
Heliyon 10 (2024) e23860

Available online 15 December 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Long non-coding RNA (LncRNA) non-coding RNA activated by 
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A B S T R A C T   

Background: Asthma is a chronic inflammatory disorder with high prevalence in childhood. 
Airway remodeling, an important structural change of the airways, is resulted from epithelial- 
mesenchymal transition. Long non-coding RNA non-coding RNA activated by DNA damage 
(NORAD) has been found to promote epithelial-mesenchymal transition in multiple cancers. This 
study aimed to analyze the role of NORAD in asthma, mainly focusing on epithelial-mesenchymal 
transition-mediated airway remodeling, and further explored the NORAD-miRNA-mRNA 
network. 
Methods: NORAD expression was analyzed in transforming growth factor-β1-induced BEAS-2B 
human bronchial epithelial cells and ovalbumin-challenged asthmatic mice. The influences of 
NORAD on the epithelial-mesenchymal transition characteristics and Wnt/β-catenin pathway 
activation were analyzed in vitro. The interactions between NORAD and miR-410-3p as well as 
miR-410-3p and regulator of chromosome condensation 2 were detected by dual-luciferase re
porter assay and RNA pull-down assay. Rescue experiments using miR-410-3p antagonist and 
chromosome condensation 2 overexpression were used to confirm the mechanism of NORAD. 
Additionally, the role and mechanism of NORAD were further evaluated in asthmatic mice. 
Results: NORAD expression was elevated in both asthmatic models. Knockdown of NORAD 
impeded spindle-like morphology changes, elevated E-cadherin expression, decreased N-cadherin 
expression, suppressed cell migration, and inactivated the Wnt/β-catenin pathway in trans
forming growth factor-β1-stimulated BEAS-2B cells. NORAD acted as a sponge of miR-410-3p to 
regulate chromosome condensation 2 expression. Rescue assays demonstrated that silencing of 
NORAD ameliorated transforming growth factor-β1-induced EMT via miR-410-3p/chromosome 
condensation 2/Wnt/β-catenin axis. In vivo, knockdown of NORAD led to the reduction of in
flammatory cell infiltration and collagen deposition, suppression of IL-4, IL-13, transforming 
growth factor-β1 and immunoglobulin E production, decreasing of N-cadherin, chromosome 
condensation 2, β-catenin and c-Myc expression, but increasing of E-cadherin and miR-410-3p 
expression. 
Conclusions: Silencing of NORAD alleviated epithelial-mesenchymal transition-mediated airway 
remodeling in asthma via mediating miR-410-3p/chromosome condensation 2/Wnt/β-catenin 
pathway.  
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1. Introduction 

Asthma is a chronic inflammatory disease of the airways that may result from exposure to allergens or other environmental irri
tants. Its typical feature is variable airway obstruction, leading to dyspnea, cough, wheezing, and chest tightness [1,2]. Asthma affects 
about 334 million people worldwide, leading to 250,000 annual deaths [3]. The prevalence of this disease in childhood is common, 
affecting approximately 14 % of children [4]. Asthmatic symptoms are presented before 3-year-old in about one-half of 
diagnosed-children [5]. Worryingly, the incidence of asthma is stable or decreasing in some developed countries, but it is increasing in 
developing countries [6]. In both children and adults, asthma can cause disability, low quality of life and deaths, which place a heavy 
burden on their patients, family and society [6]. Currently, inhaled corticosteroids are the most effective methods to control asthma; 
however, different subjects exhibit diverse responses to these therapies. Besides, the drugs reveal many adverse effects in asthmatic 
patients [7,8]. Hence, it is necessary to investigate new methods to treat asthma. 

Through impacting on a variety of immune cells, epithelial cells and airway smooth muscle cells, asthma causes airway inflam
mation, airway hyper-responsiveness (AHR), mucus hypersecretion, subepithelial fibrosis, and airway remodeling [2]. Among them, 
airway inflammation and remodeling are two fundamental pathological features of asthma [9]. Airway remodeling is characterized by 
structural alterations of the airways, including airway wall thickening, subepithelial collagen deposition, and inflammatory cell 
infiltration [1,10]. Airway remodeling has been demonstrated to occur at early stage of disease progression and contribute to the 
severity of asthma [10]. Studies have shown that preventing airway remodeling at early stage potentially suppresses disease pro
gression and improves control of asthma [11]. Epithelial-mesenchymal transition (EMT) can promote the differentiation of airway 
epithelia into myofibroblasts, accompanied by decreasing expression of epithelial biomarkers such as E-cadherin, whereas increasing 
expression of mesenchymal markers, such as N-cadherin. Accumulating evidence has demonstrated that dysregulation of EMT con
tributes to airway remodeling in asthma [12,13]. Therefore, reversing EMT process has become a crucial strategy to prevent airway 
remodeling. 

