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TSC2 expression
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Background: Idiopathic pulmonary fibrosis (IPF) is an unrepairable disease that results in lung dysfunction 
and decreased quality of life. Prevention of pulmonary fibrosis is challenging, while its pathogenesis remains 
largely unknown. Herein, we investigated the effect and mechanism of long non-coding RNA (lncRNA) 
DNM3OS/Antisense RNA in the pathogenesis of pulmonary fibrosis.
Methods: EdU (5-ethynyl-2'-deoxyuridine) and wound healing assays were employed to evaluate the role 
of DNM3OS on cell proliferation and migration. Western blot detected the proteins expressions of alpha-
smooth muscle actin (α-SMA), vimentin, and fibronectin. The interactions among genes were evaluated by 
RNA pull-down, luciferase reporter, RNA immunoprecipitation (RIP), chromatin immunoprecipitation 
(ChIP) and chromatin Isolation by RNA purification (ChIRP) assays. 
Results: DNM3OS was upregulated by transforming growth factor beta 1 (TGF-β1) in a dose- and time-
dependent manner. DNM3OS knockdown repressed the growth and migration of lung fibroblast, and fibrotic 
gene expression (CoL1α1, CoL3α1, α-SMA, vimentin, and fibronectin), while suppression of TSC2 accelerated 
the above process. DNM3OS recruited EZH2 to the promoter region of TSC2, increased the occupancy of 
EZH2 and H3K27me3, and thereby suppressed the expression of TSC2. HOXA5 promoted the transcription 
of DNM3OS.
Conclusions: HOXA5-induced DNM3OS promoted the proliferation, migration, and expression of 
fibrosis-related genes in human embryo lung fibroblast via recruiting EZH2 to epigenetically suppress the 
expression of TSC2. 
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Introduction

The cause that leads to chronic and progressive interstitial 
lung disease (ILD) and idiopathic pulmonary fibrosis 
(IPF) remains unidentified (1,2). The incidence of IPF 

ranges from 2.8 to 9.3 cases per 100,000 people annually 

in North America and Europe, higher than that in other 

regions (3). IPF usually occurs in elderly people and is often 

misdiagnosed and inappropriately treated, which leads to 
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high mortality rate (1). Epithelial injury and subsequent 
aberrant repair of injury cells, along with senescence of 
alveolar epithelial cells, may lead to lung fibrosis (1,2). 
Mediators for IPF include shortened telomeres, oxidative 
stress, endoplasmic reticulum stress, and mitochondrial 
dysfunction (4,5). In addition, the immune system also 
contributes to the development of IPF (6). Although some 
medications are available to slow down the progression of 
IPF (7), it is impossible to prevent the occurrence or reverse 
IPF. Thus, it is important to understand the pathogenesis 
of and explore the novel therapeutic target for clinical 
management of IPF.

Transcription factors (TFs) are a group of evolution-
conserved DNA binding proteins that master gene 
transcription (8). TFs specifically recognize and bind to 
short DNA motifs, followed by recruiting transcription 
machinery to regulate gene transcription (8). Some TFs 
are tissue- and cell type-specific and thus participate in 
maintaining tissue homeostasis and disease pathogenesis. 
The involvement of TFs in IPF development is well 
documented (9). For example, Lin et al. reported the role of 
runt-related transcription factor 1 (RUNX1) in promoting 
IPF (9). The level of transcription factor RUNX2 is also 
upregulated in fibrotic lung and associated with disease 
severity (10), whereas transcription factor Yin Yang 1 
(YY1) inhibits the expression of Thymocyte differentiation 
antigen-1 (THY1) to aggravate IPF (11). Epithelial-

mesenchymal transition (EMT) also promotes lung fibrosis 
progression (12). A previous study reported the increased 
activity of Axl to facilitate the development of IPF (13), while 
loss of Axl resulted in EMT transcription factors including 
snail family transcriptional repressor 2 (SNAI2), HOXA5, 
T-Box transcription factor 2 or 3 (TBX2 or TBX3) (14).  
Therefore, we supposed that HOXA5 may possess a 
yet unknown function in IPF. However, the underlying 
mechanism remains incompletely investigated.

