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PURPOSE. TGF-β/BMP signaling pathway plays a significant role in fibrotic cataract.
Smurf1, a ubiquitin protein ligase, regulates the TGF-β/BMP signaling pathway through
the ubiquitin-proteasome system (UPS). This study aims to investigate the role of Smurf1
in the progression of fibrotic cataract and its underlying mechanism.

METHODS. We used a mouse model of injury-induced anterior subcapsular cataract (ASC)
and administered the Smurf1 inhibitor A01 for in vivo investigations. RNA sequencing
was performed to examine global gene expression changes. Protein levels were assessed
by Simple Western analysis. The volume of subcapsular opacity was determined using
whole-mount immunofluorescence of lens anterior capsules. Lentivirus was utilized to
establish cell lines with Smurf1 knockdown or overexpression in SRA01/04. Lens epithe-
lial cell (LEC) proliferation was evaluated by CCK8 and EdU assays. Cell cycle profile was
determined by flow cytometry. LEC migration was measured using Transwell and wound
healing assays.

RESULTS. The mRNA levels of genes associated with cell proliferation,migration, epithelial-
mesenchymal transition (EMT), TGF-β/BMP pathway, and UPS were upregulated in
mouse ASC model. Smurf1 mRNA and protein levels were upregulated in lens capsules
of patients and mice with ASC. Anterior chamber injection of A01 inhibited ASC forma-
tion and EMT. In vitro, Smurf1 knockdown reduced proliferation, migration and TGF-
β2-induced EMT of LECs, concomitant with the upregulation of Smad1, Smad5, and
pSmad1/5. Conversely, overexpression of Smurf1 showed opposite phenotypes.

CONCLUSIONS. Smurf1 regulates fibrotic cataract progression by influencing LEC prolifera-
tion, migration, and EMT through the modulation of the Smad signaling pathway, offering
a novel target for the fibrotic cataract treatment.
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F ibrotic cataract encompasses posterior capsular opaci-
fication (PCO) and anterior subcapsular cataract (ASC).

PCO is a common delayed postoperative complication that
impairs visual quality despite advanced surgical techniques,
instrumentation, and intraocular lens materials.1–3 Surgical
trauma stimulates residual lens epithelial cells (LECs), trig-
gering a wound-healing response distinguished by migra-
tion, proliferation, and EMT, culminating in PCO develop-
ment.4,5 ASC, on the other hand, can be caused by surgi-
cal trauma,6,7 ultraviolet radiation exposure,8 other ocular
diseases like retinitis pigmentosa,9,10 and systemic diseases
such as atopic dermatitis.11,12 PCO and ASC share a common
pathological mechanism involving abnormal proliferation,
migration, and EMT of LECs, leading to subcapsular fibrotic
opacification formation.13

Transforming growth factor beta (TGF-β) is a widely
recognized cytokine with an established role in promot-
ing the migration and EMT of LECs,14–16 thus considered
as a primary inducer for cataract pathogenesis.17,18 On the
other hand, bone morphogenic proteins (BMPs), which
are members of the TGF-β superfamily, were found to
play an opposite role in these processes.19,20 Our recent

findings showed that LEC proliferation, migration, and EMT
were suppressed by BMP-4 and BMP-7 in a mouse ASC
model.16 Upon binding to their respective ligands, the TGF-
β/BMP receptors activate receptor-regulated Smad proteins
(R-Smads), including Smad2 and Smad3 for TGF-β signaling,
and Smad1, Smad5, and Smad8 for BMP signaling. These
R-Smads, along with a nuclear Smad called Smad4, form a
complex that recruits transcriptional co-regulators to modu-
late gene transcription downstream of TGF-β/BMP signal-
ing within the nucleus.21–23 The contrasting effects between
TGF-βs and BMPs appear to be executed via the complicated
interactions among Smads.20

