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Abstract—Asthma is a chronic inflammatory disease characterized by airway remodeling 
and lung inflammation. Collagen triple helix repeat containing 1 (CTHRC1), a glycopro-
tein, is involved in multiple pathological processes, including inflammation and fibrosis. 
However, the function of CTHRC1 in asthma remains unclear. In the present study, the 
mouse asthma model was successfully generated by sensitizing and challenging mice with 
ovalbumin (OVA). CTHRC1 expression at both RNA and protein levels was significantly 
upregulated in lung tissues of asthmatic mice. Asthmatic mice exhibited significant air-
way remodeling as evidenced by increased bronchial wall and smooth muscle cell layer 
thickness, goblet cell hyperplasia and collagen deposition, and epithelial-mesenchymal 
transition (EMT), but those characteristics were reversed by CTHRC1 silencing. The cell 
model with transforming growth factor-β1 (TGF-β1) induction in bronchial epithelial cells 
(BEAS-2B) was conducted to verify the effects of CTHRC1 on EMT, a classic mechanism 
that mediates airway remodeling. The results showed that TGF-β1 stimulation increased 
CTHRC1 expression, and CTHRC1 knockdown inhibited TGF-β1-induced EMT. OVA-
treated mice also showed increased inflammatory cell infiltration and the production of 
OVA-specific immunoglobulin E (IgE), interleukin (IL)-4, IL-5, and IL-13, which were 
decreased by CTHRC1 downregulation. The effects of CTHRC1 on OVA-induced airway 
inflammation were further determined by treating BEAS-2B cells with IL-13, in which 
CTHRC1 knockdown reduced the IL-13-induced secretion of pro-inflammatory factors, 
including IL-4 and IL-5. In conclusion, these results indicate that CTHRC1 silencing 
attenuates asthmatic airway remodeling and inflammation in vivo and in vitro, suggesting 
that CTHRC1 may be a potential target for asthma treatment.
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INTRODUCTION

Asthma is a chronic allergic disease of the airways 
characterized by airway hyper-responsiveness, and air-
way inflammation and remodeling [1, 2]. Currently, the 
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available therapeutic interventions are based on resolution 
of chronic airway inflammation and dilating narrowed 
airways [3, 4]. Asthma airway remodeling is the key 
pathologic feature of asthma and is involved in multiple 
pathological alterations, including aberrant repair of the 
epithelium and vascular or fibrotic changes [5, 6]. The 
degree of airway remodeling in asthma correlates with the 
severity of the disease [7]. Epithelial-mesenchymal tran-
sition (EMT) is considered to be a hallmark pathological 
change and a classic mechanism of airway remodeling 
[8, 9]. Together, these studies suggest that targeting EMT 
may contribute to the development of airway remodeling 
in asthma.

Collagen triple helix repeat containing-1 (CTHRC1),  
a 28 kDa secreted glycoprotein, plays extensive roles 
in various pathological processes, including malignant 
tumors, tissue repair, fibrosis, and inflammatory diseases 
[10, 11]. CTHRC1 is considered a cancer-related pro-
tein and is implicated in crucial pathological processes 
of cancer, such as metastasis and EMT [12, 13]. The 
effect of CTHRC1 on tumorigenesis and tissue fibrosis 
has been well-documented in several published reports 
[14–16]. In addition, CTHRC1 is associated with the 
transforming growth factor-β (TGF-β) signaling pathway 
and subsequent reaction [17, 18]. The activation of the 
TGF-β pathway results in the upregulation of CTHRC1 
[19]. It has been investigated that TGF-β-activated EMT 
is a key pathophysiological process in asthma-related 
airway remodeling [8, 20]. Although the regulation of 
EMT by CTHRC1 has been extensively reported in stud-
ies of tumor [12, 21], the functional role of CTHRC1 
in asthma EMT and airway remodeling has not been 
explored. In addition, CTHRC1 is implicated in many 
inflammatory diseases, such as periodontitis and rheu-
matoid arthritis [10, 22, 23]. Results of previous studies 
indicated that CTHRC1 is associated with the severity 
of inflammatory diseases and correlated with the pro-
inflammatory cytokines, such as interleukin (IL)-1β, IL-6, 
and interferon gamma (IFN-γ) expression [24]. Although 
previous studies have demonstrated the critical role of 
CTHRC1 in inflammatory diseases, the regulatory role of  
CTHRC1 in chronic asthmatic inflammation has not been 
yet been determined.

The present study aimed to investigate the function-
ality of CTHRC1 in the pathogenesis of asthma. A well-
established ovalbumin (OVA)-induced asthma model was 
conducted and administrated with lentivirus containing the 
specific small hairpin RNA (shRNA) that targeted CTHRC1 
to verify the functional role of CTHRC1 deficiency in 

OVA-stimulated-asthma. We here provided experimental 
evidence that CTHRC1 was essential for EMT in OVA-
induced asthmatic mice. TGF-β1-induced EMT was 
performed to verify the impact of CTHRC1 on the EMT 
process in human bronchial epithelial cells BEAS-2B. In 
addition, the effects of CTHRC1 on inflammatory response 
were further confirmed in IL-13-stimulated human bron-
chial epithelial cells by focusing on the level of CTHRC1 
expression and production of cytokines. Taken together, 
results of the present study demonstrated that CTHRC1 
knockdown inhibited asthma airway remodeling and airway 
inflammation, which shed light upon the essential effects of 
CTHRC1 in OVA-induced asthma airway remodeling and 
provided a novel target for the treatment of asthma.