Long non-coding RNA (lncRNA) is non-protein 
coding RNA with more than 200 nucleotides in length 
that participates in gene imprinting, differentiation and 
development, and disease (15,16). Many studies interrogating 
the pathogenesis of IPF have found many diseases related to 
lncRNAs. LncRNA has been implicated in the regulation 
of transforming growth factor beta 1 (TGF-β1) (17). 
LncRNA Airn alleviate liver fibrosis via the Kruppel-like 
factor 2 (KLF2)-endothelial nitric oxide synthase (eNOS)-
soluble guanylate cyclase (sGC) pathway (18), while Zinc 
finger E-box binding homeobox 1 antisense 1 (ZEB1-
AS1) contributes to lung fibrosis by facilitating EMT (19). 
LncRNA DNM3OS is induced by TGF-β1 which results in 
the production of profibrotic microRNAs (miRNAs) (20), 
and targeting DNM3OS shows promising therapeutic effects 
in fibroproliferative diseases including IPF (21). As a critical 
regulator for IPF, the underlying molecular mechanism of 
DNM3OS in IPF pathogenesis remains elusive.

Both HOXA5 and lncRNA DNM3OS are regulated 
by TGF-β signaling, but their relationship is unknown, 
particularly in the context of lung fibrosis. Therefore, we 
hypothesized that HOXA5-induced lncRNA DNM3OS 
promoted the proliferation, migration, and expression of 
fibrosis-related genes in human embryo lung fibroblast 
by recruiting EZH2 to inhibit TSC2 expression. Here, 
we elucidated the molecular mechanism through which 
DNM3OS promotes lung fibrosis and highlighted the 
potential of targeting DNM3OS in anti-fibrotic therapy. We 
present this article in accordance with the MDAR reporting 
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-23-1145/rc).

Methods

Clinical samples

Blood from 10 healthy controls (age: 62–76 years, 50% 
male) and 8 patients with IPF (age: 65–80 years, 50% male) 
was collected. All patients were reviewed for the current study 
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to validate the diagnosis of IPF according to the American 
Thoracic Society (ATS)/European Respiratory Society 
(ERS)/Japanese Respiratory Society (JRS)/Latin American 
Thoracic Society (ALAT) criteria (22). Other forms of 
interstitial pneumonia including other idiopathic ILD 
and ILD associated with systemic disease, environmental, 
exposure or medication were excluded. In addition, patients 
with chronic hypersensitivity pneumonitis as a hidden cause 
of IPF was also excluded. The high-resolution computed 
tomography and laboratory examination were also exploited 
to exclude connective tissue disease (23). All cases were 
evaluated by a multidisciplinary group composed of a 
pulmonologist, a specialist in pulmonary rehabilitation, a 
rheumatologist, a radiologist, a pathologist and a specialist 
in occupational medicine. Samples were stored at −80 ℃ 
until analyses. This study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). The 
study was approved by Taicang TCM Hospital, Affiliated 
to Nanjing University of Chinese Medicine (No. 2023024). 
Written informed consent was obtained from each 
participant in this study.

Cell culture

Human embryo lung fibroblast (HELF) [#PCS-201-013, 
American type culture collection (ATCC)] and WI-38 
(#CCL-75, ATCC) were maintained in Dulbecco’s modified 
Eagle medium (DMEM, Cat. #12430054, Gibco, Waltham, 
MA, USA) with 10% fetal bovine serum (FBS, #26140079, 
Gibco), 1% Penicillin-Streptomycin (#15140122, Gibco) in 
incubator with 5% CO2 at 37 ℃. 

Plasmid construction and cell transfection

DNM3OS-, EZH2- and TSC2-targeting short hairpin RNA 
(shRNA) were cloned into pLKO.1-puro vector (Addgene, 
Cambridge, MA, USA). HOXA5 open reading frame region 
was cloned and inserted into pcDNA3.1 vector (Addgene). 
The promoter region of LncRNA DNM3OS was cloned 
into pGL4 luciferase reporter vector (Promega, Madison, 
WI, USA). Lung fibroblasts were cultured in 6-well plates 
overnight before transfection with lipofectamine 2000. 
Cells were cultured for 48 h before further analysis.

Cell proliferation assay

Cell growth was evaluated using EdU (5-ethynyl-2'-
deoxyuridine) staining proliferation kit (#ab22421, Abcam, 

Cambridge, UK). Cells at 60–70% confluency were cultured 
with EdU for 4 h before fixation in 4% formaldehyde and 
permeabilization. EdU reaction mix was incubated with cells 
in dark. After staining of the nucleus with Hoechst 33342, 
cells were examined and imaged by fluorescence microscope. 

