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Abstract: The increased proliferation and migration of airway smooth muscle cells (ASMCs) are essential factors 
in the development of asthma. Long noncoding RNAs (lncRNAs) play key roles in the pathogenesis of various dis-
eases, including asthma. A growing body of evidence indicates that lncRNA FTX regulates proliferation and migra-
tion in multiple cell types and the progression of various diseases. However, the role of FTX in asthma is still not 
yet fully understood. Therefore, we explored the role of FTX in the proliferation and migration of ASMCs stimulated 
by platelet-derived growth factor BB (PDGF-BB) in vitro, as well as the underlying molecular mechanisms. Here, it 
is demonstrated that the expression of FTX in ASMCs treated with PDGF-BB is significantly up-regulated, and FTX 
knockout effectively represses the proliferation and migration and promotes the apoptosis of ASMCs induced by 
PDGF-BB. Mechanistically, FTX can inhibit the proliferation and migration of ASMCs caused by PDGF-BB by targeting 
miR-590-5p, and FTX over-expression reverses the inhibitory effect. Furthermore, JAK2 is a direct target of the FTX/
miR-590-5p signal axis, the over-expression of which reverses the inhibitory effect on the proliferation and migration 
and the apoptosis-inducing effect of miR-590-5p in ASMCs. Collectively, these results highlight the crucial regulatory 
role of the FTX/miR-590-5p/JAK2 axis in ASMC proliferation, migration, and apoptosis.
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Introduction

Asthma is a chronic disease worldwide, involv-
ing a variety of inflammatory cells in chronic air-
way disease. It occurs in people of all ages and 
has become a serious public health threat [1, 
2]. Airflow obstruction, chronic airway inflam-
mation, and remodeling are considered the 
major characteristics of asthma [3]. The prolif-
eration and hypertrophy of airway smooth mus-
cle cells (ASMC) are important factors contrib-
uting to airway remodeling [4]. In addition, fibri-
nolytic cytokines are highly up-regulated in vari-
ous asthmatic ASMCs with inflammation, 
including transforming growth factor-β (TGF-β) 
and connective tissue growth factor (CTGF) [5, 
6].

It has been suggested that a subset of non-
coding RNAs (ncRNAs) play vital roles in ASMC. 
FTX has been reported in a variety of tumors 
and diseases such as gastric cancer, lung can-
cer, myocardial infarction, and osteosarcoma 
[7-10]. For instance, zinc finger protein X-linked 

(ZFX) attenuates the effect of the FTX/miR-144 
axis by contacting the miR-144 sponge. The 
inhibition of FTX promotes cell proliferation, 
migration and invasion, and tumor growth [7]. 
The serum FTX levels are decreased in patients 
with myocardial ischemia/reperfusion (I/R) inju-
ries or in hypoxia/reoxygenation (H/R)-stimul- 
ated H9c2 cells. Moreover, FTX can mitigate 
hypoxia/reoxygenation-induced cardiomyocyte 
injury through the miR-410-3p/Fmr1 axis [9].

In this study, we demonstrated that the regula-
tory axis of FTX, miR-590-5p, and JAK2 is effec-
tive at controlling the proliferation and migra-
tion of ASMCs during the development of asth-
ma. Our findings hypothesize a novel FTX/miR-
590-5p/JAK2 pathway in the pathogenesis of 
asthma.

Material and methods

Isolation and culture of ASMCs

ASMCs were separated from healthy segments 
of the main trachea of three patients in hospital 
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pneumonectomies. The study was approved by 
the Ethics Committee of Longgang Central 
Hospital (Shenzhen, China), and the patients 
signed the informed consent forms. ASM bun-
dles were isolated from the surrounding tissue, 
cut into 0.5 mm3 pieces, and placed in a DMEM 
medium including 20% fetal bovine serum 
(FBS; Sigma, USA), 100 μg/mL penicillin (sigma, 
USA) and 100 μg/mL streptomycin (sigma, 
USA), cultured at 37°C with 5% CO2. The ASMCs 
were identified using morphological observa-
tion under an inverted optical microscope 
(Olympus, Inc., Japan) and by immunofluores-
cence staining. The cell sera from passages 
4-6 were deprived for 24 h before the treat-
ment with 25 ng/mL PDGF-BB [11].

