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Abstract Background: Asthma serves as a chronic inflammatory respiratory diseases disorder. It

mainly occurs airway inflammation and remodeling. Circular RNA (circRNA) is mainly the control

of cancer disease and asthma. In specific work, we were interested in the function of circRHOT1 in

the advances in asthma.

Methods: Effects of platelet-derived growth factor BB (PDGF-BB) on airway smooth muscle

cells (ASMCs) and remolded simulation cells were assessed. The expressions of circRHOT1,

TLR4, and Tip60 were detected by qRT-PCR and the increase and decrease of cell number were

analyzed by cell count-8 (CCK-8), Transwell or flow cytometry. At the same time, the levels of

PCNA, IGF1R protein were determined by western blot approach. The correlation of circRHOT1,

TLR4, and Tip60 was analyzed by qRT-PCR, western blotting, ChIP, and RNA pulldown.

Results: CircRHOT1 was significantly elevated in the serum collected from asthmatic patients.

PDGF-BB had a positive effect on ASMCs with enhanced levels of circRHOT1, TLR4, and

Tip60. Depletion of circRHOT1 avoided wider impact and migration but induced cell apoptosis.

CircRHOT1 contributed PDGF-BB had a direct impact on the proliferation and migration of

ASMCs by regulating TLR4. Mechanically, circRHOT1 could cooperate with acetyltransferase

Tip60 in ASMCs. CircRHOT1 silencing was easy to have an adverse effect on the enrichment of

Tip60 on TLR4 promoter in ASMCs. The depletion of circRHOT1 or Tip60 reduced h3k27ac
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and RNA polymerase II on the TLR4 promoter. Consistently, the inhibition of circRHOT1 or

Tip60 reduced TLR4 expression in ASMCs. The deletion of circRHOT1 could reduce the expres-

sion level of TLR4, but the overexpression of Tip60 was easy to have a positive effect on the down-

regulation of ASMCs. In addition, Tip60 could inhibit ASMCs proliferation and migration caused

by PDGF-BB stimulation. CircRHOT1 could use PDGF-BB to stimulate ASMCs proliferation and

migration when Tip60 regulation was implemented.

Conclusions: We can think that based on the related effects of Tip60/TLR4, circular RNA cir-

cRHOT1 with platelet-derived growth factor BB can stimulate airway smooth muscle cells to pro-

liferate or migrate, and circRHOT1 is an important target for the treatment of asthma.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

Asthma is a chronic airway inflammatory disease that involves

multiple cells and tissue components (Lemanske and Busse,
1997; Mims, 2015; Sockrider and Fussner, 2020). Epidemiolog-
ical analysis indicates that over 5% of adults and 10% of chil-

dren suffer from asthma, and these numbers increase globally
due to the increased pollution and deterioration of the envi-
ronment (Islam, 2015). The characterization of asthma mainly
includes airway hyperresponsiveness, airway inflammation and

airway remodeling (Bousquet et al., 2010; Poon and Hamid,
2016). It is worth to be noted that airway inflammation is fea-
tured by the infiltration of immune cells, such as Th2 cells,

mast cells, neutrophils, along with abnormal secretion includ-
ing tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b)
and IL-6, etc (Castillo et al., 2017). Studies also suggest that

airway smooth muscle cells (ASMCs) has key impact on
asthma (Bhalla et al., 2018; Liang et al., 2017; Mouraux
et al., 2018). As the major, ASMCs are closely involved in

inflammatory responses and airway remodeling during
asthma, manifested by release of inflammatory platelet-
derived growth factor (PDGF) or other factors (Castillo
et al., 2017; Hartley et al., 2014). Therefore, PDGF-BB, the

important member of PDGF, has been widely applied in cell
model of asthma, owing to their ability to stimulate prolifera-
tion, migration and tracheal remodeling of ASMCs (Halayko

et al., 2008).
Circular RNAs (circRNAs) are defined as noncoding

RNAs with a special covalently closed looped RNA structure

(Salzman et al., 2012). Studies have suggested the abnormal
expression and participation of circRNAs during the progres-
sion of various diseases, including cancers and cardiovascular