Wound healing assay

After 18–24 h culture, the confluent cells were scraped 
with a 1 mm pipette tip, followed by three times wash with 
phosphate buffered saline (PBS) and replenished with 2 mL 
complete medium. The cells were imaged immediately as 
well as 48 h later under microscope.

RNA isolation, reverse transcription polymerase chain 
reaction (PCR), and quantitative reverse transcription 
PCR (qRT-PCR)

Total RNA isolation and reverse transcription were 
performed using the RNeasy Mini Kit (#74104, QIAGEN, 
New York, NY, USA) and the High-Capacity cDNA 
Reverse Transcription Kit (#4368814, Applied Biosystems, 
Waltham, MA, USA), respectively. The SsoAdvanced 
Universal SYBR Green Supermix (#1725270, BIO-RAD, 
Hercules, CA, USA) was used for quantitative PCR (qPCR). 
Glyceraldehyde phosphate dehydrogenase (GAPDH) was 
used as reference gene. The primers for the tested genes are 
listed below. 

DNM3OS-F: 5'-GGTCCTAAATTCATTGCCAGTTC-3',
DNM3OS-R: 5'-ACTCAAGGGCTGTGATTTCC-3';
CoL1α1-F: 5'-GAGGGCCAAGACGAAGACATC-3',
CoL1α1-R: 5'-CAGATCACGTCATCGCACAAC-3';
CoL3α1-F: 5'-TTGAAGGAGGATGTTCCCATCT-3',
CoL3α1-R: 5'-ACAGACACATATTTGGCATGGTT-3';
TSC2-F: 5'-CTCCCATCCAGTCCTGCTAC-3',
TSC2-R: 5'-TCACTCACCTTGATGGTGCC-3';
U6-F: 5'-CTCGCTTCGGCAGCACA-3',
U6-R: 5'-AACGCTTCACGAATTTGCGT-3';
GAPDH-F: 5'-TGATTCTACCCACGGCAAGTT-3',
GAPDH-R: 5'-TGATGGGTTTCCCATTGATGA-3'.

Western blot analysis

Proteins were extracted in radio immunoprecipitation assay 
(RIPA) buffer and were electrophoresed in 12% sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a polyvinylidene difluoride 
membrane. After blocking in 5% TBST buffer, the 
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membrane was incubated overnight at 4 ℃ with the primary 
antibody, and the horseradish peroxidase-conjugated 
secondary antibodies, the blots were developed with 
enhanced chemiluminescence (ECL) kits (#1705060S, BIO-
RAD). Images were captured by a ChemicDoc XRS system 
(Bio-Rad). Antibodies used were anti-α-SMA (Cat. #14968, 
CST, Boston, MA, USA), anti-vimentin (Cat. #5741, CST), 
anti-fibronectin (Cat. #26836, CST), anti-EZH2 (Cat. 
#5246, CST), anti-TSC2 (Cat. #3612, CST), anti-GAPDH 
(Cat. #5174, CST).

RNA immunoprecipitation (RIP)

RIP was performed following the previous protocol (24). 
Briefly, cell lysis was incubated with EZH2 antibody-
conjugated magnetic beads. After extensive washes and 
treatment with proteinase K, RNA was extracted by 
phenol:chloroform: isoamyl alcohol solution, dissolved in 
RNase-free H2O and detected by PCR. A random sequence 
was used as negative control for RIP.

RNA pull-down

The process for RNA pull-down had been described 
previously (25). Cells were homogenized in hypotonic 
buffer and incubated with biotinylated DNM3OS or control 
antisense RNA-conjugated beads with RNase inhibitor. 
After extensive washes, RNA-binding proteins were 
dissolved in Laemmli buffer and examined by Western 
blotting assay. A random sequence was used as negative 
control for RIP.

Chromatin immunoprecipitation (ChIP)

Formaldehyde-mediated crosslinking of protein-DNA 
complexes was quenched by glycine. Cells lysis was 
sonicated and centrifuged to collect the supernatant, which 
was incubated with biotinylated EZH2 and α-HOXA5 
antibody. Streptavidin beads were used to enrich the 
chromatin-protein complex, followed by DNA extraction. 
The promoter of TSC2 and DNM3OS was checked by 
PCR. A random sequence was used as negative control, 
while MAX dimerization protein 1 (MXD1) promoter was 
used as a positive control (26).