TGF-β/BMP signaling can be regulated by the ubiquitin-
proteasome pathway (UPP).24 Initially reported as an
inducer of degradation for BMP pathway-specific R-Smads
(Smad1 and Smad5), Smad ubiquitin regulatory factor 1
(Smurf1), also referred to as SMAD Specific E3 Ubiqui-
tin Protein Ligase 1, has been identified.25 On the other
hand, Smad2 and Smad3 are modulated by Smurf2, which
has a distinct role from Smurf1.26–28 Smurf1 was shown to
promote the migration, proliferation, as well as invasive-
ness of gastric cancer cells.29 Additionally, Smurf1 was found
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to enhance the invasiveness of pancreatic cancer, prostate
cancer, and glioblastoma.30–32 Inhibiting Smurf1 ameliorated
retinal injury in NaIO3-induced dry age-related macular
degeneration mice by modulating EMT and the inflamma-
tory response.33

To investigate the role of Smurf1 in fibrotic cataract, this
study delves deeper into Smurf1’s function in the regulation
of the biological behavior of LECs, the progression of fibrotic
cataract, and the detailed regulatory impact of Smurf1 on
Smads within LECs.

MATERIALS AND METHODS

Injury-Induced ASC Model in the Mouse

Animal experiments adhered to the guidelines of the Ethics
Committee of Zhongshan Ophthalmic Center (Z2022013)
and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Adult C57BL/6 mice aged
6 to 8 weeks were utilized to create the injury-induced ASC
model, as previously described.34 Briefly, mice were gener-
ally anesthetized with intraperitoneal injection of pento-
barbital sodium (50 mg/kg). Compound tropicamide eye
drops were used for pupillary dilation, and proparacaine
hydrochloride eye drops were applied topically for anesthe-
sia. A small incision was made at the center of the ante-
rior capsule by vertically inserting a 26-gauge hypodermic
needle through the cornea. The depth of insertion reached
a quarter of the blade’s length (approximately 300 μm).
Following surgery, 50 μM A01 (SML1404; Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany) was injected into the
anterior chamber with a Hamilton microsyringe. The consis-
tent depth and angle of needling ensured uniform incision
sizes. Tobramycin eye ointment was used postoperatively to
prevent infection. The mice were euthanized 7 days after
the surgery, and the lens capsules were collected for exper-
iments.

RNA Sequence Analysis

Total RNA was extracted from lens capsules or LECs with
the Trizol reagent (RNAiso Plus; Takara Bio Inc., Shiga,
Japan), with each group comprising four biological repli-
cates. The quantification of RNA was assessed by Nanodrop
2000 (Thermo Fisher Scientific, Waltham, MA, USA), and
the RNA integrity was measured by the Agilent Fragment
Analyzer 5400 (Agilent Technologies, Santa Clara, CA, USA).
Samples with a total quantity over 400 ng and an RNA
Integrity Number exceeding 7 are considered qualified.
The sequencing libraries was generated by Illumina (New
England Biolabs Inc., Ipswich, MA, USA). The differential
expression of genes was analyzed by DESeq2 R package
(version 1.20.1) and |log2(fold change)| > 0 and padj <

0.05 were used as the criteria for differential gene selection.
We used the clusterProfiler R package for Gene Ontology
(GO) analysis. RNA sequence data reported in this article
have been deposited in the NCBI FEO database under acces-
sion number GSE245412.

Quantitative Real-Time PCR

Total RNA of human or mouse lens capsules was extracted
using TRIzol reagent (RNAiso Plus, Takara). The reverse
transcription was completed with the FastKing RT Kit
(KR116; Tiangen Biotech Co., Ltd., Beijing, China). ChamQ

SYBR qPCR Master Mix (Q331; Vazyme Biotech Co., Ltd.,
Nanjing, China) was utilized for quantitative real-time PCR
in a QuantStudio 7 Flex (Thermo Fisher Scientific). Primer
sequences are provided in Supplementary Table S1.

