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ABSTRACT
Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive lung disorder. Here, we performed a bioinformatics
analysis using the GSE102660 dataset from the Gene Expression Omnibus database to identify differentially
expressed circRNAs (DEcircRNAs) in tissues from IPF patients and healthy controls. The results identified 45
DEcircRNAs, among which expression of hsa_circ_0044226 was markedly higher in lung tissues from IPF patients
than from healthy controls. Knocking down hsa_circ_0044226 expression using a targeted shRNA inhibited TGF-β1induced fibrosis in RLE-6TN cells and in a bleomycin-induced mouse model of IPA. The diminished TGF-β1-induced
fibrosis was associated with upregulated expression of E-cadherin and downregulated expression of α-SMA,
collagen III and fibronectin 1, as well as with reduced expression of CDC27, suggesting inhibition of epithelial-tomesenchymal transition (EMT). All of those effects were reversed by overexpression of CDC27. This suggests CDC27
overexpression abolishes the antifibrotic effect of hsa_circ_0044226 knockdown through activation of EMT.
Furthermore, hsa_circ_0044226 knockdown decreased the expression of CDC27 in BLM-induced pulmonary fibrosis
mouse model. Collectively then, these findings indicate that downregulation of hsa_circ_0044226 attenuates
pulmonary fibrosis in vitro and in vivo by inhibiting CDC27, which in turn suppresses EMT. This suggests
hsa_circ_0044226 may be a useful therapeutic target for the treatment of IPF.

INTRODUCTION
Pulmonary fibrosis is a chronic, progressive lung disease
[1]. Pulmonary fibrotic diseases include sarcoidosis,
hypersensitivity pneumonitis, radiation-induced fibrosis,
and idiopathic pulmonary fibrosis (IPF) [2]. Of them, IPF,
which is characterized by inexorable decline in lung
function, stiffening and fibrosis of the lung parenchyma,
and progressive respiratory failure, ultimately leading to
death, has the poorest prognosis [3, 4]. The 3-5-year
survival rate among patients with IPF is only 50% after
diagnosis [5]. The mechanisms underlying IPF are not
fully understood, though environmental and occupational
exposures, cigarette smoking, and viruses are all risk
factors for its development [6, 7].
An earlier study reported that IPF progression is related
to epithelial-to-mesenchymal transition (EMT) of alveo-
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lar epithelial cells [8]. Through EMT, alveolar epithelial
cells capable of regenerating the alveolar architecture
transdifferentiate into activated fibroblasts [9].
Therefore, identification of promising EMT-related
markers may help us to understand the pathogenesis and
progression of IPF.
Circular RNAs (circRNAs) are a class of mainly
cytoplasmic non-coding RNAs that have a closed loop
structure without 5’ cap or 3’ tail [10]. CircRNAs are
enriched in the mammalian tissues, well conserved in
sequence, frequently expressed as circRNAs in human,
mouse and rat [11–13]. Some circRNAs participate in
the regulation of gene expression at the transcriptional
or post-transcriptional levels [14], while others appear
to regulate gene expression indirectly by regulating
RNA polymerase II (Pol II) transcript activity, and
circRNAs can compete with the pre-mRNA splicing
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machinery [15, 16]. Moreover, circRNAs have emerged
as novel biomarkers for diagnosis of diseases, including
IPF [17]. For instance, downregulation of circHIPK3
reportedly suppresses fibroblast-to-myofibroblast transition in a mouse model of pulmonary fibrosis [10].
However, much remains to be learned about the role of
circRNAs in IPF.
In the present study, therefore, bioinformatics analysis
using a Gene Expression Omnibus (GEO) dataset was
selected to identify differentially expressed circRNAs
(DEcircRNAs) in tissues from IPF patients and healthy
controls. The results indicate that expression of
hsa_circ_0044226 is significantly upregulated in IPF
patients. Li et al found that hsa_circ_0044226, also
known as hsa_circRNA_102100, was the most strongly
upregulated DEcircRNA in IPF tissues, which was
consistent with our results [18]. Moreover, the circular
RNA interactome (https://circinteractome.nia.nih.gov)
indicated that the parental gene for hsa_circ_0044226 is
CDC27. Notably, CDC27 protein contributes to EMT in
human cancers [19, 20], and EMT also likely
contributes to lung fibrosis [21]. We therefore further

investigated the role of hsa_circ_0044226 in the
development of IPF.