Chromatin isolation by RNA purification (ChIRP)

ChIRP assay was performed with a Magna ChIRP Kit 

(Sigma-Aldrich, St. Louis, MO, USA). Cell lysate was 
ultrasonicated and centrifugated, the supernatant was 
incubated with probes and complete hybridization buffer for 
4 h at 37 ℃. The cocktail mixed with streptavidin magnetic 
beads was washed for five times. Finally, qPCR/qRT-PCR 
were performed to detect the interaction between lncRNA 
DNM3OS and TSC2 promoter. 

Luciferase assay

Luciferase activity was evaluated by the luciferase assay 
kit (#E1500, Promega). Cells co-transfected DNM3OS 
luciferase reporter with vector or HOXA5 expressing 
plasmid were cultured for 48 h in 96-well plates. Twenty 
microliter of lysis reagent was added into each well and 
then mixed with 100 µL of Luciferase Assay Reagent. 
The luminescence intensity was recorded withGloMax 96 
Luminometer (Progema). 

Statistical analysis

Experiment was performed for at least three times. Data 
were shown as mean ± standard deviation (SD). One-way 
Analysis of Variance (ANOVA) or Student’s t-test was used 
for statistical analysis with a SPSS software (SPSS Inc., 
Chicago, IL, USA). P<0.05 was considered statistically 
significant. 

Results

TGF-β1 upregulated lncRNA DNM3OS expression in 
lung fibroblast

A prior study has reported that the involvement of lncRNA 
DNM3OS in pulmonary fibrosis (20). We collected blood 
from 8 patients with IPF and 10 healthy controls and 
examined the expression of lncRNA DNM3OS. The levels 
of lncRNA DNM3OS were significantly higher in IPF 
patients than those in healthy individuals (Figure S1A). 
To assess the effect of TGF-β1 on lncRNA DNM3OS 
expression in lung fibroblast, HELF and WI-38 cells were 
cultured in gradually increased concentration of TGF-β1. 
The level of DNM3OS was elevated along with increased 
TGF-β1 and increased to about 3-fold with 10 ng/ml 
TGF-β1, compared to untreated cells (Figure 1A). Besides, 
TGF-β1 upregulated DNM3OS in a time-dependent manner. 
TGF-β1 did not cause significant change of DNM3OS at  
3 h, while DNM3OS expression was significantly upregulated 

https://cdn.amegroups.cn/static/public/JTD-23-1145-Supplementary.pdf
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at 6 h and 12 h post TGF-β1 treatment (Figure 1B). Cytosol-
nucleus fractionation showed that DNM3OS was mainly 
localized in the nuclear localization (Figure 1C). These data 
demonstrated that TGF-β1 induced lncRNA DNM3OS 
expression in lung fibroblasts.

HOXA5 promoted the transcription of DNM3OS

JASPAR-based bioinformatics analysis discovered that there 
was a potential HOXA5 binding motif in DNM3OS promoter 
(Figure 2A). The DNM3OS-WT increased the luciferase 
activity, while cells expressing scramble vector or DNM3OS-
MUT didn’t show an elevation of luciferase activity after 
HOXA5 overexpression, which indicated HOXA5 enhanced 
activation of DNM3OS promoter (Figure 2B). A prior study 
reported the interaction between MXD1 and HOXA5 (26). 
Our ChIP results showed that HOXA5 antibody enriched a 
large amount of MXD1 and DNM3OS, but not the scramble 
control, while Immunoglobulin G (IgG) control failed to 
pull down any targets examined (Figure 2C). Overexpression 
of HOXA5 in HELF cells significantly increased DNM3OS 
expression (Figure 2D). These data demonstrated that 
HOXA5 bound to the promoter of DNM3OS and thus 
promoted its transcription.