Simple Western Analysis

RIPA buffer supplemented with protease and phosphatase
inhibitors (Roche, Basel, Switzerland) was utilized to lyse
lens capsules or LECs. The protein sample concentra-
tions were determined using the BCA-100 Protein Assay
Kit (Biocolor Bioscience & Technology Co., Ltd., Shang-
hai, China). The biotinylated ladder, blocking buffer, and
the chemiluminescent substrate provided in the detection
module (DM-001 and DM-002, ProteinSimple, Bio-Techne,
Minneapolis, MN, USA), along with the denatured protein
samples, diluted primary, and secondary antibodies (see
Supplementary Tables S2, S3) were loaded into desig-
nated wells of a prefilled Wes Separation 12-230 kDa plate
provided in the separation module (SM-W004; Bio-Techne).
The separation and detection were performed automati-
cally in the capillaries loaded onto the instrument (Wes;
Bio-Techne) following the manufacturer’s instructions. Data
analysis and results presentation were performed using
Compass for SW software (version 6.0). Specifically, rela-
tive protein expression was quantified by dividing the area
of the chemiluminescent peak of the protein of interest by
that of the β-actin loading control, with the system auto-
matically determining the high dynamic range (HDR) expo-
sure. The electrophoretograms, generated by the software
based on the area of chemiluminescent peaks, were utilized
for presenting the results. Standard curves were generated
following the manufacturer’s instructions to confirm that the
final total protein concentration used in this study (1 μg/μL)
fell within the linear range, as illustrated in Supplementary
Figure S1.

Collections of Human Lens Capsules

The research was in accordance with the approved guide-
lines of the Ethics Committee of the Zhongshan Ophthalmic
Center (Approval No. R016). The anterior capsules of trans-
parent lenses were sourced from cadaveric eyes at the eye
bank of the Zhongshan Ophthalmic Center. Additionally, the
anterior capsules were collected from patients observed to
have ASC both through pre-operative slit lamp examination
and intra-operative observation under an operating micro-
scope. All surgical procedures were performed by Dr. Mingx-
ing Wu, and the diameter of the capsule samples averaged
approximately 5 mm. Prior to surgery, informed consent was
obtained from all participating patients. Detailed informa-
tion about the donors and patients is provided in Supple-
mentary Tables S4 and S5.

Immunofluorescence

Lens anterior capsules or cell slides were fixed with
methanol for 1 hour at room temperature, and subsequently
rinsed 3 times with PBS. Blocking and permeabilization were
performed using a solution of 5% bovine serum albumin
(BSA; BioFroxx, Shanghai, China) diluted in PBS with 0.5%
Triton X-100. Following overnight incubation with primary
antibodies at 4°C, the tissues and cells were subsequently
incubated with an FITC-conjugated antibody and 1 μg/mL
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DAPI for 1 hour at room temperature. The primary and
secondary antibodies are listed in Supplementary Tables S2
and S3. Images were captured using the ZEISS LSM 980
confocal microscope. The Z-stack mode and the LSCM Image
Browser software were used for the 3D reconstruction and
volume calculation of the plaque, as previously described.34

Briefly, the entire plaque was scanned continuously from
top to bottom with a 1 μm interval. The opacity exhibited
a shape akin to a stack of superimposed pyramidal frus-
tums. Frustum volume between each pair of images was
computable using the frustum volume formula: V1 = 1/3
× H × [S1 + S2 + √

S1 × S2], (V = volume, H = altitude
of frustum, 1 μm in our study, S1 = base area 1, and S2 =
base area 2). Therefore, the volume of a subcapsular plaque
equals the aggregate of individual volumes between each
pair of images (Vtotal = V1 + V2 +……+ Vn, Vtotal = volume
of subcapsular plaque, Vn = individual volumes between 2
images). Six samples of anterior lens capsules were utilized
for statistical analysis in each group.