MATERIALS AND METHODS

Lentivirus Construction
Lentiviral particles contain target-specific con-

structs that encode short hairpin RNA (shRNA) designed 
to knock down CTHRC1 expression. In brief, target sites 
for mouse CTHRC1 mRNA (GenBank accession num-
ber: NM_026778) were selected using RNAi design 
sites. The formed shuttle plasmid (pLVX-shRNA1) was 
selected for silencing the CTHRC1 gene. The recombi-
nant lentiviruses, shRNA-CTHRC1 and shRNA-control, 
were constructed and synthesized by YouBio Technology 
(VT1456, Changsha, China). The target sequence against 
CTHRC1 is as follows: 5′-GAG TTA AAT TCA ACT ATT 
AAT-3′. The shRNA was cloned into a pLVX vector at 
the BamH1 and EcoRI sites. When 293 T packaging cells 
(ZQ0033, Zhong Qiao Xin Zhou Biotechnology, Shang-
hai, China) reached 70% confluence, all the constructs 
were transfected with the lentiviral packaging plasmids 
(pSPAX2, pMD2G, and CTHRC1 shRNA) using Lipo-
fectamine 3000 (L3000015, Invitrogen, CA, USA). After 
48 h of transfection, the viral particles were collected for 
titer determination.

Animal Experiments

All procedures involving animals were performed 
following the Ethics Committee of the Shengjing Hos-
pital of China Medical University (No. 2019PS536K). 
Specific pathogen-free (SPF) female BALB/c mice (Cer-
tificate No. SCXK (Liao) 2020–0001), weighing 18–22 g, 
were purchased from ChangSheng Biotech (Liaoning, 
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China, License No. SYXK (Liao) 2017–0004), and 
acclimatized for 1 week prior to the experiments under 
a 12-h light/dark cycle condition, and received food and 
water. Six animals per study group were utilized for all 
in vivo assays. Mice were randomly assigned to four 
groups including the control (CTL) group, OVA group, 
OVA + shCTL group, and OVA + shCTHRC1 group. To 
establish the OVA model, mice were intraperitoneal injec-
tion of 10 µg of ovalbumin (A107820, Aladdin, Shanghai, 
China) and 1 mg of aluminum hydroxide gel in a total 
volume of 200 µL on days 1, 7, and 14. Subsequently, the 
mice were received with aerosolized 5% OVA in saline 
3 days/week from day 21 to day 77 for 30 min per day, 
while the control mice were injected with normal saline 
and challenged with saline in the same manner. Lentivirus 
containing shCTHRC1 (3 ×  106 TU) or control shRNA 
(3 ×  106 TU) was intratracheally delivered into the OVA 
animals at 18 days and supplemented at 5 weeks, while 
the control mice were treated with normal saline. Mice 
were euthanized at 48 h after the final challenge and the 
lung tissues were collected and fixed with 4% paraform-
aldehyde solution, and the rest was stored at −80 °C for 
further analysis. Moreover, bronchoalveolar lavage fluid 
(BALF) and blood samples were also collected. BALF 
was centrifuged to separate the supernatant and sediment 
and stored at −80 °C for further analysis.

Cell Culture and Transfection

Human bronchial epithelial cells, BEAS-2B, were 
obtained from iCell Bioscience Inc. (iCell-h023, Shang-
hai, China) and cultured in Dulbecco’s modified Eagle’s 
medium (09231, Zhong Qiao Xin Zhou Biotechnology, 
Shanghai, China) supplemented with 10% fetal bovine 
serum (ZQ500, Zhong Qiao Xin Zhou Biotechnology, 
Shanghai, China). All cells were incubated at 37  °C 
with 5%  CO2. For IL-13 stimulation, BEAS-2B cells 
were treated with 20 ng/mL recombinant human IL-13 
(200–13, Peprotech, MN, USA) and incubated for 48 h. 
The culture supernatant or cells were collected for fur-
ther analysis. For transfection, cells were cultured to final 
confluency at around 90%, and cells were transfected with 
small interfering RNA (siRNA) to form the CTHRC1-
silencing group (siCTHRC1) or negative control group 
(siCTL). siCTHRC1 (5′-GGA TGG ATT CAA AGG AGA 
A-3′) was synthesized by General Biosystems (China). 
For CTHRC1 overexpression, the pcDNA3.1 vector 
(YouBio Technology, G103616, Changsha, China) was 
constructed by inserting the CDS of CTHRC1 (GenBank 

accession number: NM_138455). pcDNA3.1 empty vec-
tor served as a control. BEAS-2B cells were transfected 
with the siRNA specific for CTHRC1  or CTHRC1 over-
expression plasmid and the corresponding empty vector 
by using Lipofectamine 3000 (L3000015, Invitrogen, 
CA, USA) according to the manufacturer’s instructions. 
After 24-h incubation, BEAS-2B cells were treated with 
TGF‐β1 (5 ng/mL, 10804-HNAC, Sino Biological Inc., 
Beijing, China) for 48 h, and TGF‐β1-treated cells were 
harvested and then divided into the following groups: 
CTL group, TGF‐β1 group, TGF‐β1 + siCTL group, and 
TGF‐β1 + siCTHRC1 group; CTL group, vector group, 
CTHRC1OE group, TGF‐β1 group, TGF‐β1 + vector 
group, and TGF‐β1 + CTHRC1OE group.

