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Oxidative stress drives protein S-glutathionylation, which regulates the structure and function of target proteins
and is implicated in the pathogenesis of many diseases. Glutaredoxin 1 (Grx1), a cytoplasmic deglutathionylating
enzyme, maintains a reducing environment within the cell under various conditions by reversing S-gluta-
thionylation. Grx1 performs a wide range of antioxidant activities in the lens and prevents protein-thiol mixed
disulfide accumulation, reducing protein—protein aggregation, insolubilization, and apoptosis of lens epithelial
cells. Oxidative stress is related to epithelial-mesenchymal transition (EMT) during posterior capsular opacifi-
cation (PCO). However, whether Grx1-regulated protein S-glutathionylation plays an essential role in PCO re-
mains unclear. In this study, we revealed that Grx1 expression was decreased in mice following cataract surgery.
Furthermore, the absence of Grx1 elevated oxidative stress and protein S-glutathionylation and aggravated EMT
in both in vitro and in vivo models. Concurrently, these results could be reversed by Grx1 overexpression. Notably,
liquid chromatography-tandem mass spectrometry results showed that casein kinase 1a (CK1a) was susceptible
to S-glutathionylation under oxidative stress, and CK1a S-glutathionylation (CK1a-SSG) was mediated at Cys249.
The absence of Grx1 upregulated CK1a-SSG, subsequently decreasing the CKla-induced phosphorylation of
B-catenin at Ser45. The consequential downregulation of degradative p-catenin and upregulation of its nuclear
translocation activated the Wnt/p-catenin signaling pathway and aggravated EMT. In conclusion, the down-
regulated expression of Grx1 in mice following cataract surgery aggravated EMT by upregulating the extent of
CK1a-SSG. To the best of our knowledge, our study is the first to report how S-glutathionylation regulates CK1a
activity under oxidative stress.

1. Introduction [3]. The incidence of PCO is 20%-60% in adults [4] and can reach 95%

or more in young people as the cells of adolescents and children have

Cataracts are the most common cause of blindness worldwide and
have visually impaired approximately 95 million people. The only
effective treatment for cataracts is surgery [1]; however, this is
frequently complicated by long-term, postoperative, posterior capsular
opacification (PCO) [2]. The incidence of PCO at one, three, and five
years post-cataract surgery is 11.8%, 20.7%, and 28.4%, respectively

greater regenerative and proliferative capacities than the cells of adults
[5]. PCO not only causes quantitative visual disturbances, but also re-
duces the quality of vision, leading to a reduction in contrast sensitivity,
halo effect, and lack of binocular vision [6]. Although
neodymium-doped yttrium aluminum garnet laser capsulotomy is used
to treat postoperative PCO, it also has many risks, such as increased
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intraocular pressure, lens movement, lens pitting, and transient iritis or
uveitis, cystoid macular edema, and retinal tear or detachment [7].
Therefore, it is vital to elucidate the mechanisms of PCO formation and
development and to explore preventive strategies.

PCO is attributed to residual lens epithelial cells (LECs) migration,
proliferation across the posterior capsule, and eventual differentiation
into fibroblastic and lens fiber-like cells after cataract surgery [8]. This
epithelial-mesenchymal transition (EMT) of LECs plays a critical path-
ogenic role in PCO [9]. It is generally accepted that transforming growth
factor-p (TGF-B) is the upstream regulator of EMT [10,11] via
Smad-dependent and Smad-independent signaling pathways [9,12].
However, growth factors and inflammatory cytokines accumulate in
aqueous humor only for a short period, whereafter PCO continues to
develop [13-15]. This suggests the involvement of complex pathways
during PCO formation, particularly during its chronic phases. Further-
more, in the normal physiological state, the lens contains significantly
higher levels of various antioxidant substances than the aqueous humor.
However, cataract surgery exposes LECs to the aqueous humor, thereby
reducing their antioxidant capacity [16] and exacerbating oxidative
stress. Our previous in vitro and in vivo models have suggested that this
imbalance activates Wnt/f-catenin signaling, resulting in EMT in LECs
and the development of PCO [17,18].

Oxidative stress drives S-glutathionylation of free thiol groups (-SH)
on the cysteine residues of proteins to form protein-glutathione mixed
disulfide adducts (Pro-SSG) [19]. Protein S-glutathionylation is a
reversible process that regulates the structure and function of target
proteins including AKT [20], sirtuin-1 [21], mitofusin [22], GAPDH
[23] and FABP5 [24]. Deglutathionylation is primarily catalyzed by
glutaredoxin (Grx), a thiol-disulfide oxidoreductase. Mammalian cells
encode two principal dithiol Grx isoforms: cytoplasmic Grx1 and mito-
chondrial or nuclear Grx2 [19]. Grx1 facilitates the regulation of various
cellular functions and maintains the cellular redox state under various
environmental conditions. Grx1-regulated protein S-glutathionylation
has been implicated in the pathogenesis of cardiovascular diseases [25],
neurodegenerative disorders [26], acute lung injury [24], and cancer
[27,28]. Additionally, Grx1 mediates numerous antioxidant functions in
the lens. Grxl prevents protein-thiol mixed disulfide accumulation
reducing protein-protein aggregation, insolubilization, and apoptosis of
LECs [29]. As mentioned above, cataract surgery exposes LECs to
aqueous humor, thereby significantly reducing LEC antioxidant capa-
bilities. However, the involvement and the exact mechanism of
Grx1-regulated protein S-glutathionylation in PCO remains unclear.

We found that Grx1 knockout (KO) mice developed more severe PCO
after cataract surgery than control mice in preliminary experiment,
suggesting the involvement of Grxl and S-glutathionylation in PCO
development. Furthermore, casein kinase 1o (CK1a) was among the top
S-glutathionylation candidates identified by liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) and validated using co-
immunoprecipitation (Co-IP). CKla has broad serine/threonine pro-
tein kinase activity and is one of the main components of the Wnt/
B-catenin signaling pathway [30]. In addition, CK1la phosphorylates
fB-catenin at Ser45 as part of the p-catenin destruction complex, leading
to its subsequent degradation [31]. Thus, CKla acts as an essential
negative regulator of Wnt/f-catenin signaling.

Here, we aimed to evaluate the involvement of Grx1-regulated CK1a
S-glutathionylation (CK1a-SSG) in EMT of LECs and subsequent PCO
development; and the mechanism by which S-glutathionylation regu-
lates CK1a activity under oxidative stress. Our results will help in un-
derstanding the mechanism underlying the S-glutathionylation
regulation of CKla activity under oxidative stress.

