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Abstract Cataracts, a widely prevalent ocular pathology, engender visual impairment and
emerge as a primary etiological factor contributing to ocular blindness. Substantial evidence
substantiates that epithelialemesenchymal transition stands prominently among the pivotal
causative factors associated with this debilitating condition. However, the underlying mecha-
nism remains unclear. In the present study, we analyzed the single-cell data and found that the
mRNA expression of nuclear receptor subfamily 2 group F member 1 (NR2F1/COUP-TFI) was
notably decreased in fibrocytes compared with epithelium. Interestingly, we observed a signif-
icant up-regulation of NR2F1 protein in the anterior subcapsular cataract mice model and
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JAK1/STAT3 pathway;
NR2F1
transforming growth factor-b1 (TGF-b1)-treated SRA01/04 cells. Furthermore, we found that
TGF-b1 stimulation disrupted the balance of autophagy, leading to impaired degradation
and increased protein levels of NR2F1 in SRA01/04 cells. Subsequently, after anterior chamber
injection of NR2F1 adeno-associated virus in anterior subcapsular cataract mice, the develop-
ment of fibrosis was alleviated. In vitro, the knockdown of NR2F1 in SRA01/04 also mitigated
the TGF-b1-induced epithelialemesenchymal transition. Mechanically, NR2F1 proteins directly
interacted with the promoter region of STAT3 and orchestrated the up-regulation of phosphor-
ylated STAT3 (p-STAT3), thereby facilitating the apoptosis and migration of SRA01/04 cells via
the JAK1/STAT3 pathway, resulting in epithelium fibrosis and cataracts. Furthermore, inhibi-
tion of p-STAT3 obviously attenuated apoptosis and fibrosis of SRA01/04 cells. Collectively,
our study provides a novel therapeutic target for cataracts and offers insight into the under-
lying mechanism of the epithelialemesenchymal transition of cataracts.
ª 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
Introduction

Cataracts, a prevalent ocular condition, result in visual
impairment and primarily contribute to blindness.1,2 Over
the past few years, there has been a significant increase in
the prevalence of cataracts, which are characterized by
impaired eyesight and a gradual decline in vision.3 The
abnormal growth and movement of lens epithelial cells
invading stromal cells are common conditions that
contribute to the development of cataracts.4,5 In the pro-
cess of epithelialemesenchymal transformation (EMT), lens
epithelial cells produce significant fibronectin 1 (FN1), a-
smooth muscle actin (a-SMA), and vimentin (VIM) to obtain
a mesenchymal cell phenotype. This is accompanied by an
increase in the migratory ability of lens epithelial cells.6,7

While surgical interventions can effectively restore vision in
individuals with cataracts, a significant number of patients
experience persistent vision loss or pupil deformation
within the ensuing 2e5 years after surgery. This phenom-
enon profoundly influences the quality of life of these pa-
tients.8 Hence, it is imperative to explore a different
approach for treating cataracts.

Anterior subcapsular cataract (ASC) is an important type
of cataract, characterized by a fibrotic plaque beneath the
anterior lens capsule and is primarily induced by trauma or
cytokine stimulation.7,9,10 Over the past few years, the
demand for implantable lens surgery has steadily
increased. Importantly, recent studies have recognized ASC
as a complication that arises from this procedure.11 The
connection between the origin of ASC and lens epithelial
cells, particularly human lens epithelial cells, remaining
after cataract surgery is widely recognized. The prolifera-
tion, migration, and mesenchymal transformation of these
cells result in the posterior capsule appearing white and
cloudy.9 The increase in transforming growth factor-b (TGF-
b) inside ASC has been widely recognized as a crucial
trigger, leading to EMT in lens epithelial cells. During this
process, cells exhibit either migration towards the cell-free
posterior capsule or the formation of fibrotic plaques.12,13

Consequently, inhibiting lens epithelial cell migration and
proliferation through EMT modulation emerges as a prom-
ising therapeutic strategy for ASC treatment and
prevention. Considerable advancements have been ach-
ieved in the development of medications and gene therapy
that focus on the pathogenesis of ASC, utilizing epigenetic
methods. Targeted preventive and therapeutic measures
for these fibrotic cataracts have consequently become
available.

Nuclear receptor subfamily 2 group F member 1 (NR2F1/
COUP-TFI) acts as a transcriptional regulator for numerous
genes and plays a crucial role in diverse biological processes
such as cell growth, differentiation, and migration.14,15

Moreover, NR2F1 is implicated in several ophthalmic dis-
eases; notably, it has been identified as the causative fac-
tor in BoscheBoonstraeSchaaf optic atrophy syndrome,
which often presents with optic atrophy, leading to vision
impairment.16 New studies have provided insight into the
important function of NR2F1 in the development of
mesenchymal fibrosis in cancerous cells.17,18 A study con-
ducted by Carolina et al revealed that during the early
phases of breast cancer progression, the suppression of
NR2F1 by human epidermal growth factor receptor 2 (HER2)
aids in the spread of cancer cells by initiating EMT and
activating a combination of luminal and basal-like charac-
teristics.19 Nonetheless, the exact process through which
NR2F1 functions in the transition from an epithelial state to
a mesenchymal state in lens epithelial cells is still
unknown.