Immunofluorescence Assay

For immunofluorescence staining of lung tissues, 
the sections were fixed in 4% paraformaldehyde and 
embedded in paraffin. Slides were heated for antigen 
retrieval and incubated in blocking solution for 15 min. 
The slides were then incubated with CTHRC1 antibody 
(16534–1-AP, Proteintech, IL, USA), E-cadherin anti-
body (A20798, ABclonal Biotechnology, Wuhan, China), 
N-cadherin antibody (A19083, ABclonal Biotechnology, 
Wuhan, China), and α-SMA antibody (14395–1-AP, Pro-
teintech, IL, USA) overnight at 4 °C. Subsequently, the 
sections were incubated with the Cy3-conjugated goat 
anti-rabbit IgG (A27039, Invitrogen, CA, USA) for 1 h. 
The slides were fixed using mounting media with DAPI 
(D106471-5 mg, Aladdin, Shanghai, China). The immu-
nofluorescent images were obtained using a fluorescence 
microscope (DP73, Olympus, Tokyo, Japan) and analyzed 
using Image-Pro Plus 6.0 software according to the mean 
optical density of positively stained areas in a standard 
protocol.

For immunofluorescence staining in vitro, cells 
were grown on glass slides and fixed with 4% para-
formaldehyde. After permeabilization with 0.1% Triton 
X-100 (ST795, Beyotime, Shanghai, China), cells were 
incubated with primary antibodies against CTHRC1 
(16534–1-AP, Proteintech, IL, USA), E-cadherin 
(A20798, ABclonal Biotechnology, Wuhan, China), and 
N-cadherin (A19083, ABclonal Biotechnology, Wuhan, 
China) overnight at 4 °C. Cy3-labeled goat anti-rabbit 
IgG (A27039, Invitrogen, CA, USA) were used as sec-
ondary antibodies. Cell nuclei were stained with DAPI 
(D106471-5 mg, Aladdin, Shanghai, China). The immu-
nofluorescent images were obtained using a fluorescence 
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microscope (DP73, Olympus, Tokyo, Japan) and quan-
tified using Image-Pro Plus 6.0 software according to 
the mean optical density of positively stained areas in a 
standard protocol.

Quantitative Real‑Time Polymerase Chain 
Reaction (qRT‑PCR)

Total RNA was extracted from lung tissues or 
BEAS-2B cells by using TRIpure Reagent (RP1001, 
BioTeke, Beijing, China). Reverse transcription was 
performed using the qRT-PCR system (Exicycler™ 96, 
Bioneer, Daejeon, Korea). Quantitative RT-PCR was per-
formed with the SYBR Green PCR system (Exicycler™ 
96, Bioneer, Daejeon, Korea). Gene expression was nor-
malized with the β-actin mRNA signals and performed 
by the relative quantification method of  2–ΔΔCT. The fol-
lowing primer sequences were used: Homo CTHRC1 for-
ward 5′-CAT TTA CAA AGA TGC GTT CA-3′ and reverse 
5′-CCA CTA ATC CAG CAC CAA -3′; for Mus CTHRC1 
forward 5′-AGT GTT CGT GGA GTTCG-3′ and reverse 
5′-CCA ATC CCT TCA CAG AGT -3′.

Western Blot Analysis

Total protein of tissues and BEAS-2B cells was 
extracted using the RIPA buffer (P0013B, Beyotime, 
Shanghai, China) containing PMSF (ST506, Beyotime, 
Shanghai, China) and quantified using the BCA protein 
assay kit (P0009, Beyotime, Shanghai, China). Protein 
samples were electrophoresed on SDS-PAGE (P0015, 
Beyotime, Shanghai, China) and blotted onto PVDF 
membranes (LC2005, Thermo Fisher Scientific, PA, 
USA). The membranes were then blocked in 5% bovine 
serum albumin (BS043, Biosharp, Hefei, China) for 1 h, 
followed by incubation with primary antibodies overnight 
at 4 °C. Horseradish peroxidase-labeled goat anti-rabbit 
IgG (SA00001-2, Proteintech, IL, USA) and goat anti-
mouse IgG (SA00001-1, Proteintech, IL, USA) were used 
as the secondary antibodies. The blots were developed by 
incubation with ECL substrate reagents (E003, Seven Sea 
biotech, Shanghai, China). The proteins were visualized 
using the Gel-Pro-Analyzer (WD-9413B, Beijing Liuyi 
Biotechnology, Beijing, China). The primary antibodies 
were as follows: CTHRC1 (16534–1-AP, Proteintech, 
IL, USA), E-cadherin (A3044, ABclonal Biotechnol-
ogy, Wuhan, China), N-cadherin (A19083, ABclonal 
Biotechnology, Wuhan, China), α-SMA (14395–1-AP, 
Proteintech, IL, USA), fibronectin (A12932, ABclonal 

Biotechnology, Wuhan, China), and Snail (13099–1-AP, 
Proteintech, IL, USA).

Lung Tissue Histological Analysis

The total wall area (Wat), smooth muscle wall area 
(Wam), and basement membrane perimeter (Pbm) were 
further measured. The Wat/Pbm and Wam/Pbm ratio was 
used to indicate airway remodeling. Pathological changes 
were evaluated by hematoxylin–eosin (H&E), periodic 
acid-Schiff (PAS), and Masson staining analysis to assess 
the inflammation, epithelial injury, and degree of col-
lagen deposition, respectively. Fixed lung tissues were 
dehydrated and processed routinely for paraffin embed-
ding, and sliced. H&E, PAS, and Masson reaction stain-
ing were performed on the tissue sections following the 
manufacturing instructions. The images were visualized 
under light microscopy (DP73, Olympus, Tokyo, Japan). 
The inflammatory cell infiltration degree was determined 
according to the formula: 0, no inflammatory cell infiltra-
tion; 1, a small number of infiltrated inflammatory cells; 
2, an inflammatory cell monolayer around the airway; 3, 
2–4 layers of inflammatory cells around the airway; 4, > 4 
layers of inflammatory cells around the airway. Goblet 
cell hyperplasia were performed on PAS-stained tissues, 