RESULTS
Identification of DEcircRNAs in IPF
From the GEO database, we analyzed the GSE102660
dataset, which were obtained from tissues from three IPF
patients and three healthy controls. Hierarchical clustering
analysis revealed circRNA expression patterns that
differed between IPF and healthy tissues (Figure 1A). In
addition, a total of 45 DEcircRNAs (23 downregulated
and 22 upregulated) were identified, and their distribution
displayed using a volcano plot (Figure 1B). The top 10
upregulated DEcircRNAs were hsa_circ_0044226,
hsa_circ_0004099, hsa_circ_0008898, hsa_circ_0044234,
hsa_circ_0007535, hsa_circ_0023858, hsa_circ_0007762,
hsa_circ_0006520, hsa_circ_0078153, hsa_circ_0092355
(Figure 1C). Gene Ontology (GO) analysis showed that
these DEcircRNAs were mainly enriched in “transcription
coregulator activity” and “dicarboxylic and metabolic
process” (Figure 2A). Kyoto Encyclopedia of Genes and

Figure 1. Identification of DEcircRNAs in IPF. (A) Heat map showing the circRNA expression pattern tissues from IPF patients (IPF group)
and healthy controls (N group). (B) Volcano plot of DEcircRNAs in GSE102660. The red dots represent the upregulated circRNAs and blue dots
represent the upregulated circRNAs. (C) The top 10 upregulated DEcircRNAs from IPF tissues and healthy tissues were identified using R
language.

www.aging-us.com

14809

AGING

Genomes (KEGG) analysis revealed that they were
mainly enriched in “purine metabolism” (Figure 2B).
Hsa_circ_0044226 knockdown suppresses TGF-β1induced migration in RLE-6TN cells
Because hsa_circ_0044226 was the most strongly
upregulated DEcircRNA in IPF tissues (Figure 1C) and
its parental gene is cell division cycle 27 (CDC27), we
selected hsa_circ_0044226 for further study.
To investigate the function of hsa_circ_0044226 in
RLE-6TN cells, we first knocked it down by transforming the cells using two lentiviral vectors encoding
independent shRNAs targeting hsa_circ_0044226. RTqPCR analysis confirmed that hsa_circ_0044226 levels
were suppressed to a greater degree by expression of
hsa_circ_0044226 shRNA2 (Figure 3A), which was
then utilized in subsequent experiments. In addition,
Cell Counting Kit-8 (CCK-8) and Ki67 immunofluorescence assays showed that TGF-β1 promoted the
proliferation of RLE-6TN cells, and that effect was
significantly
inhibited
by
expression
of
hsa_circ_0044226 shRNA2 (Figure 3B–3D). TGF-β1
also induced RLE-6TN cell migration, and that effect
was largely reversed by hsa_circ_0044226 knockdown
(Figure 3E and 3F). Moreover, TGF-β1 remarkedly
promoted proliferation and migration of BEAS-2B
cells, and these TGF-β1-induced changes in BEAS-2B
cells were obviously reversed by hsa_circ_0044226
knockdown (Supplementary Figure 1A and 1B).
Hsa_circ_0044226 knockdown suppresses TGF-β1induced EMT in RLE-6TN cells by downregulating
CDC27
To explore the involvement of hsa_circ_0044226 in
EMT of RLE-6TN cells and the role of CDC27, RLE-