Long non-coding RNAs (lncRNAs), the RNA transcripts with more than 200 nucleotides in length, have been demonstrated to be 
associated with asthma and function as key regulators in airway remodeling [14]. The expression of serum lncRNA KCNQ1 opposite 
strand/antisense transcript 1 was higher in bronchial asthmatic children with airway remodeling than non-remodeling. And in chil
dren with airway remodeling, serum lncRNA KCNQ1 opposite strand/antisense transcript 1 expression was related to the number of 
fibroblasts [15]. Huang et al. [16] found that lncRNA taurine upregulated gene 1 promoted airway remodeling and EMT in asthmatic 
mice. Non-coding RNA activated by DNA damage (NORAD) was a highly conserved mammalian lncRNA that directly mediated ploidy 
and chromosomal stability by sequestering PUMILIO proteins [17]. It has been reported to act as an oncogene in cancers like pancreatic 
and prostate cancers by modulating EMT [18–20]. However, the role of NORAD in the pathogenesis of asthma especially in airway 
remodeling is unclear. 

Considering the vital role of NORAD in EMT as well as EMT in asthma, we speculated that NORAD might be involved in asthma. In 
this study, we investigated whether NORAD could promote airway remodeling in asthma. Transforming growth factor-β1 (TGF-β1) is a 
growth factor secreted by a variety of cells including airway epithelial cells and immune cells to induce EMT in asthma [21]. Hence, the 
effects of NORAD were analyzed in TGF-β1-induced BEAS-2B human bronchial epithelial cells and ovalbumin (OVA)-challenged 
asthmatic mice, respectively. Studies have demonstrated that lncRNAs function via the lncRNA-miRNA-mRNA competing endogenous 
RNA (ceRNA) network, in which lncRNAs can regulate gene expression by binding to specific miRNAs [22,23]. Hence, the underlying 
mechanism of NORAD in airway remodeling was explored focusing on the lncRNA-miRNA-mRNA network both in vitro and in vivo. 

2. Materials and methods 

2.1. Cell culture and treatment 

BEAS-2B cells were purchased from American Tissue Culture Collection (ATCC, Manassas, VA, USA). They were grown in complete 
Bronchial Epithelial Cell Growth Medium (Lonza Clonetics, MD, USA), which contains bronchial epithelial cell growth basal medium 
and all the recommended supplements and growth factors, in a CO2 incubator (5 %) at 37 ◦C. To induce EMT, BEAS-2B cells were 
stimulated with 10 ng/mL of TGF-β1 (Sigma-Aldrich, Louis, MO, USA) in complete Bronchial Epithelial Cell Growth Medium for 24 h 
as previously described [24]. 

2.2. Plasmid construction and cell transfection 

Three short hairpin RNAs (shRNAs) targeting NORAD synthesized by GenePharma (Shanghai, China) were inserted into the pLVX- 
shRNA2-Puro plasmid to generate NORAD shRNA plasmids. The target sequences were as follows: sh#1: GTGTATATAA
TATGAAAAAGCTGCTCTCA; sh#2: GTTTAGAAGTGCACAAAGTATGTTAAAAG; sh#3: TATTAAAGAGGTTGCCAATGTATGACA. The 
interfering efficiencies were analyzed by quantitative real-time PCR (qRT-PCR). And the most efficient one was transfected into human 
embryonic kidney 293T cells with other virus packaging plasmids (pMDLg pRRE, pRSV-rev and pCMV-VSV-G) to produce NORAD 
silencing lentivirus. For regulator of chromosome condensation 2 (RCC2) overexpression, RCC2 cDNA, which was amplified from 
BEAS-2B cells, was cloned into the pcDNA3.1 mammalian expression vector. The transfection efficiency was validated by Western blot 
analysis. All cell transfection protocols used Lipofectamine 3000 reagent (Invitrogen, Waltham, MA, USA) as the manufacturer’s 
instructions. 
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In addition, NORAD cDNA fragments and the 3’ untranslated regions segments of RCC2 containing miR-410-3p binding sites were 
amplified by PCR and inserted into the pGL3 luciferase promoter vector to construct NORAD (NORAD-Wt) and RCC2 (RCC2-Wt) wild 
type vectors. Also, their mutants obtained by mutating the binding sites were subcloned into the pGL3 plasmid to generate NORAD- 
Mut and RCC2-Mut vectors. 

2.3. Dual luciferase reporter assay 

BEAS-2B cells were planted into 24-well plates (3 × 105 cells/well). 24 h later, cells were transfected with 100 ng constructed 
luciferase vectors and 50 nM miR-410-3p mimic using Lipofectamine 3000 reagent. After incubation at 37 ◦C for 48 h, the relative 
luciferase activity was analyzed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA). 