Fig. 1  CTHRC1 affects airway remodeling in the OVA-induced 
asthmatic model. a The expression of CTHRC1 in mouse tissues 
was detected by immunofluorescence staining and quantified. (n = 6, 
***P < 0.001 compared with the CTL or OVA + shCTL group). b 
Representative blots of CTHRC1 assessed by Western blot analy-
sis. β-actin was used as a normalization control (n = 6). c Results of 
CTHRC1 mRNA expression levels were analyzed by quantitative 
real-time polymerase chain reaction (qRT-PCR). (n = 6, ***P < 0.001 
compared with the CTL or OVA + shCTL group). d Quantified results 
of the airway wall area thickness (Wat/Pbm) and smooth muscle 
layer thickness (Wam/Pbm). (n = 6, *P < 0.05, ***P < 0.001 compared 
with the CTL or OVA + shCTL group). e Mouse pathological mor-
phology changes in OVA-sensitized mouse tissues were detected by 
hematoxylin–eosin (H&E) staining assay and the degree of inflam-
matory cell infiltration was quantified. (n = 6, **P < 0.01, ***P < 0.001 
compared with the CTL or OVA + shCTL group). f PAS staining and 
corresponding quantification assays were performed to measure gob-
let cell hyperplasia response in OVA-sensitized mouse tissues. (n = 6, 
*P < 0.05, ***P < 0.001 compared with the CTL or OVA + shCTL 
group). CTHRC1, collagen triple helix repeat containing 1; OVA, 
ovalbumin; Wat, total wall area; Wam, smooth muscle wall area; Pbm, 
basement membrane perimeter. Dot presents the single data result in 
bar graph. Data are presented as means ± SD for 6 mice in each group 
from a minimum of three independent experiments. One-way ANOVA 
followed by a post hoc test for multiple comparisons was used for 
three or more groups.

◂
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and goblet cells were further quantified and scored (0, 
no goblet cells; 1, < 25%; 2, 25 to 50%; 3, 51 to 75%; 
4, > 75%) [25]. The degree of fibrosis was graded from 
0 to 3 using Masson-stained sections (0, no fibrosis; 1, 
mild fibrosis, lesions range < 20%; 2, moderate fibrosis, 
lesions ranged from 20 to 50%; 3, severe fibrosis, lesions 
range > 50%) [26].

Differential Counts of Inflammatory Cells 
in BALF

The degree of inflammatory response was estimated 
by the total inflammatory cell counts, and eosinophils, 
neutrophils, lymphocytes, and monocyte macrophages 
recruited into the mouse lungs and recovered from the 
BALF. In brief, the harvested BALF sediment was re-
suspended in 0.5 mL PBS, and the 10 µL suspension was 
used to conduct smear staining and to count and classify 
inflammatory cells. Inflammatory cells in the BALF were 
stained via Wright-Giemsa Stain Kit (D010, Jiancheng 
Bioengineering Institute, Nanjing, China). The number of 
different inflammatory cells in BALF was counted with a 
hemocytometer according to morphological characteristics. 
The experiment was repeated three times for each group.

ELISA Assay

Cytokine levels including IL-4 (EK204, Multi-
Sciences, Hangzhou, China), IL-5 (EK205, MultiSciences, 
Hangzhou, China), IL-13 (EK213, MultiSciences, Hang-
zhou, China), and IFN-γ (EK280, MultiSciences, Hang-
zhou, China) in BALF supernatants were measured with 
the Mouse ELISA kits according to the manufacturer’s 
instructions. IL-4 levels (EK104, MultiSciences, Hang-
zhou, China), IL-5 (EK105, MultiSciences, Hangzhou, 
China), and IFN-γ (EK180, MultiSciences, Hangzhou, 
China) in IL-13-induced cell culture supernatant were 
evaluated using Human ELISA kits. Mouse blood was col-
lected and centrifuged to extract the serum. Serum OVA-
specific IgE content was assayed by the mouse OVA sIgE 
ELISA kit (EM1254, Wuhan Fine Biotech, Wuhan, China) 
according to the manufacturer’s protocol.

Statistical Analysis

Statistical analysis was performed using GraphPad 
Prism 8.0 (GraphPad Software Inc., CA, USA). Compari-
sons of two groups were calculated with Student’s t-test 

and comparison of more than three groups was calculated 
with one-way analysis of variance (ANOVA). A post hoc 
power analysis was performed for power analysis. Data 
were expressed as the mean ± SD. Differences with p-val-
ues below 0.05 were considered significant.

RESULTS

CTHRC1 Deficiency Attenuates Airway 
Remodeling in OVA‑Induced Asthmatic Mouse 
Models

The CTHRC1 expression pattern was determined 
in a mouse model of asthma induced by the OVA chal-
lenge, a well-established asthma model. Lentiviruses 
carrying CTHRC1 shRNA particles were intratrache-
ally delivered into mice with an OVA challenge. The 
expression of CTHRC1 in lung tissues was explored 
by immunofluorescent staining and further quantified. 
As indicated in Fig. 1a, CTHRC1 was predominantly 
detected in the pulmonary bronchus of lung tissues and 
CTRHC1 expression was significantly increased in lung 
tissues of OVA-induced asthmatic mice compared with 
the control group, while the treatment of shCTHRC1 
caused a reduction of CTHRC1 expression in OVA-
challenged mice, indicating that the shRNA lentiviral 
vectors were delivered into the pulmonary bronchus. 
The results of Western blot and qRT-PCR assays fur-
ther indicated that OVA treatment markedly increased 
the expression levels of CTHRC1, and asthmatic mouse 
administrated with CTHRC1 shRNA reversed OVA-
induced elevation of CTHRC1 (Fig. 1b, c). These data 