6TN cells were transformed with CDC27 using a
lentiviral vector. As indicated in Figure 4A, CDC27
levels were significantly upregulated in RLE-6TN cells
after infection with lenti-CDC27. In addition, TGF-β1
markedly reduced levels of E-cadherin expression in
RLE-6TN cells while increasing levels of α-SMA,
collagen III, fibronectin 1, CDC27 and p21 expression,
and these effects were largely reversed by expression of
hsa_circ_0044226 shRNA2 (Figure 4B–4H). By
contrast, when TG-β1-stimulated RLE-6TN cells were
transformed with hsa_circ_0044226 shRNA2 plus
CDC27, the effects of hsa_circ_0044226 on expression
of E-cadherin, α-SMA, collagen III, fibronectin 1,
CDC27 and p21 were reversed by the CDC27 overexpression (Figure 4B–4H).
IHC analysis confirmed that TGF-β1 significantly
reduced expression of E-cadherin and increased the
expression of α-SMA in RLE-6TN cells; that the effects
of TGF-β1 were largely reversed by hsa_circ_0044226
shRNA2; and that the effects of hsa_circ_0044226
knockdown were in turn reversed by overexpression of
CDC27 (Figure 5A and 5B). These results could be
confirmed in BEAS-2B cells (Supplementary Figure 1D
and 1E). These results suggest that downregulation of
hsa_circ_0044226 suppresses TGF-β1-induced EMT in
RLE-6TN cells through downregulation of CDC27.
Hsa_circ_0044226 knockdown alleviates pulmonary
fibrosis in a mouse model of IPF
To further investigate the role of hsa_circ_0044226 in
IPF, mice were intratracheally administrated hsa_circ_
0044226-shRNA2 immediately after intratracheal
administration of bleomycin (BLM). As shown in
Figure 6A, levels of hsa_circ_0044226 were
significantly increased in the lung tissues of BLMtreated mice, but that effect was greatly inhibited by

Figure 2. GO and KEGG analyses of DEcircRNAs. (A) GO enrichment analysis of the parental genes of DEcircRNAs. (B) KEGG pathway
analysis of the parental genes of DEcircRNAs.
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Figure 3. Hsa_circ_0044226 knockdown suppresses TGF-β1-induced RLE-6TN cell migration. (A) qRT-PCR analysis of hsa_circ_
0044226 levels in RLE-6TN cells infected with a lentiviral vector encoding hsa_circ_0044226 shRNA1 or hsa_circ_0044226 shRNA2. (B) RLE6TN cells were pretreated with 10 ng/mL TGF-β1 for 48 h and then transformed with hsa_circ_0044226 shRNA2 for 0, 24, 48 or 72 h. CCK-8
assays were applied to determine the cell viability. (C, D) RLE-6TN cells were pretreated with 10 ng/mL TGF-β1 for 48 h and then transformed
with hsa_circ_0044226 shRNA2 for 72 h. Relative fluorescences were quantified with Ki67 and DAPI staining. (E, F) Cell migration was
detected using wound healing assays. **P < 0.01 vs. Blank group. ##P < 0.01 vs. TGF-β1 group.

Figure 4. Hsa_circ_0044226 knockdown suppresses TGF-β1-induced EMT in RLE-6TN cells by downregulating CDC27. (A) qRTPCR analysis of the levels of CDC27 expression in RLE-6TN cells overexpressing CDC27. (B–H) RLE-6TN cells were pretreated with 10 ng/mL
TGF-β1 for 48 h and then transformed with hsa_circ_0044226 shRNA2 and CDC27 for 72 h. Expression levels of E-cadherin, α-SMA, collagen
III, fibronectin 1, CDC27 and p21 were detected with western blotting. Relative expression levels were quantified by normalization to β-actin.
**P < 0.01 vs. Blank group. ##P < 0.01 vs. TGF-β1 group. ^P < 0.05, ^^P < 0.01 vs. TGF-β1 + shRNA2 group.
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hsa_circ_0044226-shRNA2 treatment. Staining with
H&E and Masson’s trichrome verified that BLM
induced a mouse model of lung fibrosis. As shown in
Figure 6B-6D, hsa_circ_0044226 knockdown clearly
reduced collagen deposition and fibrotic area in
BLM-treated mice. In addition, ki67 staining results
indicated that BLM significantly inhibited the

proliferation of lung epithelial cells in the lung tissues
of mice, but that effect was markedly reversed by
hsa_circ_0044226-shRNA2 treatment (Figure 6E).
Moreover, the expression of p21 was significantly
increased in BLM-treated mice, and that effect was
remarkedly reversed by hsa_circ_0044226-shRNA2
treatment (Figure 6F).