The current investigation revealed that TGF-b1 stimu-
lation disrupted autophagy, resulting in impaired degrada-
tion and elevated protein levels of NR2F1 in epithelial cells.
In the in vitro environment, the inhibition of NR2F1 in lens
epithelial cells reduced TGF-b1-induced proliferation,
migration, and EMT. Additionally, NR2F1 adeno-associated
virus (AAV)-infected ASC mice exhibited a deceleration in
the progression of fibrosis. Mechanistically, dual-luciferase
experiments revealed that NR2F1 bound directly to the
promoter of signal transducer and activator of transcription
3 (STAT3) and regulated the expression of phosphorylated
STAT3 (p-STAT3), promoting lens epithelial cell fibrosis,
migration, and apoptosis and resulting in the development
of cataracts. Collectively, these findings indicate that
NR2F1 represents a promising therapeutic target for
treating fibrotic cataracts.

http://creativecommons.org/licenses/by/4.0/
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Methods and materials

Cell culture and treatment

The SRA01/04 cell line was obtained from Procell Life Sci-
ence & Technology Co., Ltd. and cultured in Dulbecco’s
modified Eagle medium (Gibco, Life Technologies, NY, USA)
supplemented with 10% fetal bovine serum (Gibco, Life
Technologies). The cells were maintained in an incubator at
37 �C with 5% CO2. For TGF-b1 treatment, cells were seeded
in 6-well plates and treated with 10 ng/mL of TGF-b1
(PeproTech, Suzhou, China) for 48 h. The autophagy in-
hibitor chloroquine (T8689, TargetMol, USA) was applied at
concentrations of 5, 10, 20, 40, and 80 mM. Additionally, the
P-STAT3 inhibitor NSC 74859 (MCE, Shanghai, China) was
added 24 h before TGF-b1 treatment. NR2F1 agonist 1 (HY-
149913, MCE) was treated at 0.5 or 1 mM concentration.

Lentiviral cell transduction

Lentiviral vectors were utilized to suppress NR2F1 expres-
sion in accordance with the manufacturer’s recommended
protocols. Briefly, 2 � 105 cells per well were sowed in 6-
well plates (Jet Biofil). Once the cells had adhered to the
wall, they were infected with the lentiviral particles at a
multiplicity of infection of 45 for 6 h. On the third day after
transfection, the cells were examined and their fluores-
cence was visualized using a fluorescence microscope
(DMIL4000, Leica, Germany) to confirm the efficiency of
transduction. Subsequently, the stably transformed cell
lines were selected through treatment with puromycin
dihydrochloride at a concentration of 2 mg/mL.

Adeno-associated virus injection

C57BL/6J mice were first induced into general anesthesia
through intraperitoneal administration of ketamine. To
facilitate ocular dilation, tropicamide was administered
topically. The periocular region was then meticulously
cleaned with povidone iodine to minimize the risk of infec-
tion. Under an operating microscope, the mice were care-
fully positioned. A Hamilton syringe, fitted with a 30-gauge
needle, was prepared for precise injection. A minimally
invasive incisionwasmade in the cornea to gain access to the
anterior chamber of the eye. Slow and controlled injections
of either AAV-NC or AAV-NR2F1 were administered into the
anterior chamber with caution to prevent damage to the
corneal endothelium and iris. The needle was withdrawn
slowly to minimize the backflow of the vector.20

Real-time quantitative PCR

RNA extraction was performed using the TRIzol reagent
(Roche, Swiss). After reverse transcription of the RNA into
cDNA with the RT Master Mix (AG11705, Accurate Biotech-
nology (Hunan) Co., Ltd., Changsha, China), the cDNA was
combined with the SYBR Green qPCR Master Mix in a light-
protected environment (AG11708, Accurate Biotechnology
(Hunan) Co., Ltd., Changsha, China). mRNA expression
levels were assessed using the ABI 7500 Real-Time PCR
System (Applied Biosystems, USA). The expression of b-
actin was employed as an internal control to normalize the
mRNA levels, which were quantified using the 2�DDCT

method. Primers were synthesized by Shanghai Sangon Co.,
Ltd. The forward primer for NR2F1 was 50-ATCGTGCTGTT-
CACGTCGTCAGAC-30 and the reverse primer was 50-
TGGCTCCTCACGTACTCCTC-30. For b-actin, the forward
primer was 50-GTGACGTTGACATCCGTAAAGA-30 and the
reverse primer was 50-GCCGGACTCATCGTACTC-30.

Western blot

SRA01/04 cells or lenses were first rinsed twice with phos-
phate-buffered saline (PBS). Following this, pre-cooled
RIPA buffer (R0020, Solarbio) was added to the cells to
effectively lyse and extract total proteins. The protein
concentration in the lysates was then determined using the
Bicinchoninic Acid Kit (Beyotime, Shanghai). Subsequently,
the protein was separated by gel electrophoresis and
transferred onto a polyvinylidene fluoride membrane. Next,
the membrane was obstructed using Fast Blocking Western
(Yeasen, Shanghai) and left to incubate with the primary
antibody overnight at a temperature of 4 �C. Finally, the
bands were visualized by ECL kit (KF8001, Affinity) and
quantified with Image J.21 The primary antibodies
employed in this investigation are listed in Table S1.