Fig. 2  CTHRC1 affects airway epithelial-mesenchymal transition 
(EMT) in the OVA-induced asthmatic model. a Masson staining 
assay was performed to measure fibrosis in OVA-sensitized mouse 
tissues and the total fibrosis score was quantified. (n = 6, *P < 0.05, 
***P < 0.001 compared with the CTL or OVA + shCTL group). b–d 
Representative immunofluorescent staining and relative quantitative 
data of epithelial marker E-cadherin, mesenchymal markers N-cad-
herin, and α-smooth muscle actin (α-SMA) in OVA-sensitized mouse 
tissues as indicated. (n = 6, ***P < 0.001 compared with the CTL or 
OVA + shCTL group). e Representative blots of E-cadherin, N-cad-
herin, and snail were observed by Western blot analysis in airway tis-
sues. β-actin was used as a normalization control (n = 6). f Representa-
tive blots of α-SMA and fibronectin were observed by Western blot 
analysis in airway tissues. β-actin was used as a normalization control. 
Dot presents the single data result in bar graph (n = 6). Data are pre-
sented as means ± SD for 6 mice in each group from a minimum of 
three independent experiments. One-way ANOVA followed by a post 
hoc test for multiple comparisons was used for three or more groups.

◂
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suggested that lentivirus treatment successfully inter-
fered with CTHRC1 gene expression. The bronchial 
wall and smooth muscle layer airway wall area, smooth 
muscle layer area, and basement membrane perimeter 
were commonly employed to indicate airway remodeling 
[27]. The thickness of the bronchial wall and smooth 
muscle cell layer was obviously increased in the OVA-
challenged mice, and CTHRC1 knockdown indicated a 
significant reduction of these alterations (Fig. 1d). To 
explore the potential functional role of CTHRC1 in 
the processes of airway remodeling, pathological mor-
phology changes were detected. Morphologically, no 
significant abnormalities were observed in the control 
group. OVA mouse showed severe bronchial tissue injury 
marked by thickened bronchial mucosa, lumen stenosis, 
and severe inflammatory cell infiltration. Notably, these 
pathological changes and inflammatory responses were 
improved in the CTHRC1 knockdown asthma model 
(Fig. 1e), which was further confirmed by the inflam-
mation score. Both PAS staining and quantification 
results demonstrated obvious goblet cell hyperplasia in 
the tissues of OVA-challenged mice and the goblet cell 
hyperplasia response was reduced following CTHRC1 
knockdown (Fig. 1f).

CTHRC1 Deficiency Suppresses Fibrosis 
and EMT in OVA‑Induced Asthmatic Mouse 
Models

The impact of CTHRC1 deficiency on fibrosis was 
determined in OVA-induced asthmatic mice. Masson 
staining and quantification assays were performed to 
evaluate airway fibrosis in bronchial asthma. As shown 
in Fig.  2a, OVA challenge resulted in visible fibro-
sis, evidenced by increased collagen deposition. These 
symptoms were improved following CTHRC1 knock-
down under asthmatic conditions. In addition, we further 
investigate whether EMT occurred in the OVA-induced 
asthmatic mice. Cadherin switch is a fundamental event 
in EMT [28]. As indicated by immunofluorescence and 
corresponding quantitative analysis in Fig. 2b–d, OVA-
induction resulted in a significantly increased expression 
of N-cadherin and α-SMA, and decreased expression 
of E-cadherin. Interestingly, expression of epithelium 
marker E-cadherin was significantly upregulated, while 
expressions of the mesenchymal marker N-cadherin 
and α-SMA were downregulated in OVA-induced asth-
matic mouse tissues following CTHRC1 knockdown 

(Fig. 2b–d). Western blot analysis consistently confirmed 
that CTHRC1 deficiency increased the expression of 
E-cadherin and decreased N-cadherin, Snail, α-SMA, 
and fibronectin expression (Fig. 2e, f). These results sug-
gested that CTHRC1 might orchestrate the EMT process 
in the asthmatic model.

CTHRC1 Deficiency Attenuates OVA‑Induced 
Airway Inflammation

The role of CTHRC1 deficiency in the inflam-
matory responses was further explored, and the cell 
populations including inflammatory cells, eosinophils, 
neutrophils, lymphocytes, and monocyte macrophage 
in BALF were detected. A robust accumulation of total 
protein expression and the number of inflammatory cells, 
eosinophils, neutrophils, lymphocytes, and monocyte 
macrophage in BALF, as expected, accompanied OVA 
sensitization and challenge in mice, while the treatment 
of shCTHRC1 decreased the number of these inflamma-
tory cells (Fig. 3a), suggesting that CTHRC1 deficiency 
modified the inflammatory cell pattern in the OVA-
induced asthmatic animals. In addition, total IgE levels 
in sera and T helper type 2 (Th2)-type cytokines IL-4, 
IL-5, IL-13, and Th1 cytokine IFN-γ levels in BALF 
were also detected using ELISA analysis. As indicated 
in Fig. 3b, OVA-specific IgE expression was significantly 
elevated in the OVA mice, and CTHRC1 knockdown 
reduced the IgE concentration. The expression of pul-
monary cytokines, including IL-4, IL-5, and IL-13, was 
increased and IFN-γ was decreased in the OVA mice. 
CTHRC1 deficiency reduced IL-4, IL-5, and IL-13 lev-
els and promoted IFN-γ expression in BALF (Fig. 3b). 
These results suggested that CTHRC1 deficiency might 
alleviate asthma disease severity.