2.4. Migration assay 

The migration of BEAS-2B cells was investigated by Transwell chamber (8-μm pore size; Millipore, Billerica, MA, USA). 1 × 105 

cells cultured in 200 μL serum-free medium, which was bronchial epithelial cell growth basal medium that did not contain fetal bovine 
serum (FBS), were seeded on the upper chambers. And medium containing 10 % FBS (Hyclone, Logan, Utah, USA) and 10 ng/mL TGF- 
β1 was added to the lower chambers. After 24 h incubation at 37 ◦C, non-migrated cells were wiped out by a cotton tip, and migrated 
cells on the lower surface were fixed with methanol for 30 min, followed by staining with 0.1 % crystal violet for 20 min. Lastly, images 
were taken under an inverted microscope (Olympus, Tokyo, Japan). The number of migrated cells was counted from six randomly 
selected fields. 

2.5. Cell viability analysis 

Cell viability was detected by Cell Counting Kit-8 (CCK-8) kit (Beyotime, Shanghai, China). After transfection with or without 
designated plasmid for 24 h, BEAS-2B cells were seeded into 96-well plates with 5000 cells/well in 100 μL of complete Bronchial 
Epithelial Cell Growth Medium. After stimulation with 10 ng/mL TGF-β1 for 24 h, 10 μL of CCK-8 solution was added into each well 
and incubated for an additional 2 h at 37 ◦C. Then, the absorbance value of each well at 450 nm was measured using a microplate 
reader (Multiskan FC, Thermo Fisher Scientific, Waltham, MA, USA). 

2.6. RNA pull-down assay 

The RNA pull-down assay was performed with biotinylated miRNA. The biotinylated miR-410-3p and its mutant as well as a control 
RNA were synthesized by RiboBio (Guangzhou, China). They were transfected into BEAS-2B cells at a final concentration of 100 nM. 48 
h after transfection, cells were collected and sonicated. Then, the cell lysates were incubated with streptavidin-coated magnetic beads 
(Promega) at 4 ◦C for 6 h. After washing with wash buffer, RNA mix bound to the bead was extracted with Trizol (Invitrogen). The 
contents of NORAD and RCC2 in the bound fraction were further quantified by qRT-PCR. 

2.7. OVA-induced asthmatic model and interventions 

Six-week-old female BALB/c mice were purchased from Charles River (Beijing, China) and the experiments were started after a 
week of adjustable feeding. During the experiments, all mice were allowed ad libitum access to food and water. All animal experiments 
were approved by the Animal Care and Use Committee of Henan Children’s Hospital (Approval Number: 2021-002). Mice were 
randomly divided into 4 groups (n = 5 per group): control, OVA, OVA + sh-NC, OVA + sh-NORAD. OVA was used to induce allergic 
asthma as previously described [13,25]. Briefly, mice were sensitized by intraperitoneal injection of 100 μg OVA emulsified in 2 mg of 
aluminum hydroxide (Sigma-Aldrich) in 200 μL PBS on days 0 and 7. The sensitized mice were intratracheally challenged with 100 μg 
of OVA in 20 μL of PBS on days 14, 17, and 20. Then, mice were challenged with OVA by intranasal administration twice a week for 
four weeks. And mice in the control group were sensitized and challenged with an equivalent amount of PBS. Under anaesthetization, 
NORAD shRNA or control lentiviral vectors (3 × 106 TU/mouse) were intratracheally delivered into mice 3 days before the first OVA 
challenge [26]. All mice were euthanized with 100 mg/kg pentobarbital sodium 24 h after the final challenge. 

2.8. AHR analysis 

AHR of mice were measured 24 h after the last challenge by the FlexiVent Pulmonary System (SCIREQ, Montreal, Quebec, Canada). 
After anaesthetization with 100 mg/kg pentobarbital sodium, the trachea of mouse was exposed and a cannula was inserted to delivery 
aerosol methacholine. Increasing concentrations of methacholine aerosol (2.5, 5, 10, 25, 50 mg/mL) were administered for 10 s. The 
airway resistance was monitored and recorded to evaluate AHR. 

2.9. Histological staining 

Lung tissues of mice were removed and fixed in 4 % neutral buffered formalin. After embedding in paraffin, samples were cut into 4- 
μm thick sections. The slides were performed hematoxylin and eosin (HE) and Masson’s trichrome staining to evaluate the 
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inflammatory severity and collagen content, respectively. And a semi-quantitative method was used to measure the peribronchial 
inflammation and subepithelial collagen deposition as described previously [27,28]. 