Figure 5. Hsa_circ_0044226 knockdown suppresses pulmonary fibrosis by inhibiting EMT. (A, B) RLE-6TN cells were pretreated
with 10 ng/mL TGF-β1 for 48 h and then transformed with hsa_circ_0044226 shRNA2 and CDC27 for 72 h. EMT was assessed based on
relative fluorescence of E-cadherin, α-SMA and DAPI staining determined using IHC. **P < 0.01 vs. Blank group. ##P < 0.01 vs. TGF-β1 group.
^P < 0.05, ^^P < 0.01 vs. TGF-β1 + shRNA2 group.

Figure 6. Hsa_circ_0044226 knockdown alleviates pulmonary fibrosis in vivo. (A) RT-qPCR analysis of the levels hsa_circ_0044226
expression in lung tissues from BLM-treated model mice. (B, C) Collagen deposition and lung fibrosis determined using H&E and Masson’s
trichrome staining. Blue arrow, collagen fibers. (D) Total lung fibrotic area was measured using Image-Pro Plus. (E) IHC staining of ki67 in lung
tissues from mice. (F) Expression level of p21 was detected with western blotting. Relative expression level was quantified by normalization
to β-actin. **P < 0.01 vs. Blank group. ##P < 0.01 vs. BLM group.
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Furthermore, immunohistochemical analysis demonstrated that hsa_circ_0044226 knockdown abrogated
BLM-induced upregulation of fibrosis-related proteins,
including collagen III, fibronectin1, α-SMA, and
CDC27, in the lung tissues of mice (Figure 7A and 7B).
Moreover, knocking down hsa_circ_0044226 also
increased the tissue levels of E-cadherin, which were
otherwise diminished by BLM administration (Figure
7B). These results suggest that downregulation of
hsa_circ_0044226 alleviates pulmonary fibrosis in vivo
via suppressing the EMT process.

DISCUSSION
Although circRNAs appear to play important roles in
IPF [18], their specific actions remain largely unknown.
In this study, we identify that hsa_circ_0044226 is
upregulated in BLM-induced pulmonary fibrosis mice
model. In addition, downregulation of hsa_circ_
0044226 could attenuate pulmonary fibrosis in vitro and
in vivo by inhibiting CDC27.
Regulated in part by TGF-β1 [22, 23], EMT is a process
by which epithelial cells acquire some of the traits of
mesenchymal cells, including invasiveness and
migration [24]. During EMT within the lung, alveolar
epithelial cells reportedly acquire various mesenchymal
phenotypes, including expression of α-SMA, fibronectin
1 and collagen III, as well as loss of epithelial pheno-

types, including expression of E-cadherin [25, 26].
Consistent with those reports, in the present study,
TGF-β1-induced EMT in RLE-6TN cells was
associated with downregulation of E-cadherin and
upregulation of α-SMA, collagen III and fibronectin 1.
An earlier study also indicated that suppressing EMT
can attenuate pulmonary fibrosis [27]. Similarly, we
found that, by inhibiting the EMT process,
hsa_circ_0044226 knockdown inhibited TGF-β1induced fibrosis in RLE-6TN cells as well as
BLM-induced pulmonary fibrosis in model mice. It thus
appears that knocking down hsa_circ_0044226
attenuates pulmonary fibrosis in vitro and in vivo by
inhibiting EMT.
CDC27 is a core subunit of anaphase-promoting
complex/cyclosome (APC/C) [28]. APC/C is a type of
E3 ligase complex that regulates chromosome segregation and mitotic exit [29]. APC/C reportedly
participates in the TGF-β signaling pathway, and TGF-β
activates CDC27 [30]. In addition, overexpression of
CDC27 induces invasion and migration by gastric
cancer cells, which is associated with downregulation of
the EMT-related biomarker E-cadherin and upregulation of vimentin [19]. In the present study, TGFβ1 significantly increased levels of CDC27 in RLE-6TN
cells, while hsa_circ_0044226 knockdown substantially
reduced CDC27 expression in TGF-β1-treated RLE6TN cells and in a mouse pulmonary fibrosis