Cell Culture and Treatment

The human LEC line SRA01/04 was cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, Life Technologies
Corporation, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS; Gibco), 100 IU/mL penicillin,
and 100 μg/mL streptomycin (Gibco). LECs were treated
with 20 ng/mL recombinant human TGF-β2 (PeproTech,
Cranbury, NJ, USA) for the specified duration. Stable cell
lines with Smurf1 knockdown and overexpression were
constructed using lentivirus. To develop lentivirus, trans-
fection reagent lipofectamine 2000 (Invitrogen, Thermo
Fisher Scientific) and viral particles (psPAX2 packaging and
pMD2.G envelope plasmids) with shSmurf1, control shRNA,
pLVX-SMURF1-HA-Puro, or its mutant plasmid (Dahong
Biotechnology Corporation, Guangdong, China) were trans-
fected into HEK293T cells. After 48 hours, the supernatant
of the culture medium, which contained lentivirus, was
collected, and fresh media were added to the HEK293T
cells. The filtered supernatant was transferred to each
well of SRA01/04 cells. Positive cells were screened using
2 μg/mL puromycin. The pooled cells were harvested and
their knockdown efficiency and overexpression level were
confirmed by Western blot. These knockdown and overex-
pression cell lines were utilized for subsequent experiments
and cultured in medium supplemented with 1.5 μg/mL
puromycin.

Cell Counting Kit-8 Assay and Proliferation Assay

LEC viability was determined using the CCK-8 (K1018;
ApexBio Technology, Houston, TX, USA). LECs were
cultured in a 96-well plate with DMEM supplemented with
FBS for 24 hours. Subsequently, 100 μL of DMEM containing
10% CCK-8 assay reagent was added to each well, followed
by incubation for 2 hours at 37°C. The Infinite M200 Pro
NanoQuant was used for the measurement of the optical
density (OD) value at 450 nm. Cell proliferation was assessed
using an EdU cell proliferation kit (BeyoClickTM EdU Cell
Proliferation Kit with Alexa Fluro 594, C0078S; Beyotime,
Shanghai, China). LECs seeded in a 12-well plate were incu-
bated with EdU labeling reagent for 2 hours. Following fixa-
tion and permeabilization, the click reaction mixture was
added to the LECs. Images were captured using a ZEISS LSM
980 confocal microscope.

Flow Cytometry Analysis

The cells were fixed in 75% ethanol overnight at 4°C, after
which the cells were washed twice with PBS. Subsequently,
0.5 mL of FxCycle PI/RNase Staining Solution (Life Tech-
nologies, Thermo Fisher Scientific) stain was added to each
sample and was incubated for 30 minutes at room tempera-
ture in the dark. The cell cycle profile was detected by BD
FACSCalibur Flow Cytometer (BD Biosciences) and analyzed
by ModFit LT.

Transwell Assay

The lower chamber of a 24-well Transwell filter plate
(Corning Incorporated, Corning, NY, USA) was filled with
800 μL of serum-containing medium supplemented with
TGF-β2. Each upper chamber was seeded with 2 × 104 LECs
suspended in 100 μL of serum-free medium containing TGF-
β2. After 24 hours, cells attached to the upper side of the
membrane were removed with a wet cotton swab. Transmi-
grated cells adhering to the underside of the membrane were
fixed with 4% paraformaldehyde and subsequently stained
with crystal violet (Beyotime). Three images of each Tran-
swell plate were captured using an inverted microscope, and
ImageJ (Media Cybernetics, Inc., Silver Spring,MD, USA) was
used for quantification.

Scratch Wound Healing Assay

Scratches were made with a 200-μL pipette tip when cells
reached 90% confluence in a 6-well plate. After removing
detached cells with PBS, the remaining attached cells were
cultured in serum-free DMEM with or without TGF-β2 for
24 hours. We used a phase-contrast microscope to capture
images of the wound area at both 0 and 24 hours. The wound
area and the migration rate were calculated and analyzed
using ImageJ software.

Statistical Analysis

Statistical analysis was conducted using GraphPad Prism
version 8.2.1 (GraphPad Software, Inc., San Diego, CA, USA).
Data from each group are expressed as mean ± SEM. A
significance level of P < 0.05, determined using a two-tailed
t-test or one-way ANOVA, was considered statistically signif-
icant.