Immunofluorescence staining

Sh-NC or Sh-NR2F1 SRA01/04 cells were stimulated with
TGF-b1 and incubated for 48 h. Following this treatment,
the cells were fixed using paraformaldehyde at room tem-
perature for 30 min. This was followed by permeabilization
with 0.5% Triton X-100 for 10 min and then blocking with 1%
bovine serum albumin for 1 h to reduce non-specific anti-
body binding. After the blocking step, the cells were
incubated at 4 �C overnight in a humidity chamber with
primary antibodies. The following day, cells were incubated
with secondary antibodies. The secondary antibodies used
were Alexa Fluor 488-labeled goat anti-rabbit IgG (H þ L)
and Cy3-labeled donkey anti-goat IgG (H þ L), both diluted
at a ratio of 1:500 (Beyotime). After rinsing with PBS, nu-
clear staining was performed using 40,6-diamidino-2-phe-
nylindole (DAPI). Images were conducted using a laser
scanning confocal microscope (Leica, Germany).

Lens paraffin sections were subjected to fluorescent
immunolabeling using specific primary antibodies to target
proteins of interest. These were followed by the applica-
tion of appropriate secondary antibodies to amplify the
signal. Subsequent analysis of these labeled sections was
performed using a fluorescence microscope (Leica,
Germany).

Hematoxylin and eosin staining

The lens tissue was fixed using buffered formalin to pre-
serve its structure and then embedded in paraffin. Using a
microtome, the paraffin-embedded lens blocks were
sectioned into 5-micron-thick slices. These thin sections
were carefully mounted onto glass slides. The slides un-
derwent a deparaffinization process using xylene to remove
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the paraffin, followed by a rehydration sequence with
graded alcohols ranging from 70% to 100%. The rehydrated
sections were then stained using the conventional hema-
toxylin and eosin staining protocol which provides contrast
by staining cell nuclei blue (hematoxylin) and cytoplasmic
structures pink (eosin). Finally, the stained sections were
examined and images were captured using a high-quality
microscope (Leica, Germany).

Masson staining

Lens sections were immersed in clearer for 10 min. This step
was repeated two times, gently shaking off excess liquid
between each step. The tissue sections were soaked in
increasingly less concentrated ethanol solutions and finally
soaked in distilled water to rehydrate the tissue. The tissue
was soaked in absolute ethanol for 5 min, followed by 95%
ethanol for 5 min, 85% ethanol for 5 min, and 75% ethanol for
5 min. The tissue was then rinsed with distilled water for
1 min. The dehydrated tissue sections were immersed in
Bouin’s solution or Zenker’s solution overnight and then
rinsed with running water. The sections were treated with
Harris hematoxylin solution or iron hematoxylin for
5e10 min, followed by a gentle rinse with running water.
Differentiation of the sectionswas carried out using 0.8%e1%
hydrochloric acid alcohol, followed by washing with running
water for severalminutes. An alternative treatment involved
the use of a lithium carbonate solution for a bluer hue, fol-
lowed by washing with running water. Afterward, the sec-
tionswere treatedwith a solution of ponceau acid fuchsin for
5e10 min, followed by rinsing with flowing water. Additional
therapy involved being exposed to a solution of phospho-
molybdic acid for approximately 5 min and then stained with
a solution of aniline blue for 5 min without any rinsing. The
sections were subsequently subjected to a 1-min treatment
using 1% acetic acid and were then dehydrated multiple
times using 95% alcohol. The tissue sectionswere dehydrated
with absolute alcohol and transparentized with xylene, then
mounted with neutral balsam, and examined under a mi-
croscope (Leica, Germany).

ASC model

In this experiment, a group of 8-week-old C57BL/6Jmice was
divided into two equal groups. After dilating the pupils with
the compound tolbutamide, the anterior capsule was
scratched by puncturing the mice’s cornea using a hollow
needle with a diameter of 0.3 mm under a microscope. The
depth of the needle was approximately 1 mm. Cataracts in
the experimental groupwere themost obvious on the7thday.

Migration assay

Sh-NC or Sh-NR2F1 SRA01/04 cells were seeded and cultured
in the upper chambers of 24-well Transwell plates (Corning,
Inc.), with a seeding density of 5 � 104 cells per well. After
adhering to the chamber walls, the cells were treated with
TGF-b1 for 48 h. The cells that had traversed the filter were
then fixed using 4% paraformaldehyde for 10 min to ensure
their immobilization, and stained with 1% crystal violet.
Non-migrated cells on the upper side of the microporous
membrane were removed using a cotton swab. The migrated
cells on the lower side were visualized under a fluorescence
microscope (Leica, Germany). The quantification of the
migrated cells was accomplished using ImageJ software.

Terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) staining

SRA01/04 cells were seeded into a 48-well plate with either
Sh-NC or Sh-NR2F1 and subsequently exposed to TGF-b1 for
48 h. After that, the cells were rinsed with PBS, followed by
fixation using 4% paraformaldehyde for 30 min. They were
then washed again with PBS and treated with 0.3% Triton X-
100 PBS at room temperature for 5 min. Afterward, the
specimens were rinsed two times with PBS, and then 50 mL
of TUNEL detection solution was introduced to the speci-
mens, followed by incubation at 37 �C for 60 min in the
absence of light. After applying an anti-fluorescence
quenching sealing solution, the samples were examined
using a fluorescence microscope.