2. Materials and methods
2.1. Mice

Grx1l KO mice (C57BL/6 N) were generated using CRISPR/Cas-
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mediated genome engineering by Cyagen Biosciences and were bred
in an animal facility at Northwestern Polytechnical University. Control
(C57BL/6 N) mice were purchased from the Laboratory Animal Center
of Xi’an Jiaotong University. All animal experiments were performed
according to protocols approved by the Institutional Animal Care and
Use Committee of Northwestern Polytechnical University (Ethics code:
202001010). An equal number of male and female mice were randomly
divided into different groups. All experiments involving the control and
Grx1 KO mice were conducted by the same analyst, who was blinded to
the conditions.

2.2. Mouse cataract surgery

The mice were subjected to cataract surgery as described by Lois
et al. [32] and Wei et al. [17]. Both control and Grx1 KO mice (8 weeks
old) were anesthetized by intraperitoneal injection of pentobarbital (40
mg/kg). After treatment with tropicamide eye drops, a 2 mm limbal
incision was made. The fiber mass was gently removed by
hydro-dissection using a 1 mL syringe fitted with a 32-gauge flat-tipped
cannula. The remaining lens capsule was carefully washed and filled
with phosphate-buffered saline (PBS) to remove any lens fiber debris
and restore the ocular chamber morphology. Finally, the anterior
chamber was filled with PBS. Unilateral surgical procedures were per-
formed for all mice. Ofloxacin antibiotic eye drops were administered
immediately after surgery and thrice daily. Mice were euthanized at
specific times after surgery, whereafter the posterior lens capsules were
isolated.

2.3. Cell culture and treatment

Human lens epithelial B3 (HLE-B3) cells were purchased from the
American Tissue Culture Collection. The cells were grown in a minimum
essential medium (Gibco, C11095500BT) containing 10% fetal bovine
serum (FBS) (Lonsera, S711-001S). Cell cultures were maintained at
37 °C in a humidified 5% CO, incubator. Lentivirus-mediated Grx1
knockdown and overexpression vectors were purchased from Gen-
eChem. Lentivirus-mediated constructs of the wild-type (WT) and
cysteine mutant CK1a were purchased from GeneChem (C104S, C1508S,
C249S, C263S, TGT-TCT). The CK1a quadruple mutant (C104S, C1508S,
C249S, C263S) was as 4MUT.

Before transfection, HLE-B3 cells were inoculated in 6-well plates.
The cells were infected with lentivirus at 50-60% confluence. After 8 h,
the infected cells were supplemented with 10% FBS until they reached
100% confluency. Cells stably expressing the target genes were obtained
by puromycin selection.

The cells were seeded 48 h before treatment to ensure proper cell
adherence and stability. When the cells reached 70% confluency, they
were starved for 12 h in a serum-free medium. After that, 20 uM
hydrogen peroxide (H203) (Sigma, 323381) was added and cells were
incubated at appropriate intervals.

2.4. Hematoxylin-eosin (HE) and immunofluorescence staining

Mouse eyeballs were fixed in 4% paraformaldehyde (PFA) for >24 h
and then embedded in paraffin for HE staining according to standard
protocols.

For immunofluorescence staining, cells grown on coverslips and
posterior capsules isolated from the eyes were washed with PBS, fixed
with 4% PFA, and permeabilized using 0.3% Triton-X100 (Beyotime,
ST795) at room temperature. Next, cells and capsules were blocked for
1 h at room temperature with a blocking buffer prepared in PBS with 5%
normal donkey serum (Solarbio, SL050). The primary antibodies
(Abcam), namely o-smooth muscle actin (a-SMA; ab5694, 1:400),
vimentin (ab20346, 1:1000), pB-catenin (ab16051, 1:500), GSH
(ab19534, 1:50), and Grx1 (ab45953, 1:50), were applied in PBS and
incubated at 4 °C overnight in a humid chamber. The secondary
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antibodies (Abbkine, 1:200), namely green donkey anti-rabbit IgG
(A24221), green donkey anti-mouse IgG (A24211), red donkey anti-
rabbit IgG (A24421), and red donkey anti-mouse IgG (A24411) were
applied and incubated at room temperature for 2 h in a humid chamber.
The nuclei were stained with DAPI (Yeasen, 40728ES03, 5 pg/mL).
Finally, the coverslips were mounted with an anti-fluorescence
quenching solvent (Beyotime, P0126) and observed using a confocal
laser scanning microscope (Olympus).

2.5. Western blotting

After washing the cells with ice-cold PBS, lysis buffer (Beyotime,
P0013B) containing 1% phenylmethylsulfonyl fluoride (Beyotime,
ST506) was added. Protein concentrations were assessed using a bicin-
choninic acid protein assay kit (Beyotime, P0010). Equal amounts of
protein were separated by 8-12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred to polyvinylidene fluo-
ride membranes (PVDF; Millipore, ISEQ00010/IPVH00010), and
blocked in Tris-buffered saline with 0.1% Tween-20 (TBST) containing
5% nonfat powdered milk (Beyotime, P0216). The PVDF membranes
were incubated overnight at 4 °C with the following primary antibodies:
a-SMA (Abcam, ab5694, 1:1000), vimentin (Abcam, ab20346, 1:1000),
E-cadherin (Proteintech, 60335-1, 1:5000), N-cadherin (Proteintech,
66219-1, 1:5000), Grxl (Abcam, ab45953, 1:1000), GSK-3f (CST,
12456, 1:1000), Axinl (ABclonal, A16019, 1:1000), CK1a (ABclonal,
A16225, 1:1000), DSTN (Abcam, ab186754, 1:1000), GSH (Abcam,
ab19534, 1:1000), p-catenin (Abcam, ab16051, 1:4000), phospho-
B-catenin (Ser45) (ABclonal, AP0580, 1:1000), B-actin (Proteintech,
66009, 1:5000), and LaminB (ABclonal, A16909, 1:1000). The mem-
branes were incubated for 1.5 h at room temperature with either
horseradish peroxidase (HRP)-conjugated Affinipure goat anti-mouse
IgG (H + L) (Proteintech, SA00001-1, 1:5000) or HRP-conjugated Affi-
nipure goat anti-rabbit IgG (H + L) (Proteintech, SA00001-2, 1:5000)
secondary antibodies. Immunoreactive bands were developed using ECL
chemiluminescence (Beijing 4A Biotech, 4AW011-100) and visualized
with a ChemiDoc XRS System (Bio-Rad). The resulting protein bands
were analyzed using ImageJ software. LaminB and p-actin were used as
internal controls. Nuclear and cytoplasmic fractions were separated
using a nuclear and cytoplasmic extraction kit (Beyotime, P0028).