RESULTS

Smurf1 Exhibited Upregulation in Both Patients
With ASC and Mice With Injury-Induced ASC

To evaluate the overall change of gene expression in fibrotic
cataract, we conducted RNA-sequencing on lens capsules
collected from an injury-induced ASC mouse model 7 days
after surgery. Lens capsules from mice that underwent a
sham operation, involving only corneal incision without lens
capsule incision, served as the control group. The results of
the GO enrichment analysis showed that the differentially
expressed genes (DEGs) were enriched in the “response to
wounding” term, which was in alignment with the process of
injury-induced ASC. Additionally, we also observed enrich-
ment in terms related to cell proliferation, cell migration,
EMT, TGF-β/BMP, and Notch signaling pathways, consis-
tent with the mechanism of ASC formation.16,35,36 Moreover,
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the GO analysis highlighted the involvement of the UPP,
suggesting its potential role in ASC regulation (Fig. 1A).
The heatmap of DEGs associated with cell proliferation
(Fig. 1B), EMT (Fig. 1C), cell migration (Fig. 1D), and UPP
(Fig. 1E) demonstrated an overall upregulation in these
four processes in the ASC group compared to the control
group. Considering the known importance of the TGF-
β/BMP signaling pathway in ASC formation,16 we aimed to
identify any potential connection between the TGF-β/BMP
signaling and the UPP in the regulation of ASC. Smurf1 func-
tions as an E3 ubiquitin protein ligase that regulates TGF-
β/BMP signaling pathway,37 so we examined the mRNA and
protein levels of Smurf1 in mouse ASC model and control
group. The results of real-time PCR and Simple Western anal-
ysis revealed the upregulation of Smurf1 in the ASC group
(Figs. 1F–H). Additionally, higher mRNA and protein levels of
Smurf1 were observed in anterior capsules from the patients
with ASC compared to the transparent lenses (Figs. 1I–K),
suggesting a potential role for Smurf1 as a novel regulator
of cataract formation.

Inhibition of Smurf1 Suppressed the Formation of
Injury-Induced ASC in the Mouse

To investigate the impact of Smurf1 on fibrotic cataract
progression, we used A01, a high-affinity selective Smurf1
inhibitor that blocks the interaction between the WW1
domain of Smurf1 and Smad1/5,38 in a mouse model of
injury-induced ASC. Whole-mount immunofluorescence of
the anterior capsule, displaying the maximum cross-section
and the vertical section, revealed that the A01 treatment
group exhibited significantly smaller opacity compared to
the control group (Fig. 2A). The 3D-reconstruction results
of the subcapsular plaque, utilizing DAPI as a nuclear
marker, indicated a significant reduction in opacity volume
due to A01 treatment. Additionally, the volume of α-SMA,
an EMT marker, was effectively suppressed by A01 treat-
ment (Fig. 2B). Consistently, Simple Western analysis results
demonstrated downregulation of the protein levels of EMT
markers (fibronectin and N-cadherin), along with upregu-
lation of the epithelial cell marker (E-cadherin), upon A01
treatment (Figs. 2C, 2D). These findings substantiate that in
vivo inhibition of Smurf1 with A01 effectively attenuated
both fibrotic cataract formation and the EMT of LECs.

Smurf1 Regulated the Proliferation of LECs

To validate the results in vivo, we established an in vitro cell
culture model using the SRA01/04 cell line by manipulat-
ing the expression of Smurf1. As demonstrated in Supple-
mentary Figure S2, the use of shRNA effectively reduced
the protein level, whereas overexpression of an exogenous
gene substantially increased its expression. The CCK-8 assay
results indicated that knockdown of Smurf1 decreased the
number of live LECs and overexpression of Smurf1 increased
the number of live LECs (Figs. 3A, 3B). Simple Western
analysis of the protein level of proliferating cell nuclear
antigen (PCNA), which is a marker of proliferating cells,39