Lens sections were initially treated with Protease K at
37 �C for 20 min to facilitate tissue permeabilization.
Following the enzymatic treatment, the sections were
thoroughly washed three times with PBS. Subsequently, the
appropriate amount of terminal deoxynucleotidyl trans-
ferase (TdT) enzyme was added to the sections, and they
were incubated at 37 �C for 1 h. To visualize the cell nuclei,
the sections were stained with DAPI. The stained lens sec-
tions were examined and images were captured using a
fluorescence microscope (Leica, Germany).

Dual-luciferase assay

HEK293T cells were transfected with Luciferase reporter and
Renilla luciferase vectors obtained from Wuhan GeneCreate
Biological Engineering Co., Ltd., China. These cells were
previously transfected with NR2F1 overexpressing plasmid
and either STAT3 mutant or wild-type plasmid. This trans-
fection was performed 24 h after seeding the cells into a 24-
well plate (3� 104 cells perwell) usingLipofectamineTM2000
(Invitrogen, USA). The measurement of luciferase function
was performed 24 h after transfection using a Dual-Luciferase
Reporter Assay kit from Yeasen in Shanghai, China.

Statistical analysis

The data was analyzed using a two-tailed t-test and one-
way ANOVA. The results illustrated in the figures are
indicative of three or more independent repetitions. Sta-
tistical significance was considered at a significance level of
p < 0.05, and p values < 0.01 were regarded as highly
significant.

Results

The protein level of NR2F1 is increased in the ASC
model

To examine the involvement of NR2F1 in fibrotic cataracts,
C57BL/6J mice were subjected to ASC induction (Fig. 1A).



Figure 1 The protein level of NR2F1 is increased in the ASC model. (A) The anesthetized and dilated mice were positioned
beneath a microscope for the ASC modeling procedure. (B) Cataract lesions in control and ASC mice using a slit lamp. (C) He-
matoxylin and eosin staining in lens section of control and ASC mice. Scale bar, 100 mm. (D) Masson staining of the two groups. Scale
bar, 100 mm. (E) The immunofluorescence results of FN1 and VIM in lens slides of control and ASC groups. Scale bar, 50 mm. (F, G)
The protein expression and quantification of apoptosis-related markers BAX and CASP3 in control and ASC groups. n Z 3 per group;
mean � standard deviation; **p < 0.01; unpaired student’s t-test. (H, I) The protein level and quantitative chart of NR2F1 in the
two groups mentioned above. n Z 3 per group; mean � standard deviation; *p < 0.05; unpaired student’s t-test. NR2F1, nuclear
receptor subfamily 2 group F member 1; ASC, anterior subcapsular cataract; FN1, fibronectin 1; VIM, vimentin; BAX, Bcl-2-asso-
ciated X; CASP3, caspase 3.
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The use of this mouse model for lens anterior capsular
injury is a widely accepted approach to investigate various
aspects of lens epithelial cells, including cell death, cell
movement, EMT, the accumulation of extracellular matrix
components, and the development of subcapsular
plaques.22e24 These features closely resemble the patho-
logical characteristics observed in human ASC and posterior
capsule opacification, with the peak of pathological mani-
festations occurring on the 7th day after modeling.9,25

Seven days after injury, slit lamp examination revealed
opaque and cloudy lenses in the ASC group (Fig. 1B). He-
matoxylin and eosin staining revealed a substantial prolif-
eration of lens epithelial cells, which migrated towards the
inner regions of the lens, adopting a radial pattern
(Fig. 1C). Furthermore, Masson staining corroborated these
findings, revealing a significant presence of collagen fibrils
beneath the anterior capsule in ASC mice, indicative of
fibrotic changes (Fig. 1D). Taken together, these findings
suggest the successful development of an ASC mouse
model, which exhibited an EMT process.
To further validate the fibrotic pathology inherent in the
ASC model, we conducted an immunofluorescence analysis.
The results showed a significant increase in the levels of
fibrotic markers, such as FN1 and VIM, in the ASC group
compared with the control group (Fig. 1E). Consistent with
prior research highlighting the strong association between
apoptosis and cataract disease, our findings also revealed a
significant increase in ASC mice in the protein levels of
apoptotic markers Bcl-2-associated X (BAX) and caspase 3
(CASP3) (Fig. 1F, G). Notably, the protein level of NR2F1
was substantially increased in the ASC group (Fig. 1H, I).
Collectively, these observations imply a potential contrib-
utory role of NR2F1 in the development of ASC.
TGF-b1 mediates the fibrosis process in human lens
epithelial cells

Due to the small size and difficulty in isolating primary lens
cells, we decided to employ the widely used lens cell line
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SRA01/04 for further experiments. Following 48 h of
exposure to TGF-b1, notable morphological changes were
observed in the cells, characterized by an increase in size,
a sparse cytoplasm, and an elongated pike shape (Fig. 2A).
Following Western blot analysis, an evident increase in the
protein levels of the mesenchymal markers FN1, VIM, and a-
SMA was observed in the TGF-b1-induced SRA01/04 cells
(Fig. 2B, C). Immunofluorescence analysis also revealed
increased levels of FN1, VIM, and a-SMA in human lens
epithelial cells subjected to TGF-b1 treatment compared
with those in the control group (Fig. 2DeF).