Figure 7. Hsa_circ_0044226 knockdown alleviates pulmonary fibrosis in vivo by suppressing EMT. (A) IHC staining of collagen III,
fibronectin in lung tissues from mice. (B) IHC staining of α-SMA, E-cadherin, and CDC27 in the lung tissues from mice. **P < 0.01 vs. Blank
group. #P < 0.05, ##P < 0.01 vs. BLM group.
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model, and those effects were largely reversed by
exogenous expression of CDC27. This suggests
overexpression of CDC27 abolishes the antifibrotic effect
of hsa_circ_0044226 knockdown on TGF-β1-treated
RLE-6TN cells through activation of EMT. Zhang et al
found that circHIPK2 could promote fibroblast proliferation via a ceRNA-mediated mechanism, in which
circHIPK3 functions as an endogenous miR-338-3p
sponge, leading to upregulated SOX4 expression [10].
Unlike the classical ceRNA mechanism, fang et al found
that circHECTD1 could promote lung fibroblast-tomyofibroblast transition regulate the expression of its host
gene, HECTD1 [31]. In this study, we found that
hsa_circ_0044226 could regulate the expression of its
host gene, CDC27, through affecting gene transcription,
although further studies are needed to verify this
hypothesis. Collectively then, these findings indicate that
downregulation
of
hsa_circ_0044226
attenuates
pulmonary fibrosis in vitro and in vivo by inhibiting
CDC27,
which
in
turn
suppresses
EMT.
Hsa_circ_0044226 is thus a potentially useful therapeutic
target for the treatment of IPF. However, the disadvantage
is that only 3 samples of IPF tissue and normal tissues was
analyzed in this study. In the future, we need to collect the
substantial amount of IPF samples for exploring
therapeutic strategies for IPF.

