSsNP is tradition-
ally characterized by fibrosis, basement membrane thicken-
ing, and goblet cell hyperplasia. TGF-f, a key mediator in
promoting fibrosis and airway remodeling, was found to be
elevated in CRSsNP compared to healthy controls [23],
which is in agreement with our findings.

A previous study confirmed that TGF-1 is a multifunc-
tional peptide that regulates proliferation, differentiation,
adhesion, migration, and other cellular functions and is in-
volved in the pathogenesis of a variety of airway diseases
related to remodeling, including CRS [57]. TGF-P1 initi-
ates EMT signaling by binding to type I and type Il receptor
serine/threonine kinase on the cell surface [59], regulating
gene expression by receptor-mediated activation of Smad
(R-Smad) transcription factors [60]. Despite contradictory
reports about TGF-p1 expression in CRSWNP, its unclear
pathophysiology, and underlying mechanisms of nasal
polyp formation, TGF-B1 is considered to be a well-known
master player in fibrosis and EMT, inducing the transition
of epithelial cells into myofibroblasts and contributing to
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tissue remodeling and the pathogenesis of CRSWNP [15,
17,61, 62]. Our tissue experiments showed that mRNA and
protein expression of TGF-B1 was strongly increased in
CRSwWNP. In cellular experiments, TGF-f1 changed
PHNECs from normal epithelial morphology with a cob-
blestone-like appearance into a migratory mesenchymal
morphology with an abnormally elongated appearance,
and the protein expression of EMT markers observed was
consistent with that in CRSWNP tissues.

miRs are a class s of small noncoding RNAs whose ma-
ture products are ~22 nucleotides long. They negatively
regulate gene expression by inducing translational inhibi-
tion or transcript degradation [63]. miR-21 has recently
been recognized as a biomarker in various types of dis-
eases, and it has also been confirmed to mediate TGF-
signaling and EMT. Zhong et al. [33] provided the first in
vitro evidence that miR-21 played a vital role in renal fi-
brosis in response to TGF-. Ong et al. [34] demonstrated
that TGF-f1 induced miR-21 expression in tissue repair
and remodeling of lung diseases such as chronic obstruc-
tive pulmonary disease. Liu et al. [37] demonstrated that
miR-21 was required for TGF-B-induced fibrogenic EMT
in hepatocytes. miR-21 was overexpressed in human ke-
loid fibroblasts induced by TGF-f1 [41]. Besides, miR-21
could promote TGF-B1-induced EMT in gastric cancer
cells [42] and promotes breast cancer progression and
chemoresistance through TGF-B1 stimulation [43]. Since
an in vivo model system of nasal polyps has not been es-
tablished, the results of our tissue experiments showed the
significantly increased expression of miR-21 in CRSWNP.
Cellular experiments confirmed miR-21 upregulation by
TGF-B1 treatment in PHNECs, and overexpression of
miR-21 alone also resulted in EMT-like transformation in
PHNEC:s. Following downregulation of miR-21 expres-
sion in PHNECs, EMT was significantly inhibited.

PTEN and Akt pathways were associated with miR-
21-induced EMT, and past research confirmed that PTEN
is an miR-21-directed target gene [64-68]. Meng et al.
showed that if miR-21 was inhibited, expression of its tar-
get gene PTEN would upregulate [69]. Previous studies
indicated that PTEN expression is regulated by TGF-p1
(43, 70], which suggested TGF-P1 treatment leads to
downregulation of PTEN. The PTEN/Akt pathway is also
subjected to TGF-B1 regulation. Akt activity increases in
response to TGF-P1 treatment, which seems to be re-
quired for a variety of TGF-p-induced activities [71, 72].
In addition, PTEN is thought to be an inhibitor of the
PI3K/AKT pathway which is central to EMT regulation
[73]. To confirm the relationship between miR-21 and
PTEN in EMT of CRSwWNP, our study used an miR-
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21-targeted molecular technique and identified PTEN,
Akt, and p-Akt as target genes of miR-21 through online
prediction. We measured PTEN, Akt, and p-Akt during
miR-21-mediated TGF-B1-induced EMT in PHNECs. In
addition, it illustrated that TGF-p1 treatment resulted in
decreased PTEN and increased Akt phosphorylation, and
downregulation of miR-21 abolished this effect. Further-
more, overexpression of miR-21 alone in PHNECs down-
regulated PTEN and upregulated Akt phosphorylation,
and Akt inhibitor III, a specific inhibitor for Akt activa-
tion, significantly abolished miR-21-regulated EMT.

Taken together, our findings suggest that miR-21
might be a reliable target for treating nasal polyp genesis
through EMT suppression. Moreover, miR-21 inhibitors
could be a novel class of antipolyp drugs that modulate
PTEN expression and Akt activation. In addition, further
investigation regarding the reason underlying miR-21
overexpression in CRSWNP could provide a molecular
target for novel treatment strategies for nasal polyposis.
However, there are still some potential limitations of this
study, such as the small number of our experimental spec-
imens; moreover, the experiment has not been verified by
in vivo animal experiments, and allergic factors are also
excluded from the experiment.

In summary, we demonstrated that miR-21 mediates
TGF-Bl-induced EMT in PHNECs via the PTEN/Akt
pathway. Our data indicate that TGF-B1-induced EMT
occurs during the pathogenesis of CRSWNP. Further-
more, we showed for the first time that the important role
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