2.6. GSH and GSSG concentration determination

A GSH and GSSG assay kit (Beyotime, S0053) was used for quanti-
fication according to the manufacturer’s protocol (Beyotime, P0012).
The GSH to GSSG ratio (GSH/GSSG) was subsequently calculated.

2.7. Real-time polymerase chain reaction (qPCR)

Total RNA was extracted using TRIzol reagent (TaKaRa, 9108), and
quantified using an ultramicro-spectrophotometer (Denovix). Total RNA
(500 ng) served as a template to synthesize cDNA using the PrimeScript
RT Reagent Kit (Takara, RR820A). For real-time PCR (RT-PCR), TB
Green Premix Ex Taq II (TaKaRa, RRO36A) was used for target gene
amplification and the CFX96 Touch RT-PCR Detection System (Bio-Rad)
was used for data collection. p-actin served as an internal control. All
primers were synthesized by Tsingke and their sequences are listed in
the Supplementary Table 1.

2.8. Wound healing assay

Cells were seeded into 6-well plates and cultured to 80-90% con-
fluency. Cells were scratched using a sterile plastic pipette tip (200 pL)
and washed with PBS to remove debris. After that, 1% FBS medium was
added to each well with or without HoO2 (20 pM). Wounded areas were
imaged after O h, 24 h, and 48 h of incubation and measured using
ImageJ software. The data were quantified as follows: cell migration
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percentage = (original scratch area — new scratch area)/original scratch
area.

2.9. Transwell migration assay

Cells (3 x 10%) were seeded into the upper compartment of an 8 pm
pore size 24-well transwell chamber (Falcon, 353097) with 200 pL
serum-free medium. The lower chamber contained 600 pL medium
supplemented with 15% FBS. After 48 h of incubation, cells in the upper
chamber were mechanically removed. The migrated cells were fixed
with 4% PFA for 30 min and subsequently stained with 1% crystal violet
(Beyotime, C0121) for 15 min at room temperature. The number of
migrated cells was measured by counting five fields of vision.

2.10. EAU staining assay

A BeyoClick EdU Cell Proliferation Kit with Alexa Fluor 488 and 594
(Beyotime, C0071S and C0078S) was used according to the manufac-
turer’s protocol. Cells were seeded onto coverslips inserted in 24-well
plates. At 50% confluency, HoOy (20 pM) was added and cells were
starved overnight in serum-free medium before being incubated for 24
h. After that, 10 pM EdU was added, and cells were incubated for 8 h
before harvesting. Slides were observed using fluorescence microscopy.

2.11. LC-MS/MS

Six dishes of cells were seeded in advance in each well. H,O5 (20 pM)
was randomly added to three dishes, and serum-free medium was added
to the remainder, whereafter, all dishes were incubated for 24 h. The
cells were harvested, and lysis buffer (Beyotime, PO013B) containing 1%
phenylmethylsulfonyl fluoride (Beyotime, ST506) was added (30 min on
ice). The lysates were centrifuged (13,000xg, 10 min, 4 °C), and the
soluble protein fraction was retained. The protein concentration was
determined using the BCA method. In total, 50 pg sample was trans-
ferred to a new EP tube and adjusted to a final volume of 100 pL with 50
mM NH4HCOg3 (Sigma-Aldrich). Iodoacetamide (IAA, Sigma-Aldrich)
solution was added to a final concentration of 50 mmol/L and protected
from light for 40 min. Six volumes (approximately 600 pL) of pre-cooled
(—20 °C) acetone (Sigma-Aldrich), frozen at —20 °C was added to the
solution, and the sediment was allowed to freeze overnight. The sample
was centrifuged at 8000xg, 4 °C for 10 min, the EP pipe was carefully
invert, and the acetone was poured out; the white sediment was
retained, and the sediment was allowed to dry for 2-3 min. Solubilized
protein was precipitated with 100 pL. NH4HCO3 (50 mM). In total, 1 pg
trypsin (Promega) was added, and the sample was digested overnight at
37 °C. After digestion, the peptide was desalted using a self-priming
desalting column, and the solvent was evaporated in a vacuum centri-
fuge at 45 °C. The peptide was dissolved in the sample solution (0.1%
formic acid (FA, Sigma-Aldrich) containing 2% acetonitrile (ACN,
Fisher Chemical)), vortexed thoroughly, and centrifuged at 13200 rpm
for 10 min at 4 °C; the supernatant was transferred to the sample tube for
mass spectrometry analysis. The Easy-nLC 1200 system (Thermo Fisher
Scientific, USA) was used, and the nanocolumn, 150 pm x 15 cm in size,
was constructed in-house and packed with Acclaim PepMap RPLC C18
(1.9 pm, 100 ;\, Dr. Maisch GmbH, Germany). The loaded sample vol-
ume was 5 pL, mobile phase A was 0.1% FA in water, mobile phase B was
0.1% FA in water (20%) and ACN (80%), and the total flow rate was 600
nL/min. LC linear gradient was from 4% to 10% B for 5 min, from 10% to
22% B for 80 min, from 22% to 40% B for 25 min, from 40% to 95% B for
5 min, and from 95% to 95% B for 5 min. OrbitrapEclipse Mass Spec-
trometer (Thermo Fisher Scientific, USA) was used [spray voltage: 2.2
kV, capillary temperature: 270 °C]. MS parameters was resolution:
70000 at 400 m/z, precursor m/z range: 300.0-1400.0. MS/MS pa-
rameters were product ion scan range starting from m/z 50, activation
type: HCD, normalized coll. energy: 30.0, and activation time: 120.000.
Data-dependent MS/MS was up to the top 20 most intense peptide ions
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Fig. 1. Grx1 was downregulation both in vivo and in vitro experiments.

(A) HE staining of bulbus oculi showed capsular manifestations 1 day after surgery and NS group. (B) Inmunofluorescence staining of lens capsules of the NS group
and 5 days after surgery. Nuclei were counterstained with DAPI (blue). Grx1 presented as green, fluorescent light. (C) The Grx1, a-SMA and vimentin mRNA level of
NS group and 1, 3 and 5 days after surgery by qPCR. (D) Western blotting indicating Grx1, a-SMA and vimentin protein levels for the NS group and 1, 3 and 5 days
after surgery. (E) The Grx1, a-SMA and vimentin mRNA expression level after H,O, (20 pM)-treated LECs O h, 6 h, 12 h, 24 h, and 48 h by qPCR. (F) Western blotting
indicating Grx1, a-SMA and vimentin protein levels after HO5 (20 pM)-treated LECs O h, 6 h, 12 h, 24 h, and 48 h. Columns represent the mean + SEM, n = 3, *P <
0.05, **P < 0.01, ***P < 0.001.
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(A) HE staining of bulbus oculi showed different anterior segment manifestations in the NS group and 5-day after surgery of control and Grx1l KO mice. (B) GSH/
GSSG ratio of control and Grxl KO mice measured in the NS group and 5 days after surgery. (C) Immunofluorescence staining of control and Grx1 KO mice lens
capsules for the NS group and 5 days after surgery. Nuclei were counterstained with DAPI (blue). Pro-SSG presented as green, fluorescent light. (D) Immunofluo-
rescence staining of control and Grx1 KO mice lens capsules for the NS group and 5 days after surgery. Nuclei were counterstained with DAPI (blue), vimentin
presented as green, fluorescent light and a-SMA presented as red, fluorescent light. (E) Western blotting indicating a-SMA and vimentin protein levels for the NS
groups and 5 days after surgery in control and Grx1l KO mice. Columns represent the mean + SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.