Real-time PCR

Total RNA from the cells was extracted using 
TRIzol reagent following the manufacturer’s 
instructions (Sigma, USA). For our analysis of 
the FTX and the translation initiation factor 5p 
expressions, the cDNA were synthesized using 
PrimeScript™ RT reagent kits (Takara, Dalian, 
China), and then added to Master Mix for sub-
sequent PCR. GAPDH was used as a reference. 
To analyze the miRNA expressions, cDNA was 
synthesized using taqMan MicroRNA Reverse 
Transcription Kit (Applied Biosystems). The 
transcription was performed using an ABI7300 
system for real-time quantitative PCR (qRT-
PCR) (Applied Biosystems). U6 snRNA was used 
as a reference. All the primers we used are list-
ed in Table 1.

Cell transfection

To silence the lncRNA expression, the specific 
siRNA targeting FTX were synthesized by 
RiboBio (Guangzhou, China) as negative con-
trols. A specific siRNA targeting FTX was 
obtained from RiboBio (Guangzhou, China) as a 

the transfected cells according to manufactur-
er’s instructions. The cells were seeded into a 
96-well plate (2×103 cells per well), and CCK-8 
reagent (10 µL) was added to the cells and cul-
tured at 37°C for 18 h. The absorbance was 
measured at 450 nm with a spectrophotometer 
(Bio-Rad) at different times.

Transwell assays

The 24-well Transwell (8 μm pore size, Corning, 
NY, USA) assay was used to measure the cell 
migration ability. Briefly, 200 μL of FBS-free 
DMEM medium was added to the upper cham-
ber of the incubator to neutralize 3×104  
ASMCs cells. The lower chamber was filled with 
600 μL of DMEM medium containing FBS with 
or without 25 ng/mL PDGF-BB. The cells were 
incubated at 37°C and 5% CO2.

Western blot assay

The ASMCs were mixed with a protease inhibi-
tor and lysed in a RIPA buffer (Thermo Scientific, 
Waltham, USA). A BCA protein detection kit 
(Beyotime, Shanghai, China) was used to mea-
sure the protein concentration. The lysed pro-
tein samples were transferred to a polyvinyli-
dene fluoride membrane using SDS-PAGE. The 
membrane was incubated with a primary anti-
FTX antibody (1:1000) (Abcam, CA, USA) and a 
secondary antibody (1:3000) (Abcam, CA, USA). 
Finally, the Western blots were measured using 
ECL kits (Pierce, CA, USA) and a ChemiDoc XRS 
+ imager (Bio-Rad).

Luciferase reporter assays

The sequence of the potential binding sites 
within miR-590-5p and the 3’-UTR of FTX and 
JAK2 were inserted into a pGL3-basic vector. 
pGL3 with the pRL-TK Vector (Promoga, 

Table 1. The primer sequences of U6 snRNA
Primer Sequence
FTX-forward 5’-TGAAATATAGGTGACATAAGCTC-3’
FTX-reverse 5’-GACGTGAAAATACTTATTCGAG-3’
miR-590-5p-forward 5’-CTCATGAACTAAATTTAAGCTT-3’
miR-590-5p-reverse 5’-GACGTGAAAATACTTATTCGAG-3’
GAPDH-forward 5’-GGGCTCATCTGAAGGGTGGTGCTA-3’
GAPDH-reverse 5’-GTGGGGGAGACAGAAGGGAACAGA-3’
U6-foward 5’-CTCGCTTCGGCAGCACA-3’
U6-reverse 5’-AACGCTTCACGAATTTGCGT-3’

negative control. In addition, the plasmid 
for FTX was also synthesized by RiboBio 
to enhance the FTX expression. ASMC 
was transiently transfected with si-FTX, 
si-NC and lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) according to the man-
ufacturer’s protocol [12].

CCK-8 proliferation

A Cell Counting Kit 8 (CCK-8, Dojindo, 
Kumamoto, Japan) was used to measure 
the cell proliferation and cell toxicity of 
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Madison, USA) was respectively transfected 
into the cells using Lipofectamine 2000 
(Invitrogen, Carlsbad, USA). The Dual Luciferase 
Reporter Assay System was used to perform 
luciferase reporter assays at 48 h after the 
transfection.