diseases (Vo et al., 2019). CircRNAs could function as nucle-
ators or component of protein complex to modulate gene
expression (Vo et al., 2019). CircRHOT1 is a recently spotted
circular RNA that is upregulated in several cancers, mainly in

hepatocellular carcinoma and pancreatic cancer. (Zhang et al.,
2021; Ling et al., 2020), and participates in the regulation of
tumor cell proliferation and death (Ling et al., 2020; Qu

et al., 2019). Yet, the role of circRHOT1 in asthma is not clear.
Lysine acetyltransferases (KATs) are able to modulate the
acetylation of proteins, and reported to harbor therapeutic

potential for diseases (Kwan et al., 2020; Dekker and
Haisma, 2009). Besides, studies have proved the recruitment
of KATs by circRNAs during gene regulation. Among the
KAT family members, KAT5 (also known as Tip60) play
prominent role in regulating gene expression, and silencing

of Tip60 could be lethal (Gorrini et al., 2007).
Toll-like receptors (TLRs) are a famous participant in the

host immune response model to distinguish the situation of
the receptor (Shetab Boushehri and Lamprecht, 2018). Accu-

mulating evidences have implied the correlation between TLRs
and disease development. Among the TLRs family, the TLR4
signaling is widely reported to be associated with cancer pro-

gression and inflammatory response (Chen et al., 2018; Lau
et al., 2020). Moreover, inhibition of TLR4 could alleviate
asthma in mouse model (Hwang et al., 2019). In this work,

we tried to decipher the role of circRHOT1 during asthma,
demonstrated that circRHOT1 induced inflammation and
cell-barrier injury to promote development of asthma through
recruiting Tip60 and epigenetically regulating TLR4 expres-

sion. Our work would get new therapeutic targets of asthma.
2. Materials and methods

2.1. Clinical specimen

From May 2020 to June 2021, blood samples were collected
from patients with asthma (n = 50) treated in Changzhou Sec-
ond People’s Hospital Affiliated to Nanjing Medical Univer-

sity. Meanwhile, the control samples were collected from 50
healthy donors. All operations were carried out with the per-
mission of the ethics committee of Changzhou Second People’s

Hospital Affiliated to Nanjing Medical University, and the rel-
evant participants gave informed consent.

2.2. Isolation and treatment of ASMCs

The ASMCs were isolated from Sprague Dawley rats (female,
80–100 g) following the preciously reported protocols (Salter
et al., 2017). The trachea of anesthetized rats was separated

and the epithelial fibrous tissue was removed. In addition,
the remaining tissue was digested with elastase IV and collage-
nase I at 37 �C for half an hour. The ASMCs were centrifuged

and cultured on Dulbecco’s modified Eagle medium (DMEM)
(clone, USA) combined with 10% fetal bovine serum (FBS)
(clone, USA). In order to obtain the relevant asthma cell

model, ASMCs needed to be treated with 25 ng/ml PDGF-
BB for 24 h at 37 �C.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3. Cell transfection

The small interfering RNAs that target circRHOT1, Tip60, or
TRL4 were synthesized by RiboBio (China). The overexpress-
ing vectors of circRHOT1, Tip60, or TRL4 were obtained by

inserting the CDS regions to pcDNA plasmids. Lipofectamine
2000 (Invitrogen) was introduced for cell transfection in accor-
dance with the manufacturer introduced it, which mainly inoc-
ulated cells into 6-well plates overnight, then hatched with a

mixture of 0.5 lg oligonucleotides and 5 ll Lipofectamine
2000 and for 48 h.

2.4. Cell viability and apoptosis

According to relevant instructions, cell counting kit-8 (CCK-8,
beyotime) produced in China was used to evaluate the degree

of cell viability, and ASMCs was placed in 96 well plate (5000
cells/well) after determined oligonucleotide transfection, and
PDGF-BB was used for 48 h of treatment. Then CCK-8

reagent (10 ll) was added to one hour-incubation. Absorbance
values were obtained by testing at 450 nm by a spectrophoto-
Fig. 1 The expression of circRHOT1 is upregulated in the serum of p

PCR quantification of circRHOT1 level in the serum collected from p

ASMCs were stimulated with PDGF-BB (25 ng/ml) for 24 h, the lev

assay. **p < 0.01.
metric detector (Thermo, USA). The apoptosis of ASMCs was
assessed by annexin V/PI (Thermo, USA) following to manu-
facturer’s description.