from the preview scan in the Orbitrap. The raw MS files were analyzed
and searched against the target protein database based on the species of
the samples using MaxQuant (1.6.2.10). The parameters were set as
follows: the protein modifications were carbamidomethylation (C)
(variable), oxidation (M) (variable), acetylation (Protein N-term) (var-
iable), and S-glutathionylation (C) (variable); the enzyme specificity

was set to trypsin. The maximum missed cleavages were set to two; the
precursor ion mass tolerance was set to 20 ppm, and MS/MS tolerance
was 20 ppm. Only highly confident identified peptides were chosen for
downstream protein identification analysis. From the determination of
protein concentration to analysis the data were done by Biotech pack
scientific Co., Ltd.
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Fig. 3. Knockdown of Grx1 upregulated H,O, induced S-glutathionylation and EMT in LECs.

H,0,-treated (20 pM for 24 h) and untreated LECs were transfected with control shRNA or Grx1 mRNA-targeting shRNA. (A) DTNB assay of GSH/GSSG ratios. (B)
Western blotting indicating protein S-glutathionylation levels under non-reducing conditions with anti-GSH antibody. (C) Wound healing assay showing cell
migration at 0 h, 24 h, and 48 h. (D) Transwell migration results expressed as the number of migrated cells. (E) EAU staining assay (green) results expressing cell
proliferation. (F) Western blotting detection of EMT protein markers (vimentin, a-SMA, and N-cadherin) and epithelial cell protein markers (E-cadherin). (G)
Immunofluorescence staining of vimentin (green) and a-SMA (green). Nuclei were counterstained with DAPI (blue). Columns represent the mean + SEM, n = 3, *P <

0.05, **P < 0.01, ***P < 0.001.

2.12. Detection of protein S-glutathionylation

After washing three times with ice-cold PBS, the cells were lysed and
extracted using a Pierce Classic Magnetic IP/Co-IP Kit (Thermo Scien-
tific, 88804) according to the manufacturer’s protocol. The samples
were incubated (overnight, 4 °C) with anti-glutathione (Abcam,
ab19534, 1:200) antibodies whereafter Co-IP was conducted on a
magnetic rack (Thermo Scientific) according to the manufacturer’s
protocol. The samples were analyzed by Western blotting.

2.13. Detection of S-glutathionylated CK1a in vitro purification
experiment [24]

In total, 2 pg recombinant human CKla protein (Sino Biological,
10668-H09B) was incubated with 1 mM GSSG (Sigma, G6654) or 250
pM GSH (Sigma, G4251) plus 250 pM H30;, for 15 min, then mixed with
Grx1 redox system, including 13.5 pg/mL recombinant human Grx1
(Sino Biological, 14484-HO7E), 35 pg/mL GSSG reductase (Sigma,
G3664), 1 mM GSH, 18 pM EDTA (Sigma, E6758), 1 mM NADPH
(Beyotime, S0053-6), 137 mM pH 8.0 Tris-HCI (Beyotime, ST788) or 50
mM DTT (Sigma, DTT-RO) for 30 min. Samples were analyzed via
Western blotting with anti-GSH antibody under non-reducing
conditions.

2.14. Invitro kinase activity assay [33]

0.2 pg recombinant human CKla protein (Sino Biological, 10668-
HO09B) was incubated as above-mentioned. 2 pg recombinant human
p-catenin (Sino Biological, 11279-H20B), 200 pM ATP (Cell Signaling,
#9804), and kinase buffer were incubated for 20 min at 23 °C. Phos-
phorylation of B-catenin Ser45 was detected by Western blotting using
phospho-specific antibody (Cell Signaling, 9564S). Kinase buffer was
prepared from 25 mM pH 7.5 HEPES (Solarbio, H1095), 100 mM NaCl
(Solarbio, $8210), 10 mM MgCl, (Solarbio, M8161), 5% glycerol
(Solarbio, G8190), 0.1% NP-40 (Solarbio, N8030).

2.15. Statistical analysis

Statistical Product and Service Solutions 19.0 software (IBM SPSS)
was used for statistical analyses. All data are presented as the mean +
standard error of the mean for at least three independent experiments. In
addition, the means of three or more groups were compared using a t-
test and one-way analysis of variance. Statistical significance was set at
P-value<0.05.

3. Results

3.1. Downregulation of Grx1 expression following cataract surgery in
mice and increased PCO susceptibility in Grx1 KO mice

To confirm the role of Grx1 in PCO, mice were subjected to cataract
surgery in vivo experiments. To ensure the reproducibility of human
LECs, HLE-B3 cells were used in vitro experiments, and LECs were
treated with HyO,, which reportedly induces EMT [17,18]. HE staining
of the bulbus oculi showed non-surgery (NS) and post-surgery capsular
manifestations. As shown in Fig. 1A, we removed the cortex and nucleus
of lens to simulate post-cataract surgery environment. After cataract
surgery, we could observe residual cells in anterior and equatorial

capsules, wherein posterior capsules were transparent. Interestingly,
capsular Grx1 expression was downregulated compared to that in NS
capsules (Fig. 1B). We further detected Grx1, a-SMA, and vimentin ex-
pressions at the mRNA and protein levels both in vivo and in vitro ex-
periments. In vivo experiments, the mRNA level of a-SMA increased 1, 3
and 5 days after surgery. vimentin increased 3 and 5 days after surgery,
and Grx1 increased 1, 3 and 5 days after surgery compared to that seen
with NS group (Fig. 1C). Although the increase in the protein levels of
a-SMA and vimentin was consistent with their transcript level, Grx1
expression was conversely decreased 1, 3 and 5 days after surgery
compared to seen with NS expression (Fig. 1D). We further performed in
vitro experiments. In vitro experiments, mRNA level of a-SMA increased
after 12 h, 24 h, and 48 h, vimentin increased after 24 h and 48 h, and
Grx1 expression increased 6 h, 12 h, 24 h, and 48 h after H,O, treatment
(Fig. 1E). The increases in the protein levels of a-SMA and vimentin were
also consistent with their transcript levels in vitro experiments. However,
the protein level of Grx1 increased 6 h and 12 h after HyO5 treatment
and then decreased after 24 h and 48 h (Fig. 1F). We found differential
Grx1 expression at different times in vivo and in vitro experiments.
Moreover, both in vivo and in vitro experiments concurred that the
protein expression level of Grx1 negatively correlates with the expres-
sion of EMT marker proteins. This may indicate the mechanistic
importance of Grx1 in PCO development.