RNA pull-down

The miR-590-5p and FTX probes labeled by 
Biotin were obtained by transcription in vitro 
separately (Roche, Switzerland). The sense 
hybridization probes were synthesized at the 
same time and were used as the control. The 
probes were added into cytoplasmic extract 
from the ASMCs and incubated to form the miR-
NA-lncRNA compound separately. Then it was 
separated using magnetic beads labeled with 
avidin. Finally, a qRT-PCR analysis was per-
formed to determine the enrichment of miR-
590-5p and FTX fragments in the immunopre-
cipitated RNA.

Statistical analysis

The statistical analysis was performed using 
GraphPad Prism 7.0. All the values and data are 
presented as the means ± SD. t-tests were 
used for the comparisons between two groups. 
The differences between multiple samples 
were analyzed using one-way ANOVA. P<0.05 
was considered statistically significant.

Results

FTX is upregulated in ASMCs stimulated by 
PDGF-BB

To verify the effect of the PDGF-BB stimulation 
on the FTX expression in the ASMCs, the ASMCs 
were cultured at 37°C for 24 h in a medium 
containing 25 ng/mL PDGF-BB, then collected 
to quantify the expression of FTX using RT-PCR. 
As shown in Figure 1, the FTX expression was 
significantly increased upon PDGF-BB stimula-
tion in a time-dependent manner, indicating 
that FTX might be involved in the ASMC regula-
tion activated by PDGF-BB.

FTX knockdown inhibits ASMC proliferation 
and migration, and increases cell apoptosis 
induced by PDGF-BB

To explore the role of FTX in the ASMCs, we 
transfected the ASMCs with si-FTX and si-NC. 
The FTX level in si-FTX group was significantly 
reduced compared to the FTX level in si-NC 
(Figure 2A), and this was confirmed using 
RT-PCR. CCK8 and Transwell assays were sub-
sequently performed to assess the cell prolif-
eration and migration. This showed that the 
PDGF-BB treatment significantly increased the 
proliferation and migration of ASMCs, but the 
effect was reversed by the FTX knockdown 
(Figure 2B, 2C). Moreover, the flow cytometry 
results showed that the PDGF-BB significantly 
decreased the percentage of the apoptotic 
cells, which was partially rescued by si-FTX 
(Figure 2D), suggesting that FTX relieved the 
effect of the PDGF-BB treatment on the prolif-
eration, migration, and apoptosis of ASMCs.

FTX targets miR-590-5p

Many studies have found that lncRNAs reduce 
the expression of mRNAs by competing shared 
microRNAs (miRNAs) with mRNAs. Nucleo- 
cytoplasmic separation experiments have con-
firmed that FTX is mainly expressed in cyto-
plasms (Figure 3A), indicating that FTX may 
perform its functions in the above way. 
Therefore, we screened the potential miRNA 
through the online software Starbase and 
found the binding site of miR-590-5p in FTX 
(Figure 3B). As shown in Figure 3C, miR-590-5p 
expression increased compared with the con-
trol, and it was negatively correlated with the 

Figure 1. The expressions of FTX, miR-590-5p, and 
JAK2 changed by the PDGF-BB induction. The mea-
surement of the FTX expressions after treatment 
with PDGF-BB for 6 h, 12 h, 18 h, and 24 h sepa-
rately using qPCR. Untreated ASMCs were used as a 
control. **P<0.01; ***P<0.001.
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Figure 2. The FTX knockdown decreased the proliferation and metastasis and increased the apoptosis of the ASMCs induced by PDGF-BB. A. The measurement of 
the FTX expressions in the different groups using qPCR. B. The cell viability measurements of the different groups using CCK8. C. The valuation of the cell migration 
abilities of the different groups using CCK8. The scale is 100×. D. The measurement of the apoptotic levels using flow cytometry. Si-FTX was transfected into the 
ASMCs to silence the FTX expression, and si-NC was used as a control. **P<0.01; ***P<0.001.
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Figure 3. miR-590-5p was the target of FTX. (A) FTX subcellular localization using nucleocytoplasmic separation. 
U6 and GAPDH were used as the markers of the nuclei and the cytoplasms separately. (B) The FIX and miR-590-
5p binding sites were predicted using Starbase. (C) The measurement of the miR-590-5p expression by qPCR. (D) 
The quantification of the miR-590-5p expression in the miR-590-50-overexpressed ASMCs using qPCR. miR-NC 
was used as control. (E) miR-590-5p inhibited the Luciferase activity carrying the wild JAK2 3’-UTR binding site but 
not those carrying the mutated JAK2 3’-UTR binding site. miR-NC was used as a control. Immunoprecipitation and 
RNA pull-down were performed to study the interaction between FTX and miR-590-5p. (F) Ago2 enriched more FTX 
and miR-590-5p fragments than IgG. The miR-590-5p probe enriched more FTX fragments (G) and the FTX probe 
enriched more miR-590-5p fragments (H).