2.10. Enzyme-linked immunosorbent assay (ELISA) 

Blood samples were collected by extirpating eyeballs before sacrificed. The serums were then obtained by centrifugating for 15 min 
at 10,000 g. Serum levels of total immunoglobulin E (IgE), interleukin (IL)-4, IL-13, and TGF-β1 were further assayed by ELISA kits 
from R&D Systems (Minnesota, USA) according to the manufacturer’s instructions. 

2.11. qRT-PCR analysis 

All RNAs were extracted by TRIzol reagent. To detect mRNA expression, 500 ng of extracted RNA was reversely transcribed into 
cDNA using PrimeScript RT Reagent (TaKaRa, Japan). The qRT-PCR was carried out by Power SYBR Green PCR Master Mix (Applied 
Biosystems, UK), with GAPDH as an internal control. To analyze miR-410-3p expression, reverse-transcription and qRT-PCR processes 
were performed by TaqMan reverse transcription kit and TaqMan MicroRNA Assays (Thermo Fisher Scientific), U6 served as an in
ternal control. Relative gene expression was calculated by using the 2− ΔΔCt method and primer sequences were exhibited in Table 1. 

2.12. Western blot 

Total protein was isolated from cells and lung tissues using RIPA Lysis Buffer (Beyotime). Protein concentrations were measured 
with a Bicinchoninic Acid protein assay kit (Beyotime). 30 μg of proteins were separated by 12 % sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. After saturating with 5 % non-fat milk 
for 2 h, the membranes were incubated with appropriate antibodies against E-cadherin (1:1000), N-cadherin (1:1500), RCC2 (1:1000), 
c-Myc (1:1000), β-actin (1:2000) (all were from Cell signaling technology, Danvers, MA, USA), and β-catenin (1:1200; Abcam, 
Cambridge, MA, USA) at 4 ◦C overnight, respectively. After washing with TBS-Tween (TBS + 0.05 % Tween 20), the membranes were 
probed with secondary antibody, which was conjugated with horseradish peroxidase. Protein bands were motivated by chem
iluminescence (Millipore). The density of each band was quantified by Image J software, and the protein expression was normalized to 
β-actin. 

2.13. Statistical analysis 

Each experiment was carried out in three or five independent biological replicates, with three technical replicates in each. All data 
are shown as the mean ± standard deviation (SD). Statistical analysis was performed by GraphPad Prism 5.0 (GraphPad Software, 
USA). Differences between two groups were analyzed by unpaired Student’s t-test. Comparisons between three or more groups were 
detected by one-way analysis of variance (ANOVA) with Tukey test. P less than 0.05 was considered statistically significant. 

3. Results 

3.1. LncRNA NORAD is highly expressed in TGF-β1-induced bronchial epithelial cells 

BEAS-2B cells were treated with 10 ng/mL of TGF-β1 for 24 h, and qRT-PCR assay was used for detecting the expression of NORAD. 
The results showed that there was an increase in NORAD expression in TGF-β1-treated cells when compared with the control (Fig. 1). 

3.2. Knockdown of lncRNA NORAD inhibits TGF-β1-induced EMT characteristics in BEAS-2B cells 

Three NORAD shRNA plasmids were constructed and their interfering efficiencies were analyzed. As indicated in Fig. 2A, sh#1 

Table 1 
Primer sequences.  

Gene Forward (5’- -3′) Reverse (5’- -3′) 

Human NORAD GTGACCACTCTGTCGCCATT AGAATGAAGACCAACCGCCC 
Human RCC2 AAGGAGCGCGTCAAACTTGAA GCTTGCTGTTTAGGCACTTCTT 
Human E-cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG 
Human N-cadherin AGCCAACCTTAACTGAGGAGT GGCAAGTTGATTGGAGGGATG 
Human GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC 
Mouse NORAD TCGTTGTCTTTGGGGAGTGG ACACACACTACATGGCCGTT 
Mouse RCC2 AAGGAGCGCGTCAAACTTGAA TGACCAAGGTTGCGGTACG 
Mouse GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 
miR-410-3p ACACTCCAGCTGGGAATATAACACAGATG TGGTGTCGTGGAGTCG 
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 

Note: NORAD: non-coding RNA activated by DNA damage; RCC2: chromosome condensation 2. 

T. Zhang et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e23860

5

showed the highest efficacy among them and was used in the following study. The influence of NORAD on TGF-β1-induced EMT of 
BEAS-2B cells was evaluated by morphological analysis. Cells treated with 10 ng/mL TGF-β1 exhibited spindle-like morphology, while 
knockdown of NORAD successfully impeded such morphological changes (Fig. 2B). The EMT markers were also analyzed and the 
results demonstrated that TGF-β1 treatment significantly heightened the mRNA and protein expression levels of N-cadherin, but 
inhibited E-cadherin expression. These effects were alleviated after silencing of NORAD (Fig. 2C and D). Furthermore, EMT-like 
behavior, cell migration, was assayed by Transwell assay. As displayed in Fig. 2E, downregulation of NORAD markedly suppressed 
the migration of BEAS-2B cells induced by TGF-β1. Additionally, knockdown of NORAD remarkably inhibited TGF-β1-induced cell 
viability (Fig. 2F). These data suggested that downregulation of NORAD inhibited TGF-β1-induced EMT characteristics in BEAS-2B 
cells. 