2.5. Transwell assay

Transwell assay was adopted for evaluation of cell migration.

ASMCs prohibition of freedom DMEM (200 ll) and placed in
top chambers (Costar, USA), and the bottom chambers were
filled with DMEM medium. After incubation for 48 h, the

top chambers were washed with PBS and dyed by crystal violet
for about twenty minutes. The migrated cells were pho-
tographed by a microscope.

2.6. Western blotting assay

Ripa lysis buffer (sigma) was mainly obtained by extracting
total protein from cells, and the same amount of protein was

separated by SDS-PAGE (40 lg) It was imprinted on the rel-
evant PVDF membrane and incubated with PCNA primary
antibody after blocking with 5% skimmed milk, MMP-9,
atients with asthma and PDGF-BB-stimulated ASMCs. (A) QRT-

atients with asthma (n = 50) and healthy donors (n = 50). (B-D)

els of circRHOT1, TLR4, and Tip60 were detected by qRT-PCR
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TLR4, and GAPDH overnight at 4 �C. Next day, the blots
were hatched with corresponding secondary antibodies and
an ECL solution (Millipore, USA) for visualization. All anti-

bodies were purchased from Abcam (USA).

2.7. Real-time PCR assay

Total RNA from ASMCs was extracted using Trizol reagent
(Beyotime, China), and the first strand cDNA synthesis kit
was implemented to effectively promote its recording as cDNA

(Thermo). Quantification of circRHOT1, Tip60, and TRL4
was performed by using a SYBR Green SuperMix kit
(Thermo), and was normalized to internal control b-actin.

2.8. Chromatin immunoprecipitation (ChIP)

ASMCs were fixed with 1% formaldehyde for ten minutes,
then lysed and sonicated to fragments around 200 to 500 bp.

Specifically, anti Tip60 antibody was used for cell lysate float-
ing incubation (Abcam) overnight at 4 �C, and subsequently
Fig. 2 CircRHOT1 knockdown suppresses PDGF-BB stimulated

circRHOT1 in ASMCs transfected with circRHOT1 siRNA-1, circRH

PCR experiment. (B-F) ASMCs were treated with PDGF-BB and dep

CCK-8 assay. (D) Cell migration was detected by Transwell assay. (E)

blotting. (F) Apoptosis of ASMCs was measured by flow cytometry.
conjugated with Cell signaling technology for 4 h. Then, the
precipitants were eluted and quantified by qRT-PCR.

2.9. RNA pulldown

Cells were collected and lysed by using a specific lysate buffer
(Beyotime) for 10 min. The cell lysate and anti-tip60 antibody

(Abcam) were incubated overnight at 4 �C, and m-280 strepta-
vidin magnetic beads (sigma) were incubated at 4 �C for 6 h.
The pull-down products were detected by qRT-PCR evalua-

tion of circRHOT1.

2.10. Statistical analysis

The data were expressed as mean ± standard deviation (SD)
of three repetitions. SPSS 19.0 software was adopted for data
analysis. Difference between all groups was evaluated by two-
tailed unpaired when students were analyzed by t-test or one-

way ANOVA. P < 0.05 was the main indication of statistical
significance.
proliferation and migration of ASMCs. (A) Expressions of

OT1 siRNA-2, or negative control (shNC) were detected by qRT-

leted of circRHOT1. (B and C) Cell proliferation was detected by

The expression of PCNA and MMP-9 were measured by western

**p < 0.01.
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3. Results

3.1. Patients with asthma and ASMCs stimulated by PDGF-BB
have increased levels of circRHOT1

By evaluating whether circRHOT1 expression was related to

asthma and analyzing clinical samples, it could be concluded
that circRHOT1 expression was higher in the serum of asth-
matics (Fig. 1A). And enhanced expression of circRHOT1,

TLR4, and Tip60 was occured in PDGF-BB stimulated
ASMCs when compared with the non stimulated group (Fig. 1-
B-D), suggesting that key role of circRHOT1, TLR4, and
Tip60 in the progression of asthma.