Fig. 3  CTHRC1 affects inflammatory response in OVA-induced 
asthmatic model. a Total protein expression, the number of inflam-
matory cells, eosinophils, neutrophils, lymphocytes, and monocyte 
macrophage in bronchoalveolar lavage fluid (BALF) were detected. 
(n = 6, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the CTL or 
OVA + shCTL group). b The level of OVA-specific IgE in serum was 
measured by ELISA assay. The levels of Th2-type cytokines interleu-
kin (IL)-4, IL-5, IL-13, and interferon-γ (IFN-γ) levels in the BALF 
supernatant were measured by ELISA analysis. (n = 6, *P < 0.05, 
**P < 0.01, ***P < 0.001 compared with the CTL or OVA + shCTL 
group). Dot presents the single data result in bar graph. Data are pre-
sented as means ± SD for 6 mice in each group from a minimum of 
three independent experiments. One-way ANOVA followed by a post 
hoc test for multiple comparisons was used for three or more groups.

◂
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CTHRC1 Deficiency Represses EMT 
in TGF‑β1‑Stimulated Bronchial Epithelial 
Cells

TGF-β has been considered to be the most common 
EMT inducer in lung diseases including asthma [29]. There-
fore, the role of CTHRC1 deficiency in TGF-β1-induced 
EMT was further investigated in vitro. CTHRC1 knock-
down was carried out using siRNA  in BEAS-2B cells and 
the transfection efficiency was evaluated via the Western bolt 
assay (Fig. 4a). The expression levels of CTHRC1 in TGF-
β1-stimulated BEAS-2B cells were detected using immuno-
fluorescent staining. As indicated in Fig. 4b, TGF-β1 treat-
ment dramatically upregulated CTHRC1 expression, whereas 
CTHRC1 knockdown reversed the increased CTHRC1 
expression of TGF-β1-stimulated BEAS-2B cells. Consist-
ently, Western blot and qRT-PCR assays further confirmed 
that CTHRC1 levels were obviously increased in TGF-β1-
stimulated BEAS-2B cells, and CTHRC1 knockdown sig-
nificantly reversed the effect of TGF-β1 on the expression 
of CTHRC1 (Fig. 4c, d). As shown in Fig. 4e–g, TGF-β1 
treatment caused a significant increase in EMT, evidenced by 
increased expression of N-cadherin, α-SMA, and fibronectin, 
and decreased expression of E-cadherin. CTHRC1 knock-
down markedly attenuated the increased expression of N- 
cadherin, α-SMA, and fibronectin, and increased E-cadherin 
expression in TGF‐β1‐stimulated BEAS-2B cells. These 
results indicated that CTHRC1 regulated the EMT process 
in TGF-β1-stimulated bronchial epithelial cells.

CTHRC1 Overexpression Promotes EMT 
in TGF‑β1‑Induced Bronchial Epithelial Cells

To further confirm the effect of CTHRC1 on TGF-
β1-stimulated EMT, CTHRC1 was overexpressed via 
an expression plasmid in BEAS-2B cells. The trans-
fection efficiency was evaluated via the Western bolt 
assay (Fig. 5a). Immunofluorescent staining showed that 
CTHRC1 overexpression significantly upregulated the 
expression of CTHRC1, and TGF-β1 treatment aggra-
vated CTHRC1 expression in the presence of CTHRC1 
(Fig. 5b). Accompanied by CTHRC1 overexpression, 
CTHRC1 mRNA and protein expression levels were 
remarkably increased (Fig. 5c, d). In addition, CTHRC1 
overexpression dramatically increased the expression of 
CTHRC1 in TGF-β1-stimulated BEAS-2B cells. Nota-
bly, the introduction of CTHRC1 dramatically aggravated 
TGF-β1-stimulated N-cadherin, α-SMA, and fibronectin 
expression in BEAS-2B cells, whereas further suppressed 
E-cadherin expression, demonstrated by Western blot 
assay (Fig. 5e). Immunofluorescence analysis further 
confirmed that CTHRC1 overexpression promoted TGF-
β1-stimulated EMT, evidenced by decreased expression 
of E-cadherin and increased expression of N-cadherin 
(Fig. 5f, g).

CTHRC1 Knockdown Attenuates Pulmonary 
Cytokines Production in IL‑13‑Stimulated 
Bronchial Epithelial Cells

To further validate the effect of CTHRC1 airway 
epithelial inflammation, we used IL-13 to stimulate 
BEAS-2B epithelial cells. CTHRC1 knockdown was 
carried out using siRNA  in BEAS-2B cells. West-
ern blot analysis indicated that the protein levels of 
CTHRC1 in IL-13-stimulated BEAS-2B cells were 
higher than those in control cells, consistent with in vivo 
results (Fig. 6a). In addition, Th2 cytokine levels of 
IL-4 and IL-5 were higher in IL-13-induced BEAS-
2B cells (Fig. 6b), but there was no significant differ-
ence in IFN-γ production, indicating that inflammatory 
cytokines might be induced by IL-13 in epithelial cells. 
Notably, similar to the effects in the mouse model of 
asthma, the increased concentrations of IL-4 and IL-5 
in IL-13-induced BEAS-2B cells were suppressed fol-
lowing CTHRC1 knockdown.