Fig. 1. LncRNA NORAD expression in TGF-β1-induced bronchial epithelial cells. BEAS-2B cells were stimulated with or without 10 ng/mL of TGF- 
β1, 24 h later, the expression of NORAD was detected by qRT-PCR. N = 3. *P < 0.05, compared with the control group. NORAD: non-coding RNA 
activated by DNA damage; TGF-β1: transforming growth factor-β1; qRT-PCR: quantitative real-time PCR. 

Fig. 2. LncRNA NORAD downregulation inhibited TGF-β1-induced EMT characteristics in BEAS-2B cells. A: BEAS-2B cells were transfected with 
three shRNAs targeting NORAD and the control sh-NC, the knockdown efficiency was analyzed by qRT-PCR. B: Cell morphology was taken by a 
microscope in BEAS-2B cells under different treatments. C: The mRNA levels of EMT markers, including E-cadherin and N-cadherin, were deter
mined by qRT-PCR. D: Western blot assay for the protein levels of EMT markers. Non-adjusted images of Western blot analysis were presented in 
Supplemental Fig. S1. E: The migration of BEAS-2B cells was evaluated by Transwell assay. F: Cell viability was detected by CCK-8 assay. N = 3. *P 
< 0.05, compared with the sh-NC group or control group. #P < 0.05, compared with the TGF-β1 group. NORAD: non-coding RNA activated by DNA 
damage; TGF-β1: transforming growth factor-β1; EMT: epithelial-mesenchymal transition; shRNA: short hairpin RNA; qRT-PCR: quantitative real- 
time PCR; CCK-8: cell counting kit-8. 
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3.3. LncRNA NORAD regulates EMT in BEAS-2B cells via miR-410-3p 

LncRNA often serves as an endogenous miRNA sponge [29,30]. The potential binding miRNAs of NORAD were determined using 
Starbase software. MiR-410-3p was selected (Fig. 3A) because it has been demonstrated to attenuate airway inflammation in 
OVA-induced asthmatic mice and regulate the EMT process [31,32]. In TGF-β1-treated BEAS-2B cells, miR-410-3p expression was 
downregulated (Fig. 3B). Anti-miR-410-3p significantly enhanced TGF-β1-induced EMT and migration in BEAS-2B cells (Fig. 3C and 
D). Next, we further validated the interaction between NORAD and miR-410-3p by a luciferase reporter assay. The results revealed that 
miR-410-3p dramatically suppressed luciferase activities of BEAS-2B cells transfected with NORAD-Wt, but did not affect the luciferase 
activities of cells transfected with NORAD-Mut (Fig. 3E). Furthermore, RNA pull-down assay indicated that NORAD enrichment was 
elevated in biotin-miR-410-3p. Whereas, compared with the biotin-miR-410-3p group, NORAD was reduced in biotin-labeled mutant 
miR-410-3p group (Fig. 3F). Downregulation of NORAD elevated miR-410-3p expression, while miR-410-3p mimic did not affect the 
expression of NORAD (Fig. 3G and H). Additionally, our results revealed that compared with sh-NORAD transfected cells, the 
co-transfection of sh-NORAD and anti-miR-410-3p significantly promoted the EMT and migration of BEAS-2B cells (Fig. 3C and D). 
These results suggested that NORAD regulated EMT in BEAS-2B cells via directly interacting with miR-410-3p. 

3.4. RCC2 is a target of miR-410-3p and lncRNA NORAD functions via mediating RCC2 in TGF-β1-induced BEAS-2B cells 

We further investigated the target gene of miR-410-3p by searching Starbase online bioinformatic software and found that PITA, 
miRmap, miRanda, and TargetScan databases all predicated that RCC2 was a target gene of miR-410-3p and the binding sites between 
them were shown in Fig. 4A. TGF-β1 stimulation led to an increase of RCC2 expression in BEAS-2B cells (Fig. 4B and C). The luciferase 
assay demonstrated that miR-410-3p transfection decreased the luciferase reporter activities of RCC2-Wt, whereas showed no influ
ence on the activities of RCC2-Mut (Fig. 4D). Also, compared with the bio-NC, there was an increase enrichment of RCC2 in biotin-miR- 
410-3p. A decrease of RCC2 enrichment in biotin-labeled mutant miR-410-3p was found when compared with the non-mutant one 
(Fig. 4E). The results indicated the sequence-specific binding of miR-410-3p to RCC2. RCC2 expression was inhibited by miR-410-3p in 