Accordingly, we engineered Grx1 KO mice for further experiments.
We detected the mRNA expression profile of Grxl, Grx2, and thio-
redoxin 1 (Trx1) at lens capsule, retina, and lung. The results showed
Grx1 was absent in Grx1 KO mice, whether Grx2 and Trx1 did not differ
between Grx1 KO and control mice (Fig. S1). HE staining of the bulbus
oculi showed that Grxl KO mice developed more severe PCO after
cataract surgery than control mice (Fig. 2A). In Grxl KO mice, cells
proliferated and migrated from the anterior to the posterior capsule, and
a large number of cells accumulated in the central posterior capsule.
Conversely, the central posterior capsule of control mice was nearly
transparent. Additionally, the GSH/GSSG ratio, which provides a reli-
able estimate of the cellular redox status, was lower in the lens capsules
of the surgery group than in the NS group. Moreover, the GSH/GSSG
ratio in Grx1 KO mice decreased more than in the surgery group control
mice (Fig. 2B). We further measured the level of protein S-gluta-
thionylation in the capsules using anti-GSH antibody by immunofluo-
rescence staining. Predictably, this protein S-glutathionylation was
higher in the Grxl KO mice than in the control mice and NS group
(Fig. 2C). Correspondingly, Western blotting and immunofluorescence
staining showed that vimentin and «-SMA expression were upregulated
in the Grx1 KO mice residual lens posterior capsules compared to that in
the control and NS group mice (Fig. 2D and E). Overall, Grx1 expression
was downregulated in mice following cataract surgery. The resultant
reduced Grx1 levels may subsequently mediate the upregulation of S-
glutathionylation and EMT, participating in the occurrence of PCO in
vivo and in vitro.

3.2. Knockdown of Grx1 upregulated HyO2-induced S-glutathionylation
and EMT in LECs

To further investigate the role of Grxl in S-glutathionylation and
EMT of LECs, lentivirus-mediated knockdown of Grx1 was performed.
HLE-B3 cells were transfected with control LVCON207 or three different
types of LV-Grx1-RNAi (45698-1, 57933-1, and 52211-1). All lentivi-
ruses were labeled with fluorescent fragments. Subsequent fluorescence


https://www.solarbio.com/goods-68130.html
https://www.solarbio.com/goods-1276.html

C. Lietal

B.ex10E . 4+
H,0,20uM) . .

+ 1
++
+ 4+

1.5 * *

Redox Biology 62 (2023) 102676

e DTT - - - -
| — | 1
8 . 1-250kDa
: Eem
8 10 _ ' -100kDa
5 - -
£ s PSSG .-_ = lsokpa gu —* *
e © |3skDa fa
E - - 21.5 T
% 00 T T -Em ™
Grx10E = + = + -20kDa 'g?ovs
H,0,(20uM) = - + + -10kDa 2o
C. Practin |we s s w— ] -42kDa I .
Grx 1 OE - + - + D
HO(200) : * * __Gix10E - +
oOh Hzoz(ZOEM) .
24h
*%k *
2 T i B s —
al ke E“»‘ b s O e
48h
£ 2
] . jb_ Eo.z 1 ‘é
E' . gn.n-: o
Grx 1 OE - + - + 2 P Gmi0E -+ - +
HZOZ(ZO M - - + + Time(h) WO 0i) - .
F.
EdU Grx 1 OE = + o +
H,0,(20uM) - - + +
E-cadherin ‘ —— —_— |-130kDa
DAPI
N-cadherin | « — |-130kDa
EdU/ Vimentin ’ T — —|-54kDa
DAPI
a-SMA ‘ — —|-42kDa
Fos ** *k I*L\
fos i Grx 1 ‘ L — ; |-12kDa
- 3o .
01 _ - £ —a B-actin ‘——-—|-42kDa
woizow - - 4 omroe -+
i .
E * * s i *
£ ——— 1
T )
3; 10 _ B T
§ o f _
G. T A T -~ B B SRt
Grx 1 OE - + - + Grx 1 OE - + - +
H,0,(20uM) - - + +  HO,20pM) - . + +
£
K] <
s =
S ?
s S
E . E
a <
o
£
t & 3 -
o
g3 7 2
s 5 B

(caption on next page)



C. Lietal

Redox Biology 62 (2023) 102676

Fig. 4. Overexpression of Grxl downregulated H,O,-induced S-glutathionylation and EMT in LECs.

H,0,-treated (20 pM for 24 h) and untreated LECs were transfected with control or Grx1 overexpression RNA. (A) DTNB measurements of GSH/GSSG ratios. (B)
Western blotting indicating protein S-glutathionylation levels under non-reducing conditions with anti-GSH antibody. (C) Wound-healing assay showing cell
migration at 0 h, 24 h, and 48 h. (D) Transwell migration results expressed as the number of migrated cells. (E) EdU staining assay (green) expressing cellular
proliferation. (F) Western blotting indicating EMT protein marker (vimentin, a-SMA, and N-cadherin) and epithelial cell protein marker (E-cadherin) levels. (G)
Immunofluorescence staining of vimentin (green) and a-SMA (green). Nuclei were counterstained with DAPI (blue). Columns represent the mean + SEM, n = 3, *P <

0.05, **P < 0.01, ***P < 0.001.

microscopy showed that both control and LV-Grx1-RNAi were success-
fully transfected into cells (Fig. S2A). Grx1 knockdown efficiency was
determined by qPCR following cDNA extraction. The Grx1 knockdown
efficiency of LV-Grx1-RNAi-52211-1 was the highest among the LV-
Grx1-RNAi types (Fig. S2B). Moreover, Western blotting analysis
showed that Grx1 expression decreased by as much as 50% in LV-Grx1-
RNAi-52211-1 compared to control (Fig. S2C). Therefore, we used LV-
Grx1-RNAi-52211-1 (shRNA) for subsequent functional analyses.