revealed that Smurf1 knockdown decreased the protein level
of PCNA, whereas Smurf1 overexpression increased PCNA
protein level (see Figs. 3C–F). Moreover, the results of EdU
incorporation consistently affirmed the regulatory role of
Smurf1 in LEC proliferation (Figs. 3G–J). Consistently, results
of the cell cycle profile analysis by flow cytometry showed

that Smurf1 knockdown reduced the proportion of cells in S
phase whereas Smurf1 overexpression increased the propor-
tion of cells in S phase (Fig. 3K). The representative DNA
fluorescence histograms of PI-stained LECs are shown in
Supplementary Figure S3. In summary, Smurf1 knockdown
restrained LEC proliferation, whereas Smurf1 overexpres-
sion facilitated LEC proliferation.

Smurf1 Regulated the Migration of LECs

Following the confirmation of Smurf1’s role in LEC prolifer-
ation, we investigated its impact on LEC migration. It is well-
established that TGF-β2 promotes migration of LECs,40 so we
utilized TGF-β2 to stimulate LEC migration. The results were
presented by the crystal violet-stained cells that migrated
and clung to the bottom membrane and the healing rates
of the wound area (see Figs. 4A, 4B). The results from
the Transwell assay and wound healing assay revealed that
Smurf1 knockdown inhibited LEC migration in the pres-
ence or absence of TGF-β2 (Figs. 4C, 4D). In contrast,
overexpression of Smurf1 promoted the migration of LECs
and also enhanced the TGF-β2-induced migration of LECs
(Figs. 4E, 4F). The results collectively revealed that Smurf1
knockdown inhibited LEC migration, whereas Smurf1 over-
expression promoted LEC migration.

Smurf1 Regulated the EMT of LECs Induced by
TGF-β2

In the subsequent investigation, we explored the influ-
ence of Smurf1 on the EMT of LECs by using TGF-β2 for
48 hours to induce EMT. The immunofluorescence results
corroborated that TGF-β2 upregulated the expression of
the EMT marker fibronectin in both control and Smurf1
knockdown/overexpression cell lines. Smurf1 knockdown
diminished the expression of fibronectin (Figs. 5A, 5B),
whereas Smurf1 overexpression elevated fibronectin levels
in the presence of TGF-β2 (Figs. 5C, 5D). Moreover, as
revealed by Simple Western analysis, when the LECs were
treated with TGF-β2, Smurf1 knockdown curtailed the TGF-
β2-induced increase in protein levels of fibronectin and N-
cadherin, and ameliorated the TGF-β2-induced reduction in
ZO-1 protein level (Figs. 5E, 5F). Conversely, Smurf1 overex-
pression strengthened the impact of TGF-β2 (Figs. 5G, 5H).
However, knockdown or overexpression of Smurf1 alone
showed no effect on the EMT of LECs in the absence of TGF-
β2. Taken together, Smurf1 knockdown restrained, whereas
Smurf1 overexpression stimulated the EMT of LECs induced
by TGF-β2.