Fig. 3. LncRNA NORAD regulated EMT in BEAS-2B cells via miR-410-3p. A: The binding sites between NORAD and miR-410-3p predicated by 
Starbase. B: miR-410-3p expression was suppressed in BEAS-2B cells treated with 10 ng/mL TGF-β1. C: qRT-PCR was used to analyze the expression 
levels of E-cadherin and N-cadherin. D: The migration of BEAS-2B cells after designated treatments was assayed by Transwell method. E: Luciferase 
activities of BEAS-2B cells transfected with miR-410-3p/control mimic and NORAD-Wt/NORAD-Mut were measured. F: Biotin-labeled miRNA pull 
down assay for the direct binding of NORAD and miR-410-3p. G: miR-410-3p expression was increased in BEAS-2B cells transfected with sh-NORAD. 
H: NORAD level analyzed by qRT-PCR in BEAS-2B cells transfected with miR-410-3p mimic or control mimic. N = 3. aP < 0.05; *P < 0.05, compared 
with the TGF-β1 group; #P < 0.05, compared with TGF-β1+anti-NC group; $P < 0.05, compared with TGF-β1+sh-NORAD + anti-NC group. NORAD: 
non-coding RNA activated by DNA damage; EMT: epithelial-mesenchymal transition; TGF-β1: transforming growth factor-β1; qRT-PCR: quantitative 
real-time PCR. 
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TGF-β1-induced BEAS-2B cells at both transcriptional and translational levels (Fig. 4F and G). Downregulation of NORAD caused the 
suppression of RCC2 expression in TGF-β1-treated BEAS-2B cells, which was restored after RCC2 overexpression (Fig. 4H). Upregu
lation of RCC2 not only increased the EMT and migration of TGF-β1-treated BEAS-2B cells, but also reversed the impacts of NORAD 
knockdown on EMT and cell migration (Fig. 4I and J). These results suggested that RCC2 was a target of miR-410-3p and NORAD 
functioned via mediating RCC2 in TGF-β1-induced BEAS-2B cells. 

3.5. Knockdown of lncRNA NORAD inactivates Wnt/β-catenin pathway via regulating RCC2 

Studies have demonstrated that both NORAD and RCC2 induced EMT via activating the Wnt/β-catenin signaling pathway [20,33]. 

Fig. 4. LncRNA NORAD functioned via mediating RCC2 in TGF-β1-induced BEAS-2B cells. A: The binding sequence of miR-410-3p and RCC2. RCC2 
mRNA (B) and protein (C) levels were both upregulated by TGF-β1 stimulation in BEAS-2B cells. Non-adjusted images of Western blot analysis were 
presented in Supplemental Fig. S2. Luciferase (D) and biotin-labeled miRNA pull down assays (E) were used to analyze the relationship between 
miR-410-3p and RCC2. MiR-410-3p mimic decreased the mRNA (F) and protein (G) expression of RCC2 in TGF-β1-induced BEAS-2B cells. Non- 
adjusted images of Western blot analysis were presented in Supplemental Fig. S2. H: RCC2 protein levels were detected by Western blot. Non- 
adjusted images of Western blot analysis were presented in Supplemental Fig. S2. I: The expression of E-cadherin and N-cadherin in BEAS-2B 
cells. J: Transwell analysis for the migration of BEAS-2B cells under designated treatments. N = 3. aP < 0.05; *P < 0.05, compared with the 
TGF-β1 group; #P < 0.05, compared with TGF-β1+sh-NORAD group. NORAD: non-coding RNA activated by DNA damage; TGF-β1: transforming 
growth factor-β1; RCC2: chromosome condensation 2. 
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Therefore, we further analyzed the influence of NORAD on Wnt/β-catenin pathway in TGF-β1-stimulated BEAS-2B cells. Results 
showed that TGF-β1 enhanced the expression levels of β-catenin and c-Myc, while the effects were inhibited after NORAD silencing 
(Fig. 5). However, RCC2 upregulation significantly increased the levels of β-catenin and c-Myc which were suppressed by NORAD 
downregulation (Fig. 5). These data indicated that knockdown of NORAD inactivated TGF-β1-induced Wnt/β-catenin pathway via 
regulating RCC2. 