FTX expression, which indicated that FTX may 
perform its function in the above way, and that 
FTX may be the molecular sponge of miR-590-
5p. Therefore, we studied the interaction 
between FTX and mir-590-5p. miR-590-5p is 
over-expressed in ASMCs, and miR-NC was 
used as a negative control (Figure 3D). The 
miR-590-5p overexpression inhibited the 
Luciferase activity carrying the wild-type FTX 
vector, but not the vector with the mutated FTX 
(Figure 3E). To further explore the mechanism 
of interaction between FTX and miR-590-5p, an 
RNA pull-down was performed. Compared with 
IgG RIP, Ago2 enriched both the FTX and miR-
590-5p fragments (Figure 3F). In addition, the 
FTX fragments were enriched with a miR-590-
5p probe (Figure 3G). In addition, the miR-590-

5p fragments were enriched with an FTX probe 
(Figure 3H). Overall, these data indicate that 
FTX regulates the expression of miR-590-5p 
through direct binding.

The FTX/miR-590-5p axis regulates the prolif-
eration, migration, and apoptosis of PDGF-BB-
stimulated ASMCs

Considering the inhibitory effect of FTX on the 
miR-590-5p expression, we hypothesized that 
FTX can inhibit the function of miR-590-5p in 
ASMCs. We transfected ASMCs with a miR-
590-5p inhibitor to suppress its expression 
(Figure 4A). CCK8 and Transwell analyses were 
performed to evaluate the cell proliferation and 
the migration of the ASMCs. The results showed 
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Figure 4. The FTX/miR-590-5p axis increased cell proliferation and migration and decreased apoptosis. A. miR-590-5p expression by qRT-PCR in the different 
groups. B. An analysis of the cell proliferation abilities of the ASMCs in the different groups using CCK8. C. Evaluation of the cell migration abilities of the ASMCs in 
the different groups using TransWell. The scale is 100×. D. The apoptosis levels of the ASMCs in different groups using flow cytometry. Anti-miR-590-5p functions 
as an inhibitor of miR-590-5p expression, si-FTX as an inhibitor of the FTX expression. Anti-NC was used as a control. **P<0.01; ***P<0.001.
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that the FTX knockdown significantly inhibited 
the proliferation and migration of the PDGF-BB-
induced ASMCs, while the miR-590-5p knock-
down reversed these effects (Figure 4B and 
4C). In addition, the FTX knockdown significant-
ly promoted the apoptosis of the ASMCs 
induced by PDGF-BB, which were rescued by 
miR-590-5p downregulation (Figure 4D). These 
data indicate that FTX participates in ASMCs’ 
proliferation, migration, and apoptosis in PDGF-
BB-treated ASMCs by inhibiting the miR-590-
5p expression.

JAK2 is a direct target of the FTX/miR-590-5p 
signal axis

The binding site of miR-590-5p in the JAK2 
3’non-coding region was found through 
Starbase (Figure 5A). The PDFG-BB stimulation 
increased the JAK2 protein levels, which were 
positively correlated with the FTX expression 
and negatively correlated with the miR-590-5p 
expression, indicating that JAK2 may be a 
direct target of the FTX/miR-590-5p axis 
(Figure 5B). Using a Luciferase reporter assay, 
we found that the over-expression of miR-590-
5p inhibited the Luciferase activity in the 
ASMCs carrying a wild JAK2 3’-UTR binding site 
but not those carrying a mutated JAK2 3’-UTR 
binding site (Figure 5C). Next, we transfected 
the ASMCs with miR-NC, miR-590-5p mimics, 
and an NC inhibitor or a miR-590-5p inhibitor to 
analyze the effect of the miR-590-5p on JAK2 
expression. The over-expression of miR-590-5p 
in the ASMCs decreased the mRNA and protein 
levels of JAK2, but the miR-590-5p inhibitor 
increased the JAK2 expression (Figure 5D-G). 
In addition, the FTX knockdown decreased the 
JAK2 expression and the protein levels, which 
were reversed by co-transfecting the anti-miR-
590-5p (Figure 5H, 5I). Taken together, these 
data indicate that FTX functions as a compet-
ing endogenous RNA (ceRNA) of miR-590-5p to 
regulate the JAK2 expression.