Loss of DNM3OS attenuated proliferation and the 
expression of fibrosis-related genes

Among the three DNM3OS-targeting shRNAs, sh-
DNM3OS-2 and sh-DNM3OS-3 effectively downregulated 
the expression of lncRNA DNM3OS in HELF and WI-
38 cells (Figure 3A). Therefore, sh-DNM3OS-2 and sh-
DNM3OS-3 were used for subsequent experiments. 
TGF-β1 treatment promoted proliferation of HELF and 
WI-38 cells, while the proliferative activity of TGF-β1 was 
diminished in cells with DNM3OS knockdown (Figure 3B). 
TGF-β1 promoted migration of lung fibroblasts, but the 
migratory ability of HELF and WI-38 cells was suppressed 
by DNM3OS knockdown (Figure 3C). The expression of 
alpha 1 type I collagen (CoL1α1) and alpha 1 type Ⅲ collagen 
(CoL3α1) in HELF and WI-38 cells were induced by 
TGF-β1, while suppressing of DNM3OS attenuated TGF-
β1-induced CoL1α1 and CoL3α1 expression (Figure 3D).  
Moreover, TGF-β1-induced expression of α-SMA, 
vimentin, and fibronectin was inhibited in lung fibroblast by 
sh-DNM3OS-2 and sh-DNM3OS-3 (Figure 3E). Together, 
these data demonstrated that loss of DNM3OS attenuated 
the pro-proliferative and pro-fibrotic activity of TGF-β1 in 
lung fibroblasts.

4

3

2

1

0
0        1        5       10

D
N

M
3O

S
 le

ve
ls

TGF-β1, ng/mL

HELF

***

*

4

3

2

1

0
0        1        5       10

D
N

M
3O

S
 le

ve
ls

TGF-β1, ng/mL

WI-38

***

*

3

2

1

0
0        3        6       12

D
N

M
3O

S
 le

ve
ls

TGF-β1, h

HELF
***

*

4

3

2

1

0
0        3        6       12

D
N

M
3O

S
 le

ve
ls

TGF-β1, h

WI-38

***
**

2.0

1.5

1.0

0.5

0.0
GAPDH

R
el

at
iv

e 
ex

pr
es

si
on

HELF

U6 DNM3OS

Cytosol 
Nucleus

2.0

1.5

1.0

0.5

0.0
GAPDH

R
el

at
iv

e 
ex

pr
es

si
on

WI-38

U6 DNM3OS

Cytosol 
Nucleus

A B

C

Figure 1 TGF-β1 upregulated lncRNA DNM3OS expression in lung fibroblast. (A) Lung fibroblast HELF and WI-38 were treated with 
indicated concentration of TGF-β1. LncRNA DNM3OS level was evaluated by qRT-PCR. (B) After treatment with TGF-β1 for indicated 
time, lncRNA DNM3OS level was assessed by qRT-PCR in HELF and WI-38. (C) HELF and WI-38 cells were subjected to nucleus 
and cytosol fractionation, and the levels of DNM3OS in the nucleus and cytosol were evaluated by qRT-PCR. *, P<0.05; **, P<0.01; ***, 
P<0.001. LncRNA, long noncoding RNA; HELF, human embryo lung fibroblast; TGF-β1, transforming growth factor beta 1; qRT-PCR, 
quantitative reverse transcription real-time polymerase chain reaction; GAPDH, glyceraldehyde phosphate dehydrogenase.
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Figure 2 HOXA5 promoted the transcription of DNM3OS. (A) Potential HOXA5 binding site in the promoter of DNM3OS predicted by 
JASPAR database. (B) DNM3OS promoter luciferase reporter expressing HELF cells were transfected with pcDNA3.1 or HOXA5 plasmid, 
and luciferase activity was determined by dual-luciferase assay. (C) ChIP was performed to confirm the relationship between DNM3OS and 
HOXA5. The promoter of DNM3OS was amplified by PCR and the level was determined by agarose electrophoresis. (D) DNM3OS level 
in HELF cells transfected with pcDNA3.1 or HOXA5 plasmid was determined by qRT-PCR. *, P<0.05; **, P<0.01; ***, P<0.001. HELF, 
human embryo lung fibroblast; pcDNA3.1, the control plasmid; ChIP, chromatin immunoprecipitation; PCR, polymerase chain reaction; 
qRT-PCR, quantitative reverse transcription real-time polymerase chain reaction; IgG, immunoglobulin G; TSS, transcription start site; 
WT, wide type; MUT, mutant.