3.6. LncRNA NORAD silencing attenuates airway remodeling and EMT in OVA-induced asthmatic model by miR-410-3p/RCC2 

The effect of NORAD on asthma was further explored in vivo using lentivirus-mediated downregulation of NORAD. As revealed in 
Fig. 6A, NORAD was increased in the lung tissues of OVA-induced mice, while administration of sh-NORAD lentivirus significantly 
decreased OVA-induced NORAD in mice. NORAD downregulation decreased lung resistance of asthmatic mice (Fig. 6B). The results of 
HE and Masson’s staining showed that OVA induced the accumulation of inflammatory cells and collagen deposition in lung tissues. In 
contrast, knockdown of NORAD attenuated inflammatory infiltration and collagen deposition (Fig. 6C and D). The expression levels of 
T helper type 2 (Th2) cytokines, such as IL-4 and IL-13, were elevated in OVA-treated mice, but downregulation of NORAD led to their 
reduction in the serum of asthmatic mice (Fig. 6E and F). Similarly, alteration of serum TGF-β1 levels had the same tendency as Th2 
cytokines (Fig. 6G). OVA significantly increased serum total IgE levels, which was suppressed after silencing of NORAD (Fig. 6H). The 
effect of NORAD on the EMT was further evaluated in asthmatic mice. The expression levels of E-cadherin were suppressed, but N- 
cadherin levels were enhanced in OVA-treated mice, which were reversed after NORAD knockdown (Fig. 6I). Additionally, the 
mechanism of NORAD in asthma was confirmed in vivo. The results revealed that OVA-treated mice were featured with lower miR-410- 
3p expression, and higher expression of RCC2, β-catenin and c-Myc than control mice. By contrast, NORAD downregulation signifi
cantly increased miR-410-3p, and decreased the expression levels of RCC2, β-catenin and c-Myc in OVA-induced asthmatic mice 
(Fig. 6I–K). Taken together, these results suggested that silencing of NORAD attenuated airway inflammation and remodeling as well 
as EMT in OVA-induced asthmatic model via miR-410-3p/RCC2/Wnt/β-catenin pathway. 

4. Discussion 

Accumulating evidence has indicated that lncRNAs play vital roles in the pathogenesis of asthma [14,34]. LncRNA NORAD has 
been found to be closely associated with EMT [18,20], an important mechanism underlying airway remodeling in asthma. Suppression 
of NORAD inhibited inflammatory response in many inflammation-related diseases [35,36]. Whereas, the role of NORAD in asthma 
remains unreported. For the first time, this study explored the role of NORAD in the pathogenesis of asthma in vitro and in vivo. Our 
results found that highly expression of NORAD was exhibited in TGF-β1-induced BEAS-2B cells and OVA-challenged asthmatic mice. 
Downregulation of NORAD not only suppressed TGF-β1-induced spindle-like morphological changes, migration and proliferation, but 
also altered the expression of EMT markers in BEAS-2B cells. In OVA-induced asthmatic mouse model, inflammatory cells were 
aggregated and collagen was deposited in the lungs of mice; moreover, AHR, Th2 cytokines, EMT, serum levels of TGF-β1 and IgE were 
increased in OVA-induced mice, indicating that mouse asthmatic model was successfully established. Silencing of NORAD dramatically 
inhibited airway remodeling, including AHR, inflammatory cell infiltration, collagen deposition, EMT, and serum levels of TGF-β1 and 

Fig. 5. LncRNA NORAD downregulation inactivated the Wnt/β-catenin pathway via regulating RCC2. The protein levels of β-catenin and c-Myc in 
TGF-β1-treated BEAS-2B cells that transfected with sh-NORAD or co-transfected with sh-NORAD and RCC2. Non-adjusted images of Western blot 
analysis were presented in Supplemental Fig. S3. N = 3. *P < 0.05, compared with the control group; #P < 0.05, compared with the TGF-β1 group; 
$P < 0.05, compared with the TGF-β1+sh-NORAD group. NORAD: non-coding RNA activated by DNA damage; RCC2: chromosome condensation 2. 
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IgE. Also, NORAD knockdown significantly downregulated the secretion of Th2 cytokines like IL-4 and IL-13. Hence, NORAD might be 
a target for the treatment of asthma. 

Previous studies have revealed that miR-410-3p alleviated airway inflammation in OVA-induced asthmatic mice [31,37]. We found 
that miR-410-3p expression was downregulated by TGF-β1 and suppression of miR-410-3p promoted TGF-β1-induced EMT and 
migration in BEAS-2B cells. These results suggested that miR-410-3p might inhibit airway remodeling in asthma. Zhang et al. [38] 
have demonstrated that miR-410-3p was a target of NORAD in neonatal sepsis. In consistent with the report by Zhang et al. [38], this 
study also confirmed the direct interaction between NORAD and miR-410-3p in asthmatic models. Knockdown of NORAD upregulated 
miR-410-3p expression both in TGF-β1-induced BEAS-2B cells and in OVA-challenged asthmatic mice. Importantly, miR-410-3p 
antagonist greatly reversed the influences of NORAD shRNA on the EMT and migration of TGF-β1-induced BEAS-2B cells. Taken 
together, these results combined with previous reports indicated that NORAD functioned in asthma via directly targeting miR-410-3p. 