miR-590-5p/JAK2 regulates the proliferation, 
migration and apoptosis of the ASMCs

According to the above results, FTX/miR590-
5p/JAK2 may together form a ceRNA network. 
The role of this ceRNA network in regulating 
asthma progression was studied. JAK2 was 
over-expressed in the ASMCs, and the empty 
vector was used as a control, and the increased 

levels of the JAK2 mRNA and protein were con-
firmed (Figure 6A). Furthermore, the colony 
forming ability, cell viability, and apoptosis of 
the ASMCs in the different groups were exam-
ined to evaluate the function of JAK2. As shown 
in Figure 6B-D, the miR-590-5p over-expres-
sion inhibited the cell viability and clone form-
ing abilities of the ASMCs, but it increased the 
apoptosis induced by the PDGF-BB. When we 
transfected the ASMCs with both miR-590-5p 
and JAK2, the decreased cell viability and colo-
ny forming ability, as well as the increased 
apoptosis induced by the miR-590-5p over-
expression were reversed (Figure 6B-D). In 
summary, the miR-590-5p/JAK2 axis plays a 
negative role in the proliferation and migration 
of ASMCs.

Discussion

Asthma is a chronic inflammatory lung disease 
that occurs in the bronchial airways. The world-
wide prevalence of asthma in adults is estimat-
ed to be 1.2% to 25.5%, and in children 3.3% to 
29.0% [13]. The proliferation and migration of 
ASMCs have important effects on the patho-
genesis of asthma [14]. Growth factors such as 
PDGF and transforming growth factor are the 
main ASM remodeling factors, and their expres-
sions are directly related to the severity of asth-
ma [15, 16]. PDGF-BB is a dimer subtype and is 
secreted by the inflammatory cells and the air-
way epithelial cells [17-19]. Halayko showed 
that PDGF-BB can drive the conversion of 
ASMCs from contractile phenotype to prolifera-
tion, migration, and synthetic phenotype, caus-
ing ASMCs’ proliferation and migration [20]. 
Therefore, we used PDGF-BB-induced ASMC 
proliferation and migration as a model to study 
asthma ASMC proliferation and migration in 
vitro.

In recent years, lncRNA in asthma has been 
widely studied. Several studies have found that 
lncRNAs are associated with a variety of human 
diseases, including cancer. Jin et al. revealed a 
novel FTX/miR-200a-3p/FOXA2 that competes 
with the endogenous RNA regulatory axis in 
lung cancer cells and found that the ectopic 
expression of FTX can inhibit cell proliferation 
and migration in the lungs, in vitro and in vivo 
[21]. Zuo et al. reported that FTX is involved in 
Nogo-66-induced neurite growth inhibition 
through the PDK1/PKB/GSK-3β pathway [22]. 
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Figure 5. JAK2 is a direct target of the FTX/miR-590-5p axis. (A) The binding site of miR-590-5p in JAK2 3’UTR. (B) 
The protein levels of JAK2 in the ASMCs before and after the PDGF-BB treatment using Western blot. (C) miR-590-5p 
inhibited the Luciferase activity which was fused with wild JAK2-3’UTR (JAK2-3’UTR-WT), but the effect disappeared 
when the binding site was mutated. miR-590-5p decreased the JAK2 mRNA level (D) and the JAK2 protein level 
(E), but the anti-miR-590-5p had the opposite effect (F and G). (H) The examination of the JAK2 mRNA level (I) and 
the protein level (H) of the ASMCs in the different groups. Anti-miR-590-5p functions as an inhibitor of miR-590-5p 
expression, si-FTX as an inhibitor of FTX expression. Anti-NC and si-NC were used as controls. **P<0.01; ***P<0.001.