LncRNA DNM3OS suppressed the expression of TSC2 
through recruiting EZH2

Subsequently, we further explored the underlying 
mechanism of DNM3OS mediated proliferation and the 
expression of fibrosis-related genes in lung fibroblast. RIP 
assay revealed that EZH2 specifically bound to DNM3OS 
but not the scramble control, the IgG control didn’t bind 
to DNM3OS or the scramble control (Figure 4A). RNA 
pull-down assay validated that the interaction between 
DNM3OS and EZH2, while the antisense or scramble 
controls failed to pull down EZH2 in HELF and WI-38 

cells (Figure 4B). In sh-DNM3OS expressing HELF and 
WI-38 cells, the levels of TSC2 were dramatically elevated 
(Figure 4C,4D). In the absence of DNM3OS, occupancy 
of EZH2 and H3K27me3 in the promoter region of 
TSC2 was reduced (Figure 4E). ChIRP assay verified the 
interaction between DNM3OS and TSC2 (Figure S1B,1C). 
Consistently, knockdown of EZH2 also resulted in elevation 
of TSC2 expression at mRNA and protein level (Figure 
4F,4G). These data collectively demonstrated that lncRNA 
DNM3OS directly interacted with EZH2 and prevented its 
binding to the promoter region of TSC2, thus inhibiting its 
expression. 
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Figure 3 Loss of DNM3OS attenuated growth and the expression of fibrosis-related genes. (A) The level of DNM3OS in HELF and WI-38 
cells expression sh-NC and sh-DNM3OS were evaluated by qRT-PCR. (B-E) WT and shRNA expressing lung fibroblasts were challenged 
with vehicle control or TGF-β1. The proliferation (B) and migration activity (C) of HELF and WI-38 cells were examined by EdU and 
wound healing assay, respectively. For EdU assay, the EdU probe was conjugated with a fluorescent dye, and the nucleus was stained by 
Hoechst 33342 and was examined under a fluorescent microscope. CoL1α1 and CoL3α1 expression (D) in HELF and WI-38 cell was assessed 
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**, P<0.01; ***, P<0.001. HELF, human embryo lung fibroblast; qRT-PCR, quantitative reverse transcription real-time polymerase chain 
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Figure 4 LncRNA DNM3OS suppressed the expression of TSC2 through recruiting EZH2. (A) RIP was performed in HELF and WI-38 
cells. DNM3OS level in control IgG or EZH2 antibody-enriched fraction was determined by PCR. (B) RNA pull-down assay was performed in 
HELF and WI-38 cells with DNM3OS and antisense RNA. EZH2 level was evaluated by Western blot. (C,D) The mRNA (C) and protein (D) 
levels of TSC2 in sh-NC or sh-DNM3OS HELF and WI-38 cells were examined by qRT-PCR and Western blot. (E) ChIP was performed 
in sh-NC and sh-DNM3OS HELF cells. (F,G) The mRNA (F) and protein (G) levels of TSC2 in HELF and WI-38 cells transfected 
with sh-NC or sh-EZH2 were determined by qRT-PCR and western blot analysis. *, P<0.05; **, P<0.01. LncRNA, long noncoding RNA; 
RIP, RNA immunoprecipitation; HELF, human embryo lung fibroblast; sh-NC, short hairpin RNA negative control; ChIP, chromatin 
immunoprecipitation; qRT-PCR, quantitative reverse transcription real-time polymerase chain reaction; IgG, immunoglobulin G; GAPDH, 
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LncRNA DNM3OS suppressed TSC2 to promote the 
expression of fibrosis-related genes in lung fibroblast

To inquire whether TSC2 is involved in DNM3OS-mediated 
expression of fibrosis-related genes in lung fibroblast, TSC2 
expression was effectively inhibited by TSC2-targeting 
shRNA (Figure 5A). TGF-β1-induced cell proliferation 
was attenuated in sh-DNM3OS cells, while further 
knockdown of TSC2 rescued proliferation defect in HELF 
and WI-38 cells (Figure 5B). Reduced migratory ability in 

TGF-β1 treated sh-DNM3OS cells was also reversed upon 
downregulation of TSC2 (Figure 5C). Moreover, DNM3OS-
dependent induction of CoL1α1 and CoL3α1 by TGF-β1 
was inhibited in sh-DNM3OS cells but was normalized 
in cells expressing sh-DNM3OS plus sh-TSC2 (Figure 
5D). The expression of α-SMA, vimentin, and fibronectin 
showed similar trends (Figure 5E). These data demonstrated 
that lncRNA DNM3OS promoted the expression of fibrosis-
related genes in lung fibroblast by suppressing TSC2 
expression. 