RCC2 (also known as TD60), a member of RCC1 superfamily, is essential for mitosis [39]. Increasing evidence has shown that RCC2 
acted as an oncogene in various cancers, such as colorectal cancer, ovarian cancer, breast cancer, lung adenocarcinoma, and glioma 
[40,41]. During tumorigenesis, RCC2 induced the EMT in many cancers [33,42]. In this study, RCC2 was highly expressed in 
TGF-β1-treated BEAS-2B cells and OVA-induced asthmatic mice. And upregulation of RCC2 significantly increased the EMT and 
migration of TGF-β1-treated BEAS-2B cells. These results demonstrated that RCC2 promoted the EMT in asthma. Studies have 
demonstrated that RCC2 expression was regulated by miRNAs [43,44]. Bioinformatic analysis indicated that RCC2 was a potential 
target of miR-410-3p. Dual luciferase reporter assay and RNA pull-down assay verified the sequence-specific binding of miR-410-3p to 
RCC2. As expected, miR-410-3p dramatically suppressed RCC2 expression in TGF-β1-induced BEAS-2B cells. This indicated that RCC2 
was a target of miR-410-3p in asthma. In both asthmatic models, downregulation of NORAD notably inhibited RCC2 expression. 

Fig. 6. Silence of lncRNA NORAD attenuated airway inflammation and remodeling as well as EMT in OVA-induced asthmatic model by miR-410- 
3p/RCC2. A: NORAD expression in the lung tissues of mice. B: AHR was measured in mice 24 h after the last challenge. C: HE staining for the degree 
of inflammatory cell infiltration. D: Masson staining for subepithelial collagen accumulation. Levels of IL-4 (E), IL-13 (F), TGF-β1 (G) and total IgE 
(H) in serum of mice were measured. I: Western blot assay for the protein levels of E-cadherin, N-cadherin, RCC2, β-catenin and c-Myc in the lung 
samples of mice. Non-adjusted images of Western blot analysis were presented in Supplemental Fig. S4. The expression of miR-410-3p (J) and RCC2 
(K) was examined in mouse lungs by qRT-PCR. N = 5. *P < 0.05, compared with the control group; #P < 0.05, compared with the OVA group. 
NORAD: non-coding RNA activated by DNA damage; EMT: epithelial-mesenchymal transition; OVA: ovalbumin; AHR: airway hyper-responsiveness; 
HE: hematoxylin and eosin; TGF-β1: transforming growth factor-β1; IgE: immunoglobulin E; qRT-PCR: quantitative real-time PCR. 
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Moreover, upregulation of RCC2 reversed the impacts of NORAD knockdown on the EMT and migration of TGF-β1-induced BEAS-2B 
cells. These results suggested that NORAD functioned via mediating RCC2 expression in asthma. 

NORAD contributed to the EMT progression of prostate cancer via the Wnt/β-catenin pathway [20]. And RCC2 has been 
demonstrated to induce EMT via activating the Wnt/β-catenin signaling pathway in breast cancer [33]. Wnt/β-catenin signaling is an 
evolutionarily conserved pathway that regulates various biological activities during embryonic development and adult homeostasis 
[45]. Aberrant Wnt/β-catenin signaling is related to the pathogenesis of various human diseases, including cancers, metabolic diseases, 
and inflammatory diseases [37,46]. A previous study has reported that the expression levels of Wnt family proteins and β-catenin were 
highly expressed in lung samples of asthmatic mice. Blocking β-catenin expression led to the attenuation of airway remodeling [47]. 
C-Myc is a well-known target gene of Wnt/β-catenin signaling [48]. Therefore, we further analyzed the impact of NORAD on 
Wnt/β-catenin pathway. Our results showed that NORAD silencing decreased the levels of β-catenin and c-Myc in asthmatic models 
both in vitro and in vivo. And RCC2 upregulation abrogated the influence of NORAD downregulation on their expression levels in 
TGF-β1-induced BEAS-2B cells. These results suggested that silence of NORAD inactivated the Wnt/β-catenin pathway via suppressing 
RCC2 in asthma. However, this study has some limitations, for example, the expression and mechanism of NORAD are not validated in 
asthmatic patients, which need further investigation in the future. Additionally, other effect of NORAD on the pathogenesis of asthma 
except EMT requires more investigation. 

5. Conclusions 

We found that NORAD expression was elevated in asthma. Knockdown of NORAD suppressed EMT-mediated airway remodeling in 
asthma via sponging miR-410-3p to regulate RCC2 expression, followed by inactivation of the Wnt/β-catenin pathway. 
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