MATERIALS AND METHODS
CircRNA data analysis and bioinformatics
The GSE102660 dataset, which contains the circRNA
expression data for tissues from IPF patients and
healthy controls, was downloaded from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/). The R
language was then used to screen the DEcircRNAs. The
criteria for selection of DEcircRNAs were a -log10 Pvalue > 1.3 and a |fold change| >1.5. The functions and
signaling pathway of the genes encoding the
DEcircRNAs were analyzed using GO (http://www.
geneontology.org/) and KEGG (http://www.genome.
jp/kegg/) enrichment analysis, respectively.
Cell culture
Alveolar type II epithelial (RLE-6TN) cells and human
bronchial epithelial cells (BEAS-2B) were purchased
from the American Type Culture Collection (ATCC,
Rockville, Maryland, USA) and were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, 100 μg/ml streptomycin under 5% CO 2
atmosphere with 95% humidity at 37°C. Some cells
were cultured in medium containing TGF-β1 (final
concentration, 10 ng/mL; Sigma Aldrich, St. Louis,
MO, USA) for 48 h before further analysis.
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Two pairs of cDNA oligonucleotides encoding short
hairpin RNAs inhibiting hsa_circ_0044226 expression
were inserted into the pLVX-shRNA plasmid
(GenePharma, Shanghai, China), yielding hsa_circ_
0044226-shRNA1 and hsa_circ_0044226-shRNA2. In
addition, a lentiviral construct for CDC27 overexpression
(lenti-CDC27) was obtained from GenePharma. 293T
cells
were
transformed
with the
hsa_circ_
0044226-shRNA1, hsa_circ_0044226-shRNA2 or lentiCDC27 plasmid and incubated for 72 h. The supernatants
from these cells were then collected and used to infect
RLE-6TN cells for 24 h, after which they were incubated
for 48 h with puromycin (2.5 μg/mL, Thermo Fisher
Scientific, Waltham, MA, USA) to select stable
hsa_circ_0044226 knockdown or overexpressing cells.
Stable overexpression or knockdown of hsa_circ_
0044226 was confirmed using reverse transcription
quantitative polymerase chain reaction (qRT-PCR).
The sequences of hsa_circ_0044226-shRNA1 were 5’GATCGCCATCTACCTTCTCACCACT TTCAAGAG
AAGTGGTGAGAAGGTAGATGGCTTTTTTGGTAC
C-3’ (forward) and 5’AATTGGTACCAAAAAAG
CCATCTACCTTCTCACCACTTCTCTTGAAAGTG
GTGAGAAGGTAGATGGC-3’
(reverse).
The
sequences of hsa_circ_0044226-shRNA2 were 5’-GAT
CGCAACGGGAACATGATATTGCTTCAAGAGAG
CAATATCATGTTCCCGTTGCTTTTTTGGTACC-3’
(forward) and 5’-AATTGGTACCAAAAAA GCAAC
GGGAACATGATATTGCTCTCTTGAAGCAATATC
ATGTTCCCGTTGC-3’ (reverse).
RT-qPCR
TRIpure Total RNA Extraction Reagent (ELK
Biotechnology, Wuhan, China) was used to extract total
RNAs from RLE-6TN cells, after which the RNA
samples were reverse transcribed to cDNAs using an
EntiLink™ 1st Strand cDNA Synthesis Kit (ELK
Biotechnology) according to the manufacturer’s
protocol. qPCR analysis was then performed using
EnTurbo™ SYBR Green PCR SuperMix (ELK
Biotechnology) on an Agilent Technologies Stratagene
Mx3000p Real-Time System (Agilent Technologies,
Inc., San Francisco, USA). The primer sequences were:
for actin, 5’- CGTTGACATCCGTAAAGACCTC-3’
(forward) and 5’-TAGGAGCCAGGGCAGTAATCT-3’
(reverse); for CDC27, 5’- TGCTATATGGCAAGCA
CTAAACC-3’ (forward) and 5’- CATTTTGCAAGCA
GGTATTTACAC-3’ (reverse); and for Hsa_
circ_0044226, 5’- ATGCATGTACAACACCTCAGG
TAT-3’ (forward) and 5’-CTTCTGAAATGATG
GAAGAGTCC-3’ (reverse). Actin served as a control
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for the quantitation of RNA using the comparative
threshold cycle (2−ΔΔCT) method.
Cell proliferation assay
RLE-6TN cells were plated onto 96-well plates (104
cells/well) and incubated overnight at 37°C. The cells
were then pretreated with 10 ng/mL TGF-β1 for 48 h
and infected with hsa_circ_0044226-shRNA2 for 72 h.
For cell counts, 10 μL of the CCK-8 reagent (Beyotime,
Shanghai, China) was added into each well, and the
cells were incubated for an additional 2 h incubation at
37°C. The absorbance at 450 nm was then measured
using a microplate reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).
Immunofluorescent staining
RLE-6TN cells were fixed in PBS containing 4%
paraformaldehyde and then blocked for 2 h in 10% goat
serum (Abcam Cambridge, MA, USA). Thereafter, the
cells were incubated first with primary antibody against
Ki67 (1: 100, Abcam), α-SMA (1: 100, Abcam), or Ecadherin (1: 100, Abcam) overnight at 4°C, and then
with the horseradish peroxidase-conjugated secondary
antibodies at room temperature for 1 h. After staining
the nuclei with DAPI for 5 min, the cells were observed