TGF-b1 mediated autophagy dysfunction results in
increased protein levels of NR2F1

To investigate the influence of NR2F1 on the development
of fibrosis, we analyzed single-cell information obtained
from the embryonic eye dataset (GSE228370). Compared
with those in epithelial cells, NR2F1 mRNA levels in fiber
cells were lower (Fig. 3A). These findings are consistent
with the results obtained in TGF-b1-treated SRA01/04 cells
(Fig. 3B). Interestingly, the protein expression of NR2F1 was
notably increased in SRA01/04 cells following treatment
Figure 2 TGF-b1 mediates fibrosis of SRA01/04 cells. (A) Light fie
The protein expression and quantification of fibrosis-related marke
b1. n Z 3 per group; mean � standard deviation; *p < 0.05, **p
nofluorescence of FN1, VIM, and a-SMA in the two groups mentioned
b1; PBS, phosphate-buffered saline; FN1, fibronectin 1; a-SMA, a-s
with TGF-b1 (Fig. 3C, D). Immunofluorescence analysis also
revealed an increase in the protein level of NR2F1 in the
TGF-b1-treated SRA01/04 cells (Fig. 3E). This inconsistency
in mRNA and protein expression deserves further
exploration.

Previous studies have suggested that increased mRNA
levels with decreased protein levels may be attributed to
unbalanced protein degradation.26,27 The importance of
autophagy in the development of fibrosis facilitates the
essential stages of protein breakdown.28e30 Therefore, we
next stimulated SRA01/04 cells with the autophagy in-
hibitor chloroquine at concentrations of 5, 10, 20, 40, and
80 mM. Western blot analysis revealed that NR2F1 protein
level was increased after autophagy was inhibited (Fig. 3F,
G). Immunofluorescence analysis also revealed an in-
crease in the protein level of NR2F1 after autophagy was
inhibited (Fig. S1). Furthermore, immunofluorescence
analysis revealed colocalization of microtubule-associ-
ated protein 1 light-chain 3B (LC3B) and NR2F1 along with
P62 and NR2F1 (Fig. 3H). These findings suggest that the
suppression of autophagy in epithelial cells caused by
TGF-b1 may be responsible for the increased protein level
of NR2F1.
ld images of SRA01/04 cells treated with PBS or TGF-b1. (B, C)
rs FN1, VIM, and a-SMA in SRA01/04 cells with or without TGF-
< 0.01, ***p < 0.001; unpaired student’s t-test. (DeF) Immu-
above. Scale bar, 100 mm. TGF-b1, transforming growth factor-
mooth muscle actin; VIM, vimentin.



Figure 3 TGF-b1 mediated autophagy dysfunction resulting in an increased protein level of NR2F1. (A) The mRNA profile of NR2F1
in lens epithelial cells and fiber cells using single-cell data. (B) The mRNA level of NR2F1 in SRA01/04 cells with PBS or TGF-b1.
n Z 3 per group; mean � standard deviation; *p < 0.05; unpaired student’s t-test. (C, D) The protein expression and quantification
of NR2F1 in TGF-b1-induced SRA01/04 cells. n Z 3 per group; mean � standard deviation; *p < 0.05; unpaired student’s t-test. (E)
Subcellular location of NR2F1 in PBS- or TGF-b1-treated SRA01/04 cells. Scale bar, 50 mm. (F, G) The protein level and quantifi-
cation of NR2F1 in SRA01/04 cells stimulated with the autophagy inhibitor chloroquine at concentrations of 5, 10, 20, 40, and
80 mM, respectively. n Z 3 per group; mean � standard deviation; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA. (H) Co-
localization of LC3B and NR2F1 along with P62 and NR2F1 in SRA01/04 cells with TGF-b1. Scale bar, 50 mm. TGF-b1, transforming
growth factor-b1; NR2F1, nuclear receptor subfamily 2 group F member 1; PBS, phosphate-buffered saline; LC3B, microtubule-
associated protein 1 light-chain 3B.
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Knockdown of NR2F1 significantly attenuates
fibrosis both in vivo and in vitro

To further explore the role of NR2F1 in the fibrosis process,
AAVs carrying NR2F1 constructs were synthesized and
administered via injection into the anterior chamber of the
lens (Fig. 4A). Two weeks after AAV infection, the efficiency
of NR2F1 knockdown was assessed, revealing a significant
reduction in the protein levels of NR2F1 in the lenses of
mice treated with NR2F1 AAVs (Fig. S2). Subsequently, mice
were treated with AAV-NC (negative control) or AAV-NR2F1
and then subjected to the ASC modeling. Slit lamp exami-
nation revealed that mice treated with AAV-NR2F1 exhibi-
ted a milder degree of cataracts compared with their
AAVeNCetreated counterparts (Fig. 4B). Hematoxylin and
eosin staining revealed that the proliferation and migration
abilities of lens epithelial cells in the AAV-NR2F1 group
were reduced compared with those in the AAV-NC group
(Fig. 4C). Masson staining revealed that the proliferative
status of collagen fibers beneath the anterior capsule was
less severe in AAV-NR2F1þASC mice than in control mice
(Fig. 4D). To further validate the observed phenotype, we
conducted a-SMA immunofluorescence analysis on the
aforementioned groups. The results revealed a decrease in
fluorescence intensity in AAV-NR2F1þASC mice, indicating a
reduction in the extent of fibrosis. Collectively, these data
indicate that inhibiting NR2F1 in vivo significantly attenu-
ated the progression of fibrosis (Fig. 4E).