Lv et al. DNM3OS inhibits TSC2 to promote pulmonary fibrosis1242

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2024;16(2):1234-1246 | https://dx.doi.org/10.21037/jtd-23-1145

1.5

1.0

0.5

0.0

R
el

at
iv

e 
ex

pr
es

si
on

 o
f T

S
C

2

**

sh-NC 
sh-TSC2

C

**

HELF WI-38

H
E

LF
W

I-
38

TGF-β1
TGF-β1 + sh-

DNM3OS + sh-NC
TGF-β1 + sh-

DNM3OS + sh-TSC2

40

30

20

10

0C
el

l p
ro

lif
er

at
io

n,
 % **

TGF-β1 
TGF-β1 + sh-DNM3OS + sh-NC 
TGF-β1 + sh-DNM3OS + sh-TSC2

**

HELF WI-38

* *

TGF-β1
TGF-β1 + sh-

DNM3OS + sh-NC
TGF-β1 + sh-

DNM3OS + sh-TSC2

0 h

48 h

0 h

48 h

H
E

LF
W

I-
38

0.8

0.6

0.4

0.2

0.0C
el

l m
ig

ra
tio

n 
in

de
x **

TGF-β1 
TGF-β1 + sh-DNM3OS + sh-NC 
TGF-β1 + sh-DNM3OS + sh-TSC2

**

4

3

2

1

0R
el

at
iv

e 
ex

pr
es

si
on

**

TGF-β1 
TGF-β1 + sh-DNM3OS + sh-NC 
TGF-β1 + sh-DNM3OS + sh-TSC2

*

CoL1α1 CoL3α1

* *

HELF

0.8

0.6

0.4

0.2

0.0C
el

l m
ig

ra
tio

n 
in

de
x ***

*

4

3

2

1

0R
el

at
iv

e 
ex

pr
es

si
on **

*

CoL1α1 CoL3α1

**

*

WI-38

TG
F-
β1

TG
F-
β1

 +
 sh

-

DNM
3O

S +
 sh

-N
C

TG
F-
β1

 +
 sh

-

DNM
3O

S +
 sh

-T
SC2

α-SMA 

Vimentin 

Fibronectin 

GAPDH

HELF

TG
F-
β1

TG
F-
β1

 +
 sh

-

DNM
3O

S +
 sh

-N
C

TG
F-
β1

 +
 sh

-

DNM
3O

S +
 sh

-T
SC2

α-SMA 

Vimentin 

Fibronectin 

GAPDH

WI-38

1.5

1.0

0.5

0.0R
el

at
iv

e 
pr

ot
ei

n 
le

ve
ls

**

TGF-β1 
TGF-β1 + sh-DNM3OS + sh-NC 
TGF-β1 + sh-DNM3OS + sh-TSC2

** **
**

**
*

α-SMA Vimentin Fibronectin

1.5

1.0

0.5

0.0R
el

at
iv

e 
pr

ot
ei

n 
le

ve
ls

*

TGF-β1 
TGF-β1 + sh-DNM3OS + sh-NC 
TGF-β1 + sh-DNM3OS + sh-TSC2

** **
**

**
*

α-SMA Vimentin Fibronectin

A B

E

D

Figure 5 LncRNA DNM3OS suppressed TSC2 to promote the expression of fibrosis-related genes of in lung fibroblast. (A) The level of 
TSC2 in HELF and WI-38 cells with sh-NC or sh-TSC2 was determined by qRT-PCR. (B-E) sh-DNM3OS or sh-DNM3OS plus sh-
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Discussion

IPF is a chronic, progressive and unrepairable disease 
with only few available medications to slow down rather 
than prevent the progression of IPF (27,28). Many adults, 
particularly elder people, are suffered from IPF and have 
decreased quality of life worldwide, not to mention the 
damage and mortality resulted from misdiagnosis and 
inappropriate treatment (1-3). Due to the poorly understood 
etiology and pathogenesis of IPF, the potential target for 
IPF treatment is limited. Herein, we aimed to elucidate 
the mechanism of lncRNA DNM3OS-mediated fibrosis of 
human embryo lung fibroblast. A pro-fibrotic signaling axis 
HOXA5-DNM3OS-TSC2 was revealed in TGF-β1 treated 
lung fibroblast and targeting this axis showed potential 
application in anti-fibrosis treatment in the future.