Huang et al. demonstrated that FTX in osteo-
sarcoma can inhibit the development of osteo-
sarcoma by regulating TXNRD1/miR-320a to 
affect cell proliferation and migration [10].

This study systematically reported the role of 
lncRNA FTX in ASMCs and further explored its 
proliferation and migration mechanisms. In the 
ASMCs of asthma patients, the FTX expression 

levels are elevated. In addition, the gain and 
loss of cell function indicates that lncRNA FTX 
promotes the proliferation and migration of 
ASMCs. Therefore, this study also supports the 
important role of FTX in the mechanism of asth-
ma. In vascular smooth muscle cells, TUG1 pro-
motes the proliferation and migration of hyper-
tension cells through the miR-590-5p/FGF1 
axis [12]. In mechanism studies, the interac-



lncRNA FTX sponges miR-590-5p and upregulates JAK2

8843 Am J Transl Res 2021;13(8):8833-8846



lncRNA FTX sponges miR-590-5p and upregulates JAK2

8844 Am J Transl Res 2021;13(8):8833-8846

Figure 6. The role of the miR-590-5p/JAK2 axis in inhibiting the cell proliferation and migration and promoting apoptosis. A. The protein level of JAK2 using west-
ern blot in the JAK2-overexpression ASMCs. B. Analysis of the cell proliferation abilities of the ASMCs in the different groups using CCK8. C. Evaluation of the cell 
migration abilities of ASMCs in the different groups using TransWell. The scale is 100×. D. The apoptosis levels of the ASMCs in the different groups using flow 
cytometry. miR-590-5p indicated the overexpression of miR-590-5p, as well as JAK2. miR-NC and Vector were used as the controls for miR-590-5p and the JAK2-
overexpressions separately. **P<0.01; ***P<0.001.
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tions among miR-590-5p, FTX, and JAK2 were 
predicted by the Starbase database, and they 
were confirmed by our subsequent experiments 
(Figures 3 and 5). FTX can promote the cell pro-
liferation and migration of ASMCs in asthma 
(Figure 2). It also revealed the crucial regulatory 
effect of the FTX/miR-590-5p/JAK2 axis on 
ASMC proliferation and migration (Figure 6), by 
which FTX regulates asthma progression. In air-
way smooth muscle, the miR-590-5p expres-
sion is significantly down-regulated, and the 
over-expression of miR-590-5p inhibits cell pro-
liferation through the PDGF combination [23]. 
JAK2 is a non-receptor tyrosine protein kinase, 
and it is involved in cell proliferation, differenti-
ation, apoptosis, and immune regulation [24]. 
Several studies have proved its promoting func-
tion in asthma. PM2.5 (diameter ≤2.5 μm) can 
cause respiratory inflammation and is the path-
ological basis of asthma or other respiratory 
diseases, in which JAK2/STAT3 contributes to 
the disease occurrence. Furthermore, pre-
treatment with the JAK pathway inhibitor AG490 
(JAK inhibitor) can reduce the respiratory 
inflammation stimulated by PM2.5, thereby 
reversing the asthma symptoms [25]. Kim et al. 
showed that Menthas pecies essential oil 
(MEO) can significantly reduce the phosphoryla-
tion of JAK2 and STAT3 induced by PM10, thus 
significantly inhibiting asthma under PM10 
exposure [26]. The above research reports, 
along with our research, demonstrate that FTX/
mir-590-5p/JAK2 is involved in asthma 
progression.

Conclusion

In this study, we demonstrated that the regula-
tory axis of FTX, miR-590-5p, and JAK2 con-
trols the proliferation and migration of ASMCs 
in the development of asthma. This finding 
describes a novel FTX/miR-590-5p/JAK2 path-
way in the pathogenesis of asthma. But this 
study only involved in vitro experiments and 
lacked studies in vivo, which should be opti-
mized in further studies.

In summary, our study found that PDGF-BB 
induces the up-regulation of FTX in ASMCs, 
which regulates the function of ASMCs through 
the miR-590-5p/JAK2 axis. It suggests that FTX 
knockdown might be a new target for alleviating 
airway remodeling in asthma.
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