To confirm the function of Grxl-regulated S-glutathionylation in
LECs, GSH/GSSG ratios and protein S-glutathionylation levels were
evaluated. Grxl knockdown and H;0, co-treatment decreased GSH/
GSSG ratios and increased protein S-glutathionylation levels compared
with the single HyO, treatment group (Fig. 3A and B). We further
detected the EMT phenotypes of LECs using wound healing, transwell
migration, and EdU staining assays. Compared with HoO»-treated LECs,
Grx1l knockdown and Hp0; co-treatment promoted LEC migration
(Fig. 3C and D). The proliferative ability of LECs was assessed using EQU
staining assays. The percentage of proliferating cells in the Grx1
knockdown and H20; co-treatment group was significantly higher than
that in the single HyO» treatment group (Fig. 3E).

Additionally, the Western blotting results suggested that HyO,
induced increased expression of EMT protein markers, including
vimentin, a-SMA, and N-cadherin, in LECs. Moreover, Grx1 knockdown
and H,0; co-treatment increased the expression of these EMT protein
markers compared to that in the single HyO; treatment group.
Conversely, the expression of E-cadherin, a protein marker of epithelial
cells, showed an opposite trend to that of the aforementioned proteins
(Fig. 3F). Immunofluorescence staining further confirmed the Western
blotting results (Fig. 3G). These results indicate that Grx1 knockdown
aggravated oxidative stress, consequentially increased S-gluta-
thionylation level, and upregulated EMT in LECs.

3.3. Overexpression of Grx1 downregulated HyO-induced S-
glutathionylation and EMT in LECs

Lentivirus-mediated Grx1 overexpression in LECs was used to
investigate whether HoO»-induced EMT could be reversed. Accordingly,
LECs were successfully transfected with control LVCON294 and LV-
Grx1-74528-2, indicated using fluorescence microscopy, qPCR and
Western blotting showed that the mRNA and protein expression levels of
Grx1 increased (Figs. S2D-F) in LV-Grx1-74528-2 transfected LECs
compared to that of the control; therefore, LV-Grx1-74528-2 was used
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for subsequent functional analyses.

Grx1 overexpression and HyO; co-treatment increased GSH/GSSG
and decreased protein S-glutathionylation levels compared with those of
the single HyO9 treatment group (Fig. 4A and B). Compared with the
EMT phenotype of LECs treated with HyOy, Grx1 overexpression and
Hy0, co-treatment inhibited cellular migration and decreased the
number of migrated cells (Fig. 4C and D). Moreover, Grxl over-
expression co-treated with HoO5 exhibited a significantly lower cellular
proliferation percentage than the single H;O, treatment group (Fig. 4E).

Correspondingly, vimentin, -SMA, and N-cadherin expression in the
Grxl overexpression co-treated with the HyO2 group decreased
compared to those in the single HyO, treatment group. However, E-
cadherin expression was in contrast to that of the aforementioned pro-
teins (Fig. 4F). Immunofluorescence staining further confirmed the
Western blotting results (Fig. 4G). In summary, these results suggest that
Grxl is involved in the regulation of redox status and S-gluta-
thionylation, thereby affecting EMT in LECs.

3.4. LC-MS/MS analysis of H20z-induced cysteine S-glutathionylation in
LECs

After establishing that Grxl could regulate protein S-gluta-
thionylation, which plays a vital role in PCO formation, we aimed to
identify the specific molecular targets and pathways susceptible to
redox-dependent regulation in the pathogenesis of PCO. This was ach-
ieved via LC-MS/MS analysis of protein S-glutathionylation levels in
H,0,-treated and untreated LECs (Fig. 5A). LC-MS/MS results that were
reproducible over three repetitions were selected for subsequent a large
number of document retrieval, thereby selected GSK-3p, CKla
(CSNK1A1), DSTN, and axin 1 correlating with EMT for further study. In
addition, S-glutathionylation levels in HyOo-treated and untreated LECs
were evaluated by Co-IP using an anti-GSH antibody. CK1a-SSG levels
were higher in HyOo-treated LECs than in control; however, the other
proteins were not detected (Fig. 5B). Therefore, we selected CK1a as the
molecular target for further exploration.

3.5. Grx1 could regulate S-glutathionylation and the activity of CK1a

Studies have demonstrated that CKla phosphorylates f-catenin at
Ser45, which leads to the subsequent degradation of p-catenin, thereby
decreasing its nuclear translocation. Moreover, CKla is an essential
negative regulator of the Wnt/p-catenin signaling pathway [30]. Using

Fig. 5. LC-MS/MS analysis of HyO5-induced cysteine
S-glutathionylation in LECs.
Comparative groups include H,Oo-treated (20 pM for
24 h) and untreated LECs. (A) The heatmap of LC-MS/
MS results indicates protein S-glutathionylation levels
of comparative groups. (B) LC-MS/MS and a large
number of document retrieval results of GSK-3p,
* CKla, DSTN, and axin 1 S-glutathionylation levels

-110kDa — ) . . .
| A g _ were evaluated via Co-IP using an anti-GSH antibody.
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Fig. 6. Grx1 could regulate S-glutathionylation and the activity of CK1la.

H,0,-treated (20 pM for 24 h) and untreated LECs were transfected with control shRNA, shRNA targeting Grx1 mRNA, control RNA, or Grx1 overexpression RNA. (A
and B) S-glutathionylation of CK1a was evaluated using Co-IP with an anti-GSH antibody. (C and D) Western blotting indicating phospho-f-catenin (Ser45) levels
which proteasomal inhibitor MG132 was used to make similar levels of p-catenin. (E and F) Western blotting showing the expression of p-catenin in both the nucleus
and cytoplasm. (G and H) Immunofluorescence staining was used to detect the nuclear translocation of p-catenin (green). Nuclei were counterstained with DAPI
(blue). Columns represent the mean + SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 7. Cys249 S-glutathionylation inhibited the function of CK1a.
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(A) Purified recombinant protein CK1a was incubated with GSH plus H,0, or GSSG for 15 min and then mixed with- Grx1 redox system or DTT for 30 min. Western
blotting indicating protein S-glutathionylation levels under non-reducing conditions with anti-GSH antibody. (B) After incubation in different redox states, CK1a was
incubated with purified p-catenin and ATP for 23 min. Western blotting indicating phospho-p-catenin (Ser45) levels. (C) Representation of CK1a domain by color and
boundaries. (D) Model structure of CK1a and its four cysteines, generated by Pymol based on the crystal structure of Homo sapiens CK1a (AlphaFold ID, AF-P48729-
F1). (E) Mass spectra of a CK1la peptide glutathionylated at Cys249. (F) Model structure of CK1a and its kinase domain, generated by Pymol based on the crystal
structure of CK1a (AlphaFold ID, AF-P48729-F1). HyOo-treated (20 pM for 24 h) and untreated LECs were transfected with WT, C104S, C150S, C249S, C263S, and
4MUT CK1a. (G) Western blotting indicating phospho-p-catenin (Ser45) levels which proteasomal inhibitor MG132 was used to make similar levels of f-catenin. (H)
Immunofluorescence staining detected the nuclear translocation of p-catenin (red). Nuclei were counterstained with DAPI (blue). HyO»-treated (20 pM for 24 h) and
untreated LECs were transfected with WT or C249S CKla. (I) CK1la S-glutathionylation levels were evaluated via Co-IP using an anti-GSH antibody. (J) Western
t:lotting indicating the expression of both nuclear and cytoplasmic p-catenin. Columns represent the mean + SEM, n = 3, *P < 0.05, **P < 0.01***, P < 0.001.