Additionally, NR2F1 lentiviruses were synthesized and
introduced into SRA01/04 cells. Western blot analysis
revealed that among the various constructs, Sh-NR2F1-2
exhibited the most pronounced silencing efficacy (Fig. 4F,
G). Consequently, Sh-NR2F1-2 was selected for use in sub-
sequent experiments. After the knockdown of NR2F1 in
SRA01/04 cells treated with TGF-b1, Western blot analysis
was conducted, revealing a significant decrease in the
protein levels of the EMT markers FN1, VIM, and a-SMA
(Fig. 4HeK). Moreover, immunofluorescence staining also
showed decreased levels of FN1, VIM, and a-SMA
(Fig. 4LeN). These findings indicated that the extent of



Figure 4 Knockdown of NR2F1 significantly attenuates fibrosis both in vivo and in vitro. (A) Adeno-associated adenovirus (AAV)
was administered into the anterior chamber of mouse eyes. (B) Representative pictures of the ASC modeling group versus the
negative control group under a slit lamp following AAV injection. (C) Hematoxylin and eosin staining in the two groups mentioned
above. Scale bar, 100 mm. (D) Masson staining in the two groups. Scale bar, 100 mm. (E) The immunofluorescence intensity of a-SMA
in the lens sections of AAV-NC and AAV-NR2F1 ASC mice. Scale bar, 50 mm. (F, G) The protein level and quantification of NR2F1 in
SRA01/04 cells transfected with Sh-NC, Sh-NR2F1-1, Sh-NR2F1-2, or Sh-NR2F1-3 lentivirus. n Z 3 per group; mean � standard
deviation; ***p < 0.001; one-way ANOVA. (HeK) The protein expression and quantitative graphs of FN1, VIM, and a-SMA in TGF-b1-
induced SRA01/04 cells with Sh-NC or Sh-NR2F1. n Z 3 per group; mean � standard deviation; *p < 0.05, **p < 0.01; unpaired
student’s t-test. (LeN) Immunofluorescence images of FN1, VIM, and a-SMA in TGF-b1-mediated SRA01/04 cells with Sh-NC or Sh-
NR2F1. Scale bar, 100 mm. NR2F1, nuclear receptor subfamily 2 group F member 1; ASC, anterior subcapsular cataract; FN1,
fibronectin 1; a-SMA, a-smooth muscle actin; VIM, vimentin; TGF-b1, transforming growth factor-b1.

8 H. Zuo et al.



Figure 5 NR2F1 inhibition suppresses epithelial cell
apoptosis and migration. (A) The TUNEL staining in lens sec-
tions of AAV-NC and AAV-NR2F1 mice with ASC. Scale bar:
50 mm. (BeD) The protein levels and quantitative charts of BAX
and CASP3 in the two groups mentioned above. n Z 3 per
group; mean � standard deviation; *p < 0.05, **p < 0.01; un-
paired student’s t-test. (E, F) The TUNEL staining in the TGF-
b1-mediated group with Sh-NR2F1 compared with that with Sh-
NC. n Z 3 per group; mean � standard deviation; *p < 0.05;
unpaired student’s t-test; scale bar, 200 mm. (GeI) The protein
expression and quantification of BAX and CASP3 in TGF-b1-
induced SRA01/04 cells with or without Sh-NR2F1. n Z 3 per
group; mean � standard deviation; *p < 0.05; unpaired stu-
dent’s t-test. (J, K) The transwell assay in the two groups
mentioned above. n Z 4 per group; mean � standard devia-
tion; **p < 0.01; unpaired student’s t-test. (IeK) The protein
expression and quantification of BAX and CASP3 in TGF-b1-
induced SRA01/04 cells with or without Sh-NR2F1. n Z 3 per
group; mean � standard deviation; *p < 0.05; unpaired stu-
dent’s t-test. NR2F1, nuclear receptor subfamily 2 group F
member 1; AAV, adeno-associated adenovirus; ASC, anterior
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fibrosis was significantly diminished both in vitro and in vivo
following the knockdown of NR2F1.

Knockdown of NR2F1 suppresses epithelial cell
apoptosis and migration

Excessive apoptosis and migration of lens epithelial cells
contribute to the development of cataracts.30e32 There-
fore, the TUNEL assay revealed a decrease in positively
stained cells within the lens sections of the AAV-NR2F1þASC
mice compared with those of the AAV-NC þ ASC mice
(Fig. 5A). Furthermore, Western blot analysis revealed
significant reductions in the expression of the apoptosis
markers CASP3 and BAX in ASC mice treated with AAV-
NR2F1 (Fig. 5BeD). In vitro studies employing the TUNEL
assay also revealed a reduction in apoptosis among Sh-
NR2F1-treated SRA01/04 cells stimulated with TGF-b1
(Fig. 5E, F). Additionally, western blotting confirmed that
the levels of the apoptosis markers CASP3 and BAX were
significantly decreased in Sh-NR2F1-treated SRA01/04 cells
exposed to TGF-b1 (Fig. 5GeI). The transwell assay results
suggested that the migration capability was reduced in the
Sh-NR2F1 group treated with TGF-b1 (Fig. 5J, K). In sum-
mary, the data collectively suggest that the knockdown of
NR2F1 effectively inhibits apoptosis and migration in lens
epithelial cells.