Fig. 4  CTHRC1 deficiency represses airway EMT in TGF-β1-treated 
BEAS-2B cells. BEAS-2B cells were treated with a CTHRC1 siRNA  
and stimulated with TGF-β1 for 48  h. a CTHRC1 protein expres-
sion was measured by Western blot analysis. β-actin was used as a 
normalization control. b Immunofluorescence analysis indicated the 
expression of CTHRC1 in different groups. c CTHRC1 mRNA in 
TGF-β1-treated BEAS-2B cells was measured by qRT-PCR. (n = 3, 
***P < 0.001 compared with the CTL or TGF-β1 + siCTL group). 
d CTHRC1 protein expression in TGF-β1-treated BEAS-2B cells 
was measured by Western blot analysis. β-actin was used as a nor-
malization control. e Representative blots of E-cadherin, N-cadherin, 
α-SMA, and fibronectin were observed by Western blot analysis in 
TGF-β1-stimulated BEAS-2B cells. β-actin was used as a normali-
zation control. f Immunofluorescence analysis indicated the expres-
sion of epithelial marker E-cadherin. g Immunofluorescence analysis 
indicated the expression of mesenchymal markers N-cadherin. Dot 
presents the single data result in bar graph. Data are presented as 
means ± SD. All results are representative of or combined from at least 
three independent experiments. One-way ANOVA followed by a post 
hoc test for multiple comparisons was used for three or more groups.

◂
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DISCUSSION

Asthma is a chronic respiratory disease with com-
plicated pathogenesis, and airway remodeling is an active 
and highly complex process in the pathogenesis of asthma 
[30]. The present study focused on the role of CTHRC1 
deficiency in asthma. Results of the present study demon-
strated that CTHRC1 expression was increased both in the 
OVA-induced asthma model and TGF-β or IL13-induced 
bronchial epithelial cells compared with corresponding 
control group. We therefore sought to investigate the 
functional role of CTHRC1 knockdown in asthma both 

in vitro and in vivo. Results of the present study identi-
fied that CTHRC1 deficiency exerted a protective func-
tion in airway remodeling, airway inflammation, fibrotic 
changes, and EMT in the asthmatic model.

Several mouse models have been developed that 
closely reproduce the symptoms of the human asthmatic 
phenotype. OVA, house dust mite, and ragweed are the 
common allergens that have been used to induce asthma 
in murine models [31]. OVA-sensitized and challenged 
mice represent a very well-characterized model of aller-
gic asthma and produce a robust Th2-mediated asthma-
like disease in mice [32]. In the experiment, OVA and 
house dust mite trigger asthma models were commonly 
used, which exhibited a variety of similar asthma-related 
symptoms, including airway smooth muscle thickening, 
basement membrane thickening, subepithelial fibrosis, 
and goblet cell hyperplasia [33, 34]. In the present study, 
pathological morphology changes in OVA-sensitized 
mice were detected by H&E and PAS staining assay, 
indicating symptoms of asthma. Specifically, the OVA 
challenge resulted in inflammatory cell infiltration, air-
way wall thickening, airway smooth muscle hyperplasia, 
and goblet cell hyperplasia, consistent with the results 
of previous studies [35]. Notably, CTHRC1 inhibition 
in vivo mitigated the OVA-induced airway remodeling 
and airway inflammation. To our knowledge, this is the 
first study reported that CTHRC1 deficiency against air-
way remodeling in OVA-induced asthma. All of these 
data supported our hypothesis that CTHRC1 might act 
as a key regulator in the regulation of airway remodeling 
in chronic asthma.

Fig. 5  CTHRC1 overexpression promotes airway EMT in TGF-β1-
treated BEAS-2B cells. BEAS-2B cells were treated with a CTHRC1 
overexpression plasmid and stimulated with TGF-β1 for 48 h. a Protein 
levels of CTHRC1 were detected by western blotting. β-actin was used 
as a normalization control. b Immunofluorescence analysis indicated 
the expression of CTHRC1 in different groups. c CTHRC1 mRNA in 
TGF-β1-treated BEAS-2B cells was measured by qRT-PCR. (n = 3, 
***P < 0.001 compared with the vector or TGF-β1 + vector group). d 
CTHRC1 protein expression in TGF-β1-treated BEAS-2B cells was 
measured by Western blot analysis. β-actin was used as a normaliza-
tion control. e Representative blots of E-cadherin, N-cadherin, α-SMA, 
and fibronectin were observed by Western blot analysis in TGF-β1-
stimulated BEAS-2B cells. β-actin was used as a normalization con-
trol. f Immunofluorescence analysis indicated the expression of epi-
thelial marker E-cadherin. g Immunofluorescence analysis indicated 
the expression of mesenchymal markers N-cadherin. Dot presents the 
single data result in bar graph. Data are presented as means ± SD. All 
results are representative of or combined from at least three independ-
ent experiments. One-way ANOVA followed by a post hoc test for mul-
tiple comparisons was used for three or more groups.