3.2. CircRHOT1 knockdown suppresses PDGF-BB stimulated

ASMCs proliferation and migration

To evaluate specific function of circRHOT1 in ASMCs, we
showed circRHOT1 knockdown practice research. Transfec-
tion with more shRNAs against circRHOT1 was able to effec-

tively reduce expression of circRHOT1 in ASMCs (Fig. 2A),
and we selected circRHOT1 shRNA-2 for the following exper-
iments. The depletion of circRHOT1 remarkably repressed

PDGF-BB stimulated ASMCs proliferation and migration
(Fig. 2B-2D). Western blotting analysis further revealed the
levels of PCNA and MMP-9, signs of diffusion and migration,
were lower, after depletion of circRHOT1, relative to the

PDGF-BB stimulated ASMCs (Fig. 2E). The knockdown of
circRHOT1 promoted apoptosis of ASMCs under PDGF-
BB stimulation (Fig. 2F). These results indicated that cir-
Fig. 3 CircRHOT1 contributes to PDGF-BB -stimulated prolifer

expression of TLR4 was measured by western blotting in ASMCs treat

with PDGF-BB, or co-treated with circRHOT1 siRNA and TLR4 ove

assay. (C) Cell migration was detected by Transwell assay. (D) Apopt
cRHOT1 could promote the proliferation and migration of
PDGF-BB stimulated ASMCs.

3.3. CircRHOT1 contributes to PDGF-BB stimulated ASMCs
proliferation and migration by regulating TLR4

We then analyzed the correlation of circRHOT1 with TLR4 in

the modulation of PDGF-BB can stimulate ASMC prolifera-
tion and migration. Effectiveness of TLR4 overexpression
was validated in ASMCs (Fig. 3A). The cell viability of

PDGF-BB stimulated ASMCs repressed by circRHOT1 deple-
tion was rescued by the overexpression of TLR4 (Fig. 3B).
Meanwhile, the overexpression of TLR4 promoted

circRHOT1 knockdown-inhibited ASMCs migration
(Fig. 3C). In addition, the circRHOT1 depletion-induced
apoptosis of PDGF-BB stimulated ASMCs was blocked by
the overexpression of TLR4 (Fig. 3D), suggesting that

circRHOT1 contributed PDGF-BB easy to make ASMC pro-
liferate and migrate by regulating TLR4.

3.4. CircRHOT1 recruits Tip60 epigenetically in ASMCs to
stimulate TLR4 expression.

Then, the potential mechanism of circRHOT1 mediated

TLR4 upregulation was deeply discussed. RNA pull-down
showed that circRHOT1 could act more directly with acetyl-
transferase Tip60 in ASMCs (Fig. 4A). It was also analyzed
that Tip60 could fuse with the TLR4 promoter in ASMCs

(Fig. 4B). The silencing of circRHOT1 had an adverse effect
on the enrichment of Tip60 on the TLR4 promoter in
ation and migration of ASMCs by regulating TLR4. (A) The

ed with TLR4 overexpressing plasmid. (B-D) ASMCs were treated

rexpressing plasmid. (B) Cell proliferation was detected by CCK-8

osis of ASMCs was measured by flow cytometry. **p < 0.01.