under a laser scanning confocal microscope (Olympus
CX23 Tokyo, Japan). Ki67-, α-SMA- and E-cadherinpositive cells were analyzed from at least three fields
using Image pro-plus.
Wound healing assay
RLE-6TN cells were plated onto 12-well culture plates
(5×105 cells per well) and incubated overnight at 37 °C,
after which wounds on the endothelial monolayers were
made using a 200-μL pipette tip. The cells were then
infected with hsa_circ_0044226-shRNA2 for 24 h. The
wounds were monitored by photographing them at 0 h
and 24 h using a fluorescence microscope (Olympus).
ImageJ software was used to measure the area of cell
migration.
Western blot assay
Total proteins were quantified using the BCA method
(Beyotime Institute of Biotechnology), after which
aliquots were separated on 10% SDS-PAGE and then
transferred onto polyvinylidene difluoride membranes
(Thermo Fisher Scientific). After blocking with 5%
skimmed milk in Tris-buffered saline plus 0.1% Tween20 (TBST) for 1 h, the membranes were incubated first
with primary antibody against E-cadherin (1:1000,
Abcam), α-SMA (1:1000, Abcam), collagen III (1:1000,
Abcam), fibronectin 1 (1:1000, Abcam), CDC27 (1:1000,
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Abcam), and β-actin (1:1000, Abcam) at 4°C overnight,
and then with horseradish peroxidase-conjugated
secondary antibodies (Abcam, 1: 5000) at room
temperature for 1 h. Finally, an electrochemiluminescence
detection system (Thermo Fisher Scientific) was used to
detect the immunoreactive signals. β-actin served as an
internal control.
Animal studies
A total of 20 male C57BL/6 mice (9-12 weeks old)
were purchased from Beijing Vital River Experimental
Animal Technology Co., Ltd (Beijing, China) and kept
under standard animal room conditions following the
guidelines of the Institutional Animal Care and Use
Committee. All animal experiments were performed
according to the rules approved by the Institutional
Ethical Committee of the experimental animal center of
Peking University First Hospital. The mice were
randomly divided into four groups: Blank, BLM, BLM
+ NC, and BLM + hsa_circ_0044226-shRNA2. To
induce fibrotic changes, mice under anesthesia were
given a single intratracheal injection of sterile saline
containing BLM (50 μL, 1 U/kg). Hsa_circ_0044226shRNA2 was administered after BLM treatment via
intratracheal injection. Four weeks later, the mice were
sacrificed, and the lung tissues were collected, fixed in
4% paraformaldehyde, and embedded in paraffin.
Histology and immunohistochemistry (IHC)
For histological analysis to assess lung fibrosis,
consecutive 5-μm sections were cut from the lung
tissues, and sections were stained with hematoxylineosin (H&E) or Masson’s trichrome, and observed
using the fluorescence microscope (Olympus). For
immunohistochemical analysis of Ki67, E-cadherin, αSMA, collagen III, fibronectin 1, and CDC27 expression, the sections were stained using IHC as described
previously [32]. Briefly, the sections were incubated
first with primary antibodies overnight at 4°C, and then
with biotinylated goat anti-rabbit IgG for 30 min at
room temperature. An IHC detection system (EnVision
kit; Dako Japan) was used for visualization. The cells
with positive staining of Ki67, E-cadherin, α-SMA,
collagen III, fibronectin 1, and CDC27 were counted
from three randomly selected areas using Image proplus.
Statistical analysis
All experiments were performed in triplicate. Data are
presented as the mean ± SD. All statistical analyses
were performed using GraphPad Prism software
(version 7.0, La Jolla, CA, USA). One-way analysis of
variance (ANOVA) and Tukey’s tests were used to
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make multiple group comparisons. Values of P < 0.05
were considered significant.
9.
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SUPPLEMENTARY MATERIAL
Supplementary Figure

Supplementary Figure 1. Hsa_circ_0044226 knockdown suppresses TGF-β1-induced EMT in BEAS-2B cells by downregulating
CDC27. (A) BEAS-2B cells were pretreated with 10 ng/mL TGF-β1 for 48 h and then transformed with hsa_circ_0044226 shRNA2 for 0, 24, 48
or 72 h. CCK-8 assays were applied to determine the cell viability. (B, C) Cell migration was detected using wound healing assays. (D, E) EMT
was assessed based on relative fluorescence of E-cadherin, α-SMA and DAPI staining determined using IHC. **P < 0.01 vs. Blank group. ##P <
0.01 vs. TGF-β1 group. ^P < 0.05, ^^P < 0.01 vs. TGF-β1 + shRNA2 group.
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