NR2F1 directly binds to STAT3 and regulates its
phosphorylation expression

To elucidate the mechanisms underlying NR2F1 influencing
epithelial cell fibrosis, we conducted a comprehensive re-
view of the relevant literature. Notably, Janus kinase 1
(JAK1), SMAD family member 2 (SMAD2), MYD88, and p-
STAT3 are strongly associated with the development of
cataracts as well as some fibrotic diseases.33e36 Subse-
quently, Western blot analysis was employed to screen for
potential downstream pathways influenced by NR2F1.
Compared with those in the control group, the protein
levels of JAK1 and p-STAT3 in the Sh-NR2F1 group were
significantly lower (Fig. 6A, B). Furthermore, in vivo
research also suggested a decrease in the level of p-STAT3
in AAV-NR2F1-mediated ASC mice (Fig. 6C, D).

Considering the significant role of the STAT3 pathway in
both fibrotic diseases and cancer metastasis during
EMT,37e42 we proceeded to explore the complex connection
between NR2F1 and STAT3. Using the JASPAR website, we
made predictions about potential target genes and discov-
ered NR2F1 as a possible candidate that could directly
attach to the STAT3 promoter, as shown in its displayed
motif (Fig. 6E). We subsequently constructed a dual-lucif-
erase vector (Fig. 6F) containing both mutant and wild-type
STAT3 plasmids (Fig. 6G). In HEK293T cells co-transfected
with NR2F1-overexpressing plasmids and STAT3-over-
expressing plasmids, the dual-luciferase assay revealed
that NR2F1 indeed directly bound to site 1 of the STAT3
subcapsular cataract; BAX, Bcl-2-associated X; CASP3, caspase
3; TGF-b1, transforming growth factor-b1.



Figure 6 NR2F1 directly binds to STAT3 and regulates the expression of p-STAT3. (A, B) The protein levels and quantification of
JAK1, p-STAT3, SMAD2, and MYD88 in TGF-b1-treated SRA01/04 cells with or without Sh-NR2F1. n Z 3 per group; mean � standard
deviation; ns, >0.05; **p < 0.01; unpaired student’s t-test. (C, D) The protein level and quantitative chart of p-STAT3 in AAV-NC or
AAV-NR2F1 ASC mice. n Z 3 per group; mean � standard deviation; *p < 0.01; unpaired student’s t-test. (E) The motif of NR2F1
predicted by the JASPAR website. (F) A dual-luciferase vector. (G) Mutant and wild-type STAT3 plasmids consequences. (H) The
dual-luciferase assay for NR2F1 and STAT3 promoter. n Z 3 per group; mean � standard deviation; ns, >0.05; *p < 0.05; unpaired
student’s t-test. (I, J) The protein level of p-STAT3 in TGF-b1-induced SRA01/04 cells following NR2F1 agonist treatment at 0.5 or
1 mM. nZ 3 per group; mean � standard deviation; ns > 0.05; *p < 0.05; one-way ANOVA. (K) Structure of p-STAT3 specific inhibitor
NSC 74859. (L, M) The protein expression and quantification of p-STAT3, STAT3, JAK1, FN1, VIM, and a-SMA in TGF-b1-induced
SRA01/04 cells treated with the specific P-STAT3 inhibitor. n Z 3 per group; mean � standard deviation; ns, >0.05, *p < 0.05,
**p < 0.01; one-way ANOVA. (N, O) The protein expression of the apoptosis-related markers BAX and CASP3 in TGF-b1-induced
SRA01/04 cells treated with NSC 74859. n Z 3 per group; mean � standard deviation; *p < 0.05; one-way ANOVA. NR2F1, nuclear
receptor subfamily 2 group F member 1; STAT3, signal transducer and activator of transcription 3; p-STAT3, phosphorylated STAT3;
ASC, anterior subcapsular cataract; FN1, fibronectin 1; a-SMA, a-smooth muscle actin; VIM, vimentin; BAX, Bcl-2-associated X;
CASP3, caspase 3; TGF-b1, transforming growth factor-b1; JAK1, Janus kinase 1; SMAD2, SMAD family member 2; AAV, adeno-
associated adenovirus.

10 H. Zuo et al.
promoter (Fig. 6H). Moreover, to evaluate the significance
of STAT3 signaling, we treated SRA01/04 cells with an
NR2F1 agonist. We subsequently conducted a Western blot
assay to investigate the level of STAT3 phosphorylation, a
critical marker for the activation of the STAT3 signaling
pathway. The results showed that the phosphorylation of
STAT3 was increased in SRA01/04 cells treated with TGF-b1
in conjunction with the NR2F1 agonist (Fig. 6I, J).

While STAT3 signaling has been thoroughly examined in
cancer and fibrotic diseases,43,44 its involvement in lens



Figure 7 The regulatory mechanism of NR2F1 in TGF-b1-induced SRA01/04 cells. NR2F1, nuclear receptor subfamily 2 group F
member 1; TGF-b1, transforming growth factor-b1.
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epithelial cells and EMT remains predominantly unexplored.
Subsequently, we explored the potential role of STAT3
signaling in TGF-b1-induced EMT in lens epithelial cells. The
SRA01/04 cells were treated with NSC 74859, a specific
inhibitor of p-STAT3. Following TGF-b1 stimulation, a
Western blot analysis was conducted, which showed a
marked reduction in the protein levels of p-STAT3, as well
as significant decreases in the expression levels of FN1, VIM,
and a-SMA (Fig. 6KeM). Furthermore, inhibition of p-STAT3
resulted in a reduction in the expression levels of BAX and
CASP3 (Fig. 6N, O).