Fig. 4 CircRHOT1 epigenetically induces TLR4 expression by recruiting Tip60 in ASMCs. (A) The interaction of circRHOT1 and

Tip60 was measured by RNA pull-down in ASMCs. (B) The enrichment of Tip60 on the TLR4 promoter was analyzed by ChIP. (C) The

enrichment of Tip60 on the TLR4 promoter was analyzed by ChIP in ASMCs treated with circRHOT1 siRNA. (D) The enrichment of

H3K27ac on the TLR4 promoter was analyzed by ChIP in ASMCs treated with circRHOT1 siRNA. (E) The enrichment of H3K27ac on

the TLR4 promoter was analyzed by ChIP in ASMCs treated with Tip60 siRNA. (F) The enrichment of RNA polymerase II on the TLR4

promoter was analyzed by ChIP in ASMCs treated with circRHOT1 siRNA. (G) The enrichment of RNA polymerase II on the TLR4

promoter was analyzed by ChIP in ASMCs treated with Tip60 siRNA. (H) The mRNA expression of TLR4 was tested by qPCR in

ASMCs treated with circRHOT1 siRNA. (I) The mRNA expression of TLR4 was tested by qPCR in ASMCs treated with Tip60 siRNA.

(J) The protein levels of TLR4 were determined by Western blot analysis in ASMCs co-treated with circRHOT1 siRNA and Tip60

overexpression vector. ** P < 0.01.
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ASMCs (Fig. 4C). In addition, it was determined that the
deletion of circRHOT1 or Tip60 resulted in relatively less

enrichment of h3k27ac and RNA polymerase II on the
TLR4 promoter (Fig. 4D-4G). Always, inhibition of cir-
cRHOT1 or Tip60 decreased the expression of TLR4 in

ASMCs cells (Fig. 4H and 4I). The deletion of circRHOT1
was easy to adversely affect the expression of TLR4, and
the overexpression of Tip60 could better reverse the down-
regulation of ASMCs (Fig. 4J), suggesting that circRHOT1

epigenetically induced TLR4 expression by recruiting Tip60
in ASMCs.
3.5. Tip60 knockdown represses PDGF-BB stimulated ASMCs
proliferation and migration

We then assessed specific effect of Tip60 on ASMCs. The effec-
tiveness of Tip60 knockdown by shRNAs was confirmed and

we selected shRNA-2 in the subsequent analysis (Fig. 5A).
The depletion of Tip60 remarkably repressed PDGF-BB stim
ulated ASMCs proliferation and migration (Fig. 5B-5D).

The knockdown of Tip60 promoted apoptosis of ASMCs
under PDGF-BB stimulation (Fig. 5E).
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3.6. CircRHOT1 contributes to PDGF-BB stimulated ASMCs
proliferation and migration by regulating Tip60

Next, we explored the correlation of circRHOT1 with Tip60 in
PDGF-BB stimulated proliferation and migration of ASMCs.
Fig. 5 Tip60 knockdown represses PDGF-BB stimulated proliferatio

transfected with Tip60 siRNA-1, Tip60 siRNA-2, or negative control (s

treated with PDGF-BB and depleted of Tip60. (B and C) Cell proliferat

by Transwell assay. (E) Apoptosis of ASMCs was measured by flow c

Fig. 6 CircRHOT1 contributes to PDGF-BB stimulated proliferatio

were treated with PDGF-BB, or co-treated with circRHOT1 siRNA an

by CCK-8 assay. (B) Cell migration was detected by Transwell assay. (

**p < 0.01.
Cell viability of PDGF-BB stimulated ASMCs inhibited by cir-
cRHOT1 depletion was reversed by the overexpression of
Tip60 (Fig. 6A). Consistently, the overexpression of Tip60

promoted circRHOT1 knockdown-repressed migration of
PDGF-BB stimulated ASMCs (Fig. 6B). Besides, the
n and migration of ASMCs. (A) Expressions of Tip60 in ASMCs

hNC) were detected by qRT-PCR experiment. (B-E) ASMCs were

ion was detected by CCK-8 assay. (D) Cell migration was detected

ytometry. **p < 0.01.

n and migration of ASMCs by regulating Tip60. (A-D) ASMCs

d Tip60 overexpressing plasmid. (A) Cell proliferation was detected

C and D) Apoptosis of ASMCs was measured by flow cytometry.
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circRHOT1 kncodown-induced apoptosis was blocked by the
overexpression of Tip60 (Fig. 6C and D), suggesting that cir-
cRHOT1 contributed to PDGF-BB stimulated proliferation

and migration of ASMCs by regulating Tip60.