TGF-β signaling is a major contributor for lung fibrosis (29),  
and many downstream effectors of TGF-β have been 
identified (30).  Recent studies demonstrated that 
transcription factor HOXA5 is a critical mesenchymal 
regulator by regulating Wnt2 signaling (31,32). Moreover, 
HOXA5 may also activate TGF-β signaling (33). HOXA5 
also exhibits its transcriptional activity in regulating the 
expression of lncRNA0032 (34). A previous study reported 
that TGF-β upregulates the expression of DNM3OS 
through an unrecognized mechanism (20). We also 
observed consistent upregulation of lncRNA DNM3OS 
by TGF-β in a dose- and time-dependent manner. We 
observed downregulation of fibrosis-related genes CoL1α1 
and CoL1α1 after knockdown of DNM3OS in Figure 3D 
and Figure 5D. With all the experiments were performed 
in human embryo lung fibroblast (HELF and Wi-38), 
our results established the connection between DNM3OS 
and fibrosis. In addition, TGF-β1 is known to be a crucial 
pro-fibrosis factor in IPF (35,36). IPF patients showed 
significantly higher production of TGF-β1 compared to 
healthy controls (37,38). Treatment with TGF-β1 promotes 
the expression of fibrosis-related genes (39), and Inhibition 
of TGF-β production prevents IPF progression (40). The 
analyses of 8 patients with IPF also provided additional 
verification of the role of DNM3OS in pulmonary fibrosis 
We further exploited a bioinformatics approach which 
predicted a HOXA5 binding site in the promoter region of 
lncRNA DNM3OS, and experimentally demonstrated that 
HOXA5 regulated the transcription of lncRNA DNM3OS. 
Our study revealed that HOXA5 promotes the expression 
of fibrosis-related genes via inducing the transcription of 
lncRNA DNM3OS.

EZH2, a methyltransferase that mediates H3K37 
methylation, is involved in TGF-β signaling and related 
fibrosis (41-43). Our study validated the involvement 
of EZH2 in TGF-β signaling and further proved that 
DNM3OS may cooperate with EZH2 for the transduction 
of TGF-β signals. TSC2 is a suppressor of fibrosis and 
is epigenetically suppressed by EZH2 (44,45), which is 
also validated in the current study. LncRNA has shown its 
versatile functions through various mechanisms including 
RNA-RNA, RNA-DNA, and RNA-protein interactions (46).  
As shown in Figure 5B-5D, knockdown of TSC2 partially 
reversed the effects of shDNM3OS, but could not 
completely restore to the levels in TGF-β1 treatment, 
insinuating that there were additional pathways involved 
in lncRNA DNM3OS-mediated lung fibrosis. For instance, 
a prior study reported the role of lncRNA DNM3OS in 
regulating lung fibrosis through three distinct profibrotic 
mature miRNAs (20). Furthermore, lncRNA DNM3OS 
modified H3K27 methylation of T-cell lymphoma invasion 
and metastasis 1 (TIAM1) promoter in liver cancer by 
interacting with lysine demethylase 6B (KDM6B) (47). 
Therefore, lncRNA DNM3OS, like other lncRNAs, exerts 
its functions in many ways. It is difficult for us to exclude 
the possible involvement of miRNA or other mechanisms 
in the current study, but we would like to pursue it in the 
future. Therefore, our study clearly elucidated that induced 
by TGF-β1-HOXA5, lncRNA DNM3OS can promote 
fibrosis of human embryo lung fibroblast by recruiting 
EZH2 to the promoter region of TSC2 and epigenetically 
suppressing the expression of TSC2, a suppressor of fibrosis.

Conclusions

Taken together, our study clearly clarified a novel TGF-β 
signaling axis through which lncRNA DNM3OS could 
aggravate the fibrosis of human embryo lung fibroblast. The 
HOXA5-DNM3OS-EZH2-TSC2 axis is essential for fibrosis 
progression, and targeting this axis holds great potential to 
treat lung fibrosis.
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Supplementary

Figure S1 LncRNA DNM3OS was upregulated in IPF and could bind to the promoter of TSC2. (A) the levels of lncRNA DNM3OS in the 
blood of healthy controls (n=10) and IPF patients (n=8) were evaluated by qRT-PCR. ChIRP was performed: (B) DNM3OS bound to the 
promoter of TSC2 was determined by qPCR. (C) The specific binding of DNM3OS with its probes was verified using qRT-PCR. **, P<0.01; 
***, P<0.001. 