Smurf1 Regulated the Protein Level of Smad1,
Smad5, and pSmad1/5

After confirming the impact of Smurf1 on ASC forma-
tion and LECs’ biological behavior, we conducted further
investigation into the underlying mechanism by transcrip-
tome sequencing with LECs. The GO enrichment analy-
sis of TGF-β2-treated Smurf1 knockdown LECs and TGF-
β2-treated normal control LECs revealed that the DEGs
were enriched to terms related to biological processes,
such as cell migration, cell junction, and cell-matrix
adhesion. In addition, DEGs exhibited enrichment in TGF-
β/BMP signaling pathway and Smad protein phosphoryla-
tion (Fig. 6A). Simple Western analysis was conducted to
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FIGURE 1. Smurf1 exhibited upregulation in both patients with ASC and mice with injury-induced ASC. (A) Dot plot of GO enrichment
analysis comparing control croup and mouse ASC model group. Each dot represents a GO term, with its size indicating the number of genes
in that particular GO term (count). The position along the X-axis (GeneRatio) signifies the ratio of the genes found enriched in the named
pathway. The color (P value) represents the significance of enrichment. Terms related to ubiquitin-proteasome pathway were shown in
bold italics. (B) Heatmap illustrating the expression profiles of DEGs associated with cell proliferation. The color gradient reflects the gene
expression levels, with warmer colors (orange) indicating higher expression and cooler colors (violet) indicating lower expression. Each
group has four biological replicates. (C) Heatmap of DEGs associated with EMT. (D) Heatmap of DEGs related to cell migration. (E) Heatmap
of DEGs related to ubiquitin-proteasome pathway. (F) Relative mRNA expression of Smurf1 in control and ASC group in mouse. The relative
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level of mRNA was calculated using the 2−��CT method. β-actin served as loading control. (G, H) Representative Simple Western analysis
results and statistical analysis of relative Smurf1 protein expression in control and ASC group in mouse. β-actin was used as loading control.
(I) Relative mRNA level of Smurf1 in anterior capsules of transparent human lenses (control) and patients with ASC. (J, K) Simple Western
analysis results and statistical analysis of relative protein level of Smurf1 in anterior capsules of control and ASC group in humans. Data are
displayed as mean ± SEM from three independent experiments. **P < 0.01, ***P < 0.001.

FIGURE 2. Inhibition of Smurf1 suppressed the formation of injury-induced ASC in mouse. (A) Representative immunofluorescence
images of whole-mount anterior capsule. Horizontal images depict the section with the largest plaque area, whereas the vertical section
illustrates plaque thickness. DAPI (blue) for the nuclei and α-SMA (red) for the EMT marker. Scale bar = 50 μm. (B) Quantification and
statistical analysis of plaque volume (indicated by nuclei volume) and α-SMA volume. Six samples of anterior lens capsules were utilized
for statistical analysis in each group. (C) The protein levels of fibronectin, N-cadherin, and E-cadherin were analyzed using Simple Western
analysis, and the output electrophoretogram with HDR exposure was displayed. β-actin was used as the loading control. (D) Statistical
analysis of relative protein levels normalized to β-actin. Data is shown as mean ± SEM from three independent experiments. **P < 0.01,
***P < 0.001.

validate the results of RNA-seq. The results showed that
Smurf1 knockdown elevated, whereas Smurf1 overexpres-
sion diminished the total protein levels of Smad1, Smad5,
and the phosphorylation levels of Smad1/5 (pSmad1/5)
in the presence or absence of TGF-β2. However, neither
Smurf1 knockdown nor overexpression affected the total
protein level of Smad2, Smad3, or the phosphorylation

levels of Smad2/3 (pSmad2/3). Additionally, TGF-β2 treat-
ment decreased Smad1/5 phosphorylation and increased
Smad2/3 phosphorylation while showing no impact on the
total levels of Smad1, Smad2, Smad3, or Smad5 (Figs. 6B–E).
We then assessed the protein levels of Smads in both the
A01-treated and the control group of mouse ASC model to
verify the results we observed in vitro. The Simple West-
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FIGURE 3. Smurf1 regulated the proliferation of LECs. (A) Absorbance readings at 450 nm from CCK-8 assays for Smurf1 knock-
down and negative control groups. (B) Absorbance values at 450 nm from CCK-8 assays for Smurf1 overexpression and control groups.
(C, D) Simple Western analysis results and statistical analysis of relative protein level of PCNA in Smurf1 knockdown cell line and
negative control. (E, F) Relative PCNA protein level and its statistical analysis of Smurf1 overexpression cell line and negative control.
(G, H) Immunofluorescence results of EdU incorporation in Smurf1 knockdown or overexpression cell line compared to negative control.
Scale bar = 50 μm. (I, J) Quantification of the percentage of EdU-positive cells. (K) Results of the cell cycle analysis by flow cytometry
showing the percentage of cells in G2/M, S, or G0/G1 phase of Smurf1 knockdown, Smurf1 overexpression, and respective control groups.
Results are displayed as mean ± SEM from three independent experiments. **P < 0.01, ***P < 0.001, ns, no statistical significance.
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FIGURE 4. Smurf1 regulated the migration of LECs. (A, B) Representative images of cells that migrated through the porous membrane,
stained with crystal violet, and time-lapse images depicting the closure of the cell-free gap over 24 hours shown by straight black lines.
Images were captured using an inverted microscope. Scale bar = 200 μm. (C, E) Quantitative analysis of migrated cells presented as the
average number of cells per field of view. (D, F) Quantification and statistical analysis of the wound closure rate represented as the percentage
of the wound area at 24 hours compared to it at 0 hours. Data are expressed as mean ± SEM of nine images per group from three parallel
experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