Co-IP with an anti-GSH antibody, we detected the highest CK1a-SSG
levels in the Grx1 knockdown co-treated with HyO» group, followed by
that of the single HyO treatment group finally, a somewhat reversed
CK1a-SSG in the Grxl overexpression co-treated with HyO, group
(Fig. 6A and B). This indicated that CKla is susceptible to S-gluta-
thionylation and can be regulated by varying Grxl levels. Next, we
investigated whether S-glutathionylation influenced the phosphoryla-
tion of p-catenin at Ser45. We used proteasomal inhibitor MG132
(Selleck, S2619) to make similar levels of p-catenin and compared the
phosphorylation levels. Accordingly, Ser45 levels decreased after HoO2
treatment, a result that was aggravated by Grxl knockdown and
reversed by Grx1 overexpression (Fig. 6C and D). We then evaluated the
nuclear and cytoplasmic B-catenin levels via Western blotting. These
results suggested that the expression of both nuclear and cytoplasmic
B-catenin levels increased in the Grx1 knockdown co-treated with Hy02
group and decreased in the Grx1 overexpression co-treated with HoO5
group compared to that in the single HyO, treatment group (Fig. 6E and
F). Immunofluorescence staining confirmed this nuclear translocation of
B-catenin (Fig. 6G and H). These results indicate that Grx1 can regulate
S-glutathionylation and the activity of CK1a. Moreover, CK1a-SSG may
inhibit the phosphorylation of p-catenin at Ser45 and increase the nu-
clear translocation of f-catenin. We further detected the gluta-
thionylation level of CK1a in vitro purification experiments. As shown in
Fig. 7A, GSSG or GSH plus H20; could increase level of CK1a-SSG, which
Grx1 could reverse it. In vitro kinase activity assay, GSSG or GSH plus
H203 could decrease phosphorylation of f-catenin at Ser45 levels,
indicating decreased activity of CKla, which Grxl could reverse
(Fig. 7B).

3.6. Cys249 S-glutathionylation inhibited the function of CK1a

CKla comprises 337 amino acids, with a kinase domain located be-
tween Ile12 and Ala282 [34]. Its 2.45 A crystal structure revealed that
the first 93 amino acids form a B-hairpin loop [35,36]. The C-lobe of
CKla is mainly composed of oC helices that contribute to its kinase
function (Fig. 7C) [30]. Homo sapiens CK1a has four cysteines: Cys104,
Cys150, Cys249, and Cys263 (Fig. 7D). Notably, LC-MS/MS analysis
showed that Cys249, which is located in the kinase domain, was the
S-glutathionylation site of CK1a (Fig. 7E and F).

To determine whether Cys249 regulates CKla, we constructed WT,
C104S, C150S, C249S, C263S, 4MUT CKla and assayed their activity
individually. Fluorescence microscopy showed that all RNA types were
successfully transfected into LECs (Fig. S3A). The overexpression effi-
ciency of WT and cysteine mutant CK1la in the LECs was determined by
qPCR and Western blotting (Figs. S3B and C). As Fig. 7G shown, C249S
and 4MUT could reverse decreased phosphorylation level of f-catenin at
Ser45 under H,0 treatment. Immunofluorescence staining also implied
that C249S and 4MUT could reverse the nuclear translocation of p-cat-
enin under HO, treatment (Fig. 7H). According to the results of LC-MS/
MS analysis, fluorescence microscopy, and Western blotting, we specu-
lated that Cys249 S-glutathionylation inhibited the function of CKla.
Furthermore, S-glutathionylation levels were evaluated using Co-IP with
an anti-GSH antibody. H30, treatment increased WT CK1la-SSG,
whereas C249S blocked this HpOs-induced increase (Fig. 71).
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Concurrently, H,O5 treatment increased nuclear accumulation of
fB-catenin in the WT group, this effect was blocked by C249S (Fig. 7J).

3.7. Cys249 S-glutathionylation was critical for H»Oz-induced EMT in
LECs

We further examined the HyO-induced EMT phenotypes of WT and
C249S LECs. C249S markedly attenuated the H;0,-induced increase in
cellular migration and proliferation (Fig. 8A-C). Additionally, the HyOo-
induced increases in vimentin, a-SMA, and N-cadherin expression in the
WT group was blocked in the C249S group. The change in E-cadherin
expression was opposite to that of the aforementioned proteins
(Fig. 8D). Immunofluorescence staining further confirmed these results
(Fig. 8E). In summary, CK1a-SSG at Cys249 inhibited the phosphory-
lation of f-catenin at Ser45, promoted the nuclear translocation of
fB-catenin, and aggravated EMT in LECs.

4. Discussion

The outer fiber layer of the lens is a GSH-enriched zone (>10 mM)
[37] as opposed to the aqueous humor (~5 pM) [16]. Cataract surgery
directly exposes LECs to the aqueous humor, markedly reducing their
antioxidant capacity [16], and leading to oxidative stress. Our previous
in vitro and in vivo models suggested that oxidative stress activates the
Wnt/p-catenin signaling pathway, resulting in EMT of LECs and the
occurrence of PCO [17,18]. Oxidative stress has been confirmed to drive
S-glutathionylation of proteins [19] which can regulate the structure
and function of target protein [20-24]. For example, the S-gluta-
thionylation of GAPDH [38], rac-1 [39], AKT [20], estrogen receptor
alpha [40], catalase [41] and sirtuin-1 [21] inhibits protein function.
Conversely, S-glutathionylation of AMPK [42], actin [43], mitofusin
[22] and FABP5 [24] activates protein function. Grx1 is a cytoplasmic
enzyme that maintains a reducing environment by catalyzing protein
deglutathionylation, and has been implicated in the pathogenesis of
many diseases [24-28]. Grx1l performs a wide range of antioxidant
functions in the lens and prevents protein-thiol mixed disulfide accu-
mulation reducing the protein-protein aggregation, insolubilization,
and apoptosis of LECs [29]. However, whether Grx1-regulated protein
S-glutathionylation plays an essential role in PCO remains unclear. In
this study, we revealed that Grx1 expression was downregulated in mice
following cataract surgery, and Grxl KO mice developed more severe
PCO than the control. Additionally, Grxl knockdown aggravated
S-glutathionylation and EMT of LECs, which could be reversed by Grx1
overexpression under oxidative stress. According to LC-MS/MS and
further exploration, S-glutathionylation at Cys249 of CK1a inhibited its
phosphorylating activity at Ser45 of p-catenin, thereby promoting the
nuclear translocation of p-catenin and aggravating EMT of LECs.