◂

Fig. 6  CTHRC1 affects inflammatory response in IL-13-induced BEAS-2B epithelial cells. a Western blot of CTHRC1 expression following IL-13 
stimulation. β-actin was used as a normalization control. b The levels of IL-4, IL-5, and IFN-γ levels in the IL-13-induced BEAS-2B epithelial 
cell supernatant were measured by ELISA analysis. (n = 3, **P < 0.01, ***P < 0.001 compared with the CTL or IL-13 + siCTL group). Dot presents 
the single data result in bar graph. Data are presented as means ± SD. All results are representative of or combined from at least three independent 
experiments. One-way ANOVA followed by a post hoc test for multiple comparisons was used for three or more groups.
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Fibrosis is a major feature of chronic asthma [36]. 
CTHRC1 was considered to be involved in tissue fibro-
sis and highly expressed in various fibrotic tissues [11, 
37]. However, the specific effect of CTHRC1 on fibrosis 
remains enigmatic. It has been demonstrated that CTHRC1 
acted as a specific inhibitor of TGF-β that suppressed 
excessive fibroblast collagen deposition and exerted protec-
tive effects against fibrosis in the skin and liver [38, 39]. In 
the current work, the OVA challenge caused severe fibrotic 
response, confirmed by increased collagen deposition in 
the bronchial tissues. Results of the present study demon-
strated that CTHRC1 knockdown reduced OVA-induced 
collagen deposition, indicating CTHRC1 might be involved 
in fibrosis in asthma. However, the underlying molecular 
mechanisms of CTHRC1 in fibrosis remain unclear, and 
more experiments are needed to validate.

EMT is complex progress and has been proposed as 
a vital mechanism in airway remodeling in asthma [40]. 
In the present study, we focused on EMT and provided 
insights into the effects of CTHRC1 on EMT. EMT is a 
process by which loss of function of epithelial cells and 
transformation to mesenchymal cells, and the development 
of EMT is commonly accompanied by a decreased expres-
sion of epithelial marker E-cadherin, and an increased 
expression of mesenchymal markers including N-cadherin, 
Snail, α-SMA [41]. Increasing evidence indicated that 
TGF-β1 was a profibrotic cytokine, which could induce 
EMT in asthma [42, 43]. Here, the role of CTHRC1 on 
EMT was investigated in vivo and in vitro. EMT was initi-
ated in OVA-challenged asthmatic mice and triggered in 
human bronchial epithelial cells BEAS-2B by pro-fibrotic 
TGF-β1, demonstrated by altered expression of E-cadherin, 
N-cadherin, Snail, α-SMA, and fibronectin. CTHRC1 was 
associated with EMT progress, and CTHRC1 knock-
down inhibited EMT in various malignant tumors [12, 
44]. Results of the present study indicated that CTHRC1 
deficiency suppressed the EMT process by reversing 
decreased expression of E-cadherin and increased expres-
sion of N-cadherin, Snail, and α-SMA. Therefore, we here 
expanded the role of CTHRC1 in the EMT process from 
cancer to airway remodeling in OVA-induced asthma.

In asthma, inflammatory response activation is 
one of the main reasons for the pathogenesis of asthma, 
accompanied by the influx of a large number of inflam-
matory cells such as eosinophils, neutrophils, lympho-
cytes, macrophages, and mast cells [45, 46]. The inflam-
matory cells are commonly infiltrating the lung tissue 
and further infiltrating into the BALF in the development 
of airway inflammation. Results of the present study 

demonstrated that increased numbers of these inflamma-
tory cells in BALF samples in OVA-sensitized mice were 
significantly repressed following CTHRC1 knockdown, 
suggesting that CTHRC1 deficiency might be a poten-
tial strategy for asthma treatment partially by mitigating 
airway inflammation. However, the reciprocal regulatory 
mechanisms of CTHRC1 in immune cell production war-
rant further study. Increasing evidence has indicated that 
asthma was primarily driven by the overproduction of 
proinflammatory cytokines, IL-4, IL-5, and IL-13 and 
they were considered important molecules for manage-
ment of allergic asthma [47, 48]. To confirm the under-
going molecular mechanism, we further conducted an 
IL-13-induced asthma model in bronchial epithelial 
cells, which is a central asthma model [49]. After stimu-
lation with IL-13, epithelial cells produce large amounts 
of Th2-type cytokines IL-4 and IL-5, while inhibition 
of CTHRC1 significantly suppressed the generation of 
inflammatory factors, suggesting that CTHRC1 might 
directly regulate Th2 cytokines secretion in the airway 
epithelium. Mechanically, proinflammatory cytokines 
were involved in the recruitment of immune cells into 
the mucosal airway and could induce IgE production in 
OVA-induced asthma model, and the reduction of IgE 
levels could improve asthmatic reaction [50]. It has been 
demonstrated that the neutralization of IL-13 ameliorated 
eosinophilic inflammation in an OVA-induced asthma 
model [31]. The knowledge of the specific molecular 
process involved in CTHRC1 in airway inflammation 
will be addressed in future studies.

Our current study was mainly focused on the basic 
roles of CTHRC1 in the asthma model and bronchial epi-
thelial cells; however, the association between CTHRC1 
expression and asthma severity was not investigated, 
which may be an important area for future research. Addi-
tionally, the deeper exploration mechanisms of CTHRC1 
in asthma might remove bottlenecks associated with the 
progress of patients with asthma in the clinical field, and 
future studies on airway remodeling in asthma require the 
development of more specific biomarkers. There was also 
no investigation of underlying mechanisms of CTHRC1 
in inflammatory mediators and immune cell production in 
the pathogenesis of bronchial asthma. In the future, these 
limitations are to be addressed. Due to the limitation of 
our experimental conditions, our animal experimental 
and in vitro cell experimental sample amount is relatively 
small. In future work, we will make up these deficiencies.

To our knowledge, this is the first report providing 
evidence for a potentially important role of CTHRC1 in 
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OVA-induced asthma. The present study demonstrated 
that CTHRC1 expression was increased in asthma and 
CTHRC1 deficiency reduced airway remodeling via 
suppression of EMT progression in the asthma model. 
Collectively, the results of the present study highlighted 
the important role of CTHRC1 in asthma, indicating that 
CTHRC1 may be considered an alternative candidate tar-
get for the treatment of asthma [21].
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