4. Discussion

Asthma is a chronic inflammatory respiratory disease, which
poses a serious threat to people’s health and belongs to a seri-
ous public problem (Mims, 2015; Sockrider and Fussner,

2020). Airway inflammation and remodeling are asthma-
related cases, which are easy to cause unconventional phenom-
ena in human ASMCs (Bousquet et al., 2010; Huang et al.,

2019; Zhang et al., 2019). More and more evidences show that
PDGF, FGF, TGF, EGF and other growth factors have a cer-
tain relationship closely related to airway remodeling and the

degree of asthma (Shang et al., 2020). PDGF-BB itself belongs
to an important aspect of PDGF family. It is reported that it
can promote ASMCs to become a highly proliferative and
migratory phenotype (Halayko et al., 2008). Therefore, it is

used by cell model to simulate ASMCs remodeling. Previous
studies have confirmed that circRNAs has a significant impact
on asthma regulation. It is reported that circ_ U0005519 is a

potential biomarker of asthma and fully regulates IL-6 and
IL-13, and is abnormal in CD4+ T cells induced by let-7a-5p
(Huang et al., 2019). Targeting circRNAs may be a new way

to treat asthmatic diseases. In relevant studies, we further iden-
tified the significant increase of circRHOT1 in the serum col-
lected from asthmatic patients, and PDGF-BB could fully
stimulate the expression of ASMCs and enhance the level of

circRHOT1, TLR4, and Tip60. The deletion of circRHOT1
had an effect on the changes of cells and made cells apoptosis.
CircRHOT1 caused PDGF-BB stimulated ASMCs prolifera-

tion by regulating TLR4. We presented new evidence of the
crucial effect of circRNAs on asthma and the clinical signifi-
cance of circRHOT1 should be validated in future

investigations.
TLR4 plays a critical role in the progression of asthma. It

has been reported that the repression of TLR4 and HMGB1

reduces DINP-stimulated asthma in vivo (Hwang et al.,
2019). Resveratrol attenuates asthma-induced airway remodel-
ing and inflammation by suppressing TLR4/NF-jB signaling
(Zhang et al., 2019). HMGB1 is negatively modulated by

HSF1 and regulates TLR4/MyD88/NF-jB signaling in
asthma (Shang et al., 2020). Moreover, it has been reported
that circRHOT1 contributes to the progression of hepatocellu-

lar carcinoma by regulating NR2F6 expression through target-
ing Tip60 (Wang et al., 2019), indicating the effect of
circRHOT1 on Tip60. Meanwhile, histone deacetylase inhibi-

tor SAHA represses post-seizure hippocampal microglia
TLR4 signaling and suppresses TLR4 gene expression by his-
tone acetylation (Hu and Mao, 2016). Our mechanism study
showed that circRHOT1 could directly interact with acetyl-

transferase Tip60 in ASMCs. The silencing of circRHOT1
could affect the enrichment of Tip60 on the TLR4 promoter
in ASMCs, and the deletion of circRHOT1 or Tip60 could also

adversely affect the enrichment of h3k27ac and RNA poly-
merase II on the TLR4 promoter. Fully inhibit circRHOT1
or Tip60 reduced the expression of TLR4 in ASMCs cells.

The deletion of circRHOT1 easily affected the expression of
TLR4, and the overexpression of Tip60 could reverse the
down-regulation of ASMCs to a greater extent. In addition,
Tip60 knockdown inhibited PDGF-BB stimulated ASMCs
proliferation. CircRHOT1 could promote the proliferation

and migration of PDGF-BB stimulated ASMCs under the reg-
ulation of Tip60. Our findings are mainly that circRHOT1 has
more relatively perfect insights into the mechanism of promot-

ing asthma by targeting Tip60/TLR4 signal transduction.

5. Conclusions

In conclusion, circular RNA circRHOT1 with platelet-derived growth

factor BB can stimulate airway smooth muscle cells to proliferate or

migrate based on Tip60/TLR4. CircRHOT1 is a key target for the

treatment of asthma.
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