In conclusion, our findings indicate that autophagy is
impaired in epithelial cells upon TGF-b1 stimulation, which
results in an up-regulation of the protein level of NR2F1.
Furthermore, NR2F1 can directly interact with the pro-
moter region of the STAT3 gene, thereby promoting the
transcription of STAT3. This, in turn, promotes the pro-
gression of fibrosis and enhances lens epithelial cell
migration and apoptosis, ultimately contributing to the
development of cataracts (Fig. 7).
Discussion

Fibrosis manifests in nearly all tissues and organs and often
compromises organ functions, leading to significant
morbidity and mortality. Aberrant EMT has been extensively
documented as intricately associated with the fibrotic
process, in which it instigates the cellular alterations
essential for increased extracellular matrix production.
This, in turn, substantiates the pivotal role of abnormal
EMT in the pathogenesis of fibrosis across diverse tissues
and organs.45e47 In this study, we analyzed a single-cell
dataset of the embryonic eye and observed a notable
reduction in the mRNA expression of NR2F1 in epithelial
cells compared with that in fiber cells. In addition, the
protein expression level of NR2F1 was significantly
increased in both the ASC model and the in vitro TGF-b1-
induced model, suggesting its potential association with
fibrotic cataracts.

NR2F1 is a nuclear hormone receptor and transcriptional
regulator, and its encoded protein acts as a homodimer and
binds to 50-AGGTCA-30 repeats. Mutations in this gene have
been implicated as causative factors in Bosch-Boonstra
optic atrophy syndrome.48,49 Qiu et al reported that NR2F1
was predominantly associated with immunosuppressive
cancer-associated fibroblast infiltration, and in vitro ex-
periments revealed that NR2F1 knockdown could suppress
cell migration and invasion through the EMT pathway in
ovarian cancer patients.50 In the present study, silencing
NR2F1 in human lens epithelial cells not only alleviated
mesenchymal and apoptosis-related characteristics but also
restrained EMT induced by TGF-b1. Furthermore, the
severity of cataracts was diminished upon treatment with
AAV-NR2F1 in the lens anterior capsules of injury-induced
ASC mice. This observation underscores the therapeutic
potential of NR2F1 in the context of fibrotic cataracts.

As a nexus for multiple oncogenic signaling pathways,
STAT3 assumes a pivotal role in orchestrating the anti-
tumor immune response.51 STAT3 functions as a prominent
upstream mediator in the orchestration of EMT, demon-
strating the capacity to instigate EMT-mediated metastasis
in diverse malignancies, including brain tumors, thoracic
cancers (encompassing lung cancer), and gastrointestinal
cancers.52e56 Shen et al confirmed that blocking ATM
inhibited EMT and reduced metastasis in cisplatin-resistant
lung cancer cells via the JAK/STAT3/PD-L1 pathway.57

Moreover, Wang et al reported that SH2B3 impeded the
acquisition of anoikis resistance and the advancement of
EMT in lung cancer cells by suppressing the JAK2/STAT3 and
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SHP2/Grb2/PI3K/AKT signaling cascades.54 To further
explore the downstream mechanisms of NR2F1, we
screened pathways and observed a significant reduction in
p-STAT3. Our findings, which stem from both in vitro cell
cultures and an injury-induced ASC in vivo model, under-
score the indispensable role of the STAT3 pathway in the
EMT of human lens epithelial cells and fibrotic cataracts.
Furthermore, NR2F1 could directly interact with the pro-
moter region of STAT3, significantly enhancing lens
epithelial cell migration, proliferation, and the progression
of EMT. As a result, this mechanism contributes to the
development of injury-induced ASC in mice. Notably, we
revealed a previously unrecognized mechanism underlying
NR2F1 promoting EMT through the positive regulation of the
p-STAT3 signaling pathway.

There are also some limitations in this study. Although
TGF-b1 is widely recognized as a key mediator in the in-
duction of EMT, a process that is central to fibrosis in cat-
aracts,58 some differences exist between in vitro models
and in vivo cataract models, particularly in terms of the
complexity and microenvironmental interactions. In future
studies, we intend to isolate primary lens epithelial cells
for more in-depth investigation. Additionally, we explored
the effect of NR2F1 in an animal model and cells; however,
the role of NR2F1 in cataract patients remains unclear.
More studies should be performed to clarify its exact
function in clinical patients. It is essential to acknowledge
the intricate and multifaceted nature of cataracts, which
encompass diverse subtypes with complex etiologies.
However, our investigation focused primarily on the role of
NR2F1 in a specific subset of cataracts, and other prevalent
types remain unexplored. Future studies in this line of in-
quiry should extend their scope to investigate the influence
of the NR2F1 gene on various cataract subtypes.

In conclusion, our study suggests that NR2F1 is related to
EMT in cataracts. After NR2F1 silencing, lens opacity was
reduced in the ASC model. Additionally, NR2F1 inhibited
SRA01/04 cell migration, apoptosis, and EMT. Mechanisti-
cally, dual-luciferase experiments revealed that NR2F1
bound directly to the promoter of STAT3 and regulated the
expression of p-STAT3, resulting in the development of
cataracts. This discovery contributes valuable insights into
potential therapeutic strategies for addressing pathological
processes in the lens, with implications for conditions
characterized by fibrosis and apoptosis.
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