Our study is the first to report that protein level of Grx1 is down-
regulated in mice after cataract surgery. Similarly, Guo et al. [24] found
that hyperoxia significantly decreased Grx1 expression in an acute lung
injury model. Interestingly, we found that, at the same time, the mRNA
of Grx1 is inconsistent with the protein level in our study. And Lou et al.
[44] reported an HyOy-induced (100 pM) transient increase and gradual
decrease in Grx1 mRNA in LECs. Studies also shown the activation and
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inactivation of Grx1 may also be related to the AP-1 transcription factor
[45] and GSH/GSSG ratio [46]. So, we speculated that the mRNA level
change may related to the HyO, treatment concentrations, representing
the oxidative stress level. And sustained high H,O; treatment concen-
trations would damage the capacity of transcription. Furthermore, the
inconsistent between mRNA and protein level indicated that the
downregulated expression of Grxl might exist in regulation in the
translation process, which requires further study.

In general, loss of Grx1 leads to a perturbed cytosolic redox state,
increased protein S-glutathionylation levels, and disrupted redox
signaling [19]. Additionally, we demonstrated that Grx1 regulates
S-glutathionylation and the GSH/GSSG ratio. Grxl knockdown
decreased the GSH/GSSG ratio and increased protein S-gluta-
thionylation, whereas Grx1 overexpression reversed this effect. Simi-
larly, LoFgren et al. [47] confirmed that a Grx1 deficiency in LECs
decreases GSH levels and resistance to oxidative stress, and elevates
protein S-glutathionylation. Firstly, we found Grx1 knockdown upre-
gulated the proliferation, migration, and EMT marker expression of LECs
following HyO,-induced EMT, which could be reversed by Grx1 over-
expression. The findings of Lee. et al. [48] closely resembled ours in that
Grx1 expression was negatively correlated with the level of EMT in
EpRas mammary epithelial cells. We further explored the mechanism by
which Grx1 regulates EMT, which is highly significant in treating PCO.

LC-MS/MS was used to analyze protein S-glutathionylation levels
under oxidative conditions to identify the specific molecular targets.
Notably, a previously reported S-glutathionylation site of GAPDH [38]
was identified in our analyses, providing additional support to our re-
sults. Our previous study showed that the TGF-f and Wnt/p-catenin
signaling pathways were activated during PCO formation [18]. How-
ever, Wei et al. [17] suggested that decreased GSH triggered the
Wnt/p-catenin signaling pathway independent of TGF-p during lens
fibrosis and PCO formation via EMT-mediated mechanisms. These re-
sults suggest that Grx1l and S-glutathionylation may be related to the
activation of Wnt/p-catenin signaling pathways under oxidative stress.
Correspondingly, we first discovered that CK1a-SSG inhibits kinase ac-
tivity and promotes activation of Wnt/f-catenin signaling in EMT of
LECs under oxidative stress.

CKla is an essential negative regulator of Wnt/f-catenin signaling
[30]. CK1la phosphorylates B-catenin at Ser45 as part of the p-catenin
destruction complex, leading to its subsequent degradation [31]. Recent
studies have found that CK1la activity may be linked to its phosphory-
lation at Thr321 [49], miR-155 and miR -9-5p [50-52] at
post-transcriptional level, ATP-dependent RNA helicase-DDX3 [53]. In
our study, to determine which site of cysteine plays a significant role in
the regulation of CK1a, we mutated cysteine to serine and compared its
activity with that of WT CKla. The results showed that C249S blocked
the HyO9-induced decrease in f-catenin phosphorylation and nuclear
translocation, inhibiting EMT. Our study first discovered that Cys249 is
an important S-glutathionylation site, which regulates the activity of
CKla.

Notably, the Wnt/f-catenin signaling pathway, for which CK1a acts
as a negative regulator, is an attractive target for disease treatment.
Clarifying the underlying mechanisms of the activation/inactivation of
CKla is of great significance and could provide a basis for designing
highly targeted and more effective drugs. Whether CK1a-SSG inhibits
CKla activity and promotes EMT in other diseases should be considered
in further studies. Grx1 plays a regulatory role in PCO, and its over-
expression inhibits the EMT of LECs by catalyzing deglutathionylation of
CK1la and recovering kinase activity. These results indicate the potential
of Grx1 as a chemotherapeutic target. Exogenous administration of re-
combinant Grx1 reversed the increase in PSSG induced by lung fibrosis
[54]. For the treatment of PCO, a multidisciplinary team should manage
the administration methods, doses, and dosage forms.

The limitations of this study are as follows. First, Grx1 expression,
and associated thiol redox function have been reported to be sexual
dimorphism, according to recent studies [55,56]. In PCO, several
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epidemiological studies have suggested that women have a significantly
higher risk than men [57-59], although other studies do not support this
correlation [60]. In our study, the experimental mice of both genders
were mixed for all the experiments. And whether the effect of Grx1 exists
sexual dimorphism needs further investigation. Secondly, TGF-f signal
pathway plays a vital role in PCO; whether TGF-p-treated could result in
the differential expression of Grx1 and the effect of Grx1 in TGF-f signal
pathway remain unclear. Finally, our LC-MS/MS results showed
degradation complex including GSK-3p and Axinl existed S-gluta-
thionylation, which were not detected by CO-IP. We speculated that the
low S-glutathionylation level, the instability modification or the false
positive results may cause it. New techniques should be used to explore
it precisely. In conclusion, we found that Grx1 expression was down-
regulated during PCO formation. Reduced Grx1 significantly upregu-
lated S-glutathionylation, increased EMT, and aggravated PCO.
Moreover, we further identified that reduced Grx1 expression promoted
EMT by upregulating CK1a-SSG under oxidative stress, and that S-glu-
tathionylation at the Cys-249 residue of CKla inhibited the phosphor-
ylation of $-catenin at Ser45, thereby promoting nuclear translocation of
B-catenin and aggravating EMT of LECs. Grx1 and CKla deglutathio-
nylation may be potential therapeutic targets for PCO.
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