ern analysis results revealed that A01 treatment upregu-
lated the total protein levels of Smad1, Smad5, and the
Smad1/5 phosphorylation, while exerting no impact on the
total protein levels of Smad2, Smad3, or the Smad2/3 phos-
phorylation level (Figs. 6F, 6G), which was consistent with
the results in vitro. In summary, Smurf1 regulates fibrotic
cataract by modulating the protein levels of Smad1, Smad5,
and pSmad1/5.

DISCUSSION

In this study, we have identified Smurf1 as a pivotal link
between the UPP and the TGF-β/BMP signaling pathway,
playing a crucial role in the regulation of fibrotic cataract.
We conducted RNA sequencing analysis and identified the
upregulated expression of genes related to UPP. Notably, our
investigation revealed elevated level of Smurf1 in a mouse
ASC model. This increased expression of Smurf1 was further
confirmed in lens capsules obtained from patients afflicted
with ASC. Then, we demonstrated that inhibiting Smurf1
with A01 effectively curbed ASC formation by suppress-
ing EMT. Additionally, our research delved into the func-
tional significance of Smurf1 in LEC proliferation, migration,

and EMT. We also establish that Smurf1’s regulatory role
is mediated through its modulation of Smad1, Smad5, and
pSmad1/5, which are key components of the BMP signaling
pathway.

The UPS is a highly precise system for protein degra-
dation in eukaryotes.41,42 To initiate ubiquitination, ubiqui-
tin molecules are initially activated through the ubiquitin-
activating enzyme (E1). Following activation, ubiquitin is
transferred to ubiquitin-conjugating enzyme (E2), followed
by the formation of a bond between the ubiquitin and the
specific substrate protein, which requires substrate-specific
ubiquitin ligase (E3). Ultimately, the ubiquitinated substrate
undergoes degradation by proteasomes.43–45 UPS is reported
to be related to the formation of cataract. For instance,
targeted expression of K6W mutant ubiquitin in mouse lens
results in lens developmental abnormalities and the forma-
tion of cataract.46 Moreover, altered ubiquitination of crys-
tallins has been identified as a causative factor in their aggre-
gation and precipitation, leading to lens opacification.47,48

Additionally, the proteasome inhibitor MG132 inhibited the
PCO progression in rabbit PCO model as well as suppressed
the EMT marker in HLE B-3 cell line.49,50 Our RNA sequenc-
ing data further underscored the involvement of the UPP
in fibrotic cataract, as evidenced by its upregulation in the
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FIGURE 5. Smurf1 regulated the EMT of LECs induced by TGF-β2. (A, C) Representative images illustrating fibronectin (red) distribution
in cells of the Smurf1 knockdown or overexpression group and respective normal controls in the presence or absence of TGF-β2 with
nuclei counterstained with DAPI (blue). Scale bar = 25 μm. (B, D) Quantification and statistical analysis of relative fibronectin fluorescence
intensity. (E, G) Representative Simple Western analysis bands illustrating the expression of fibronectin, ZO-1, and N-cadherin. β-actin served
as loading control. (F, H) Statistical analysis of relative protein expression, presented as the relative fold change compared to the normal
control group. Data is shown as mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no statistical
significance.



Smurf1 Modulates Smad Pathway in Fibrotic Cataract IOVS | February 2024 | Vol. 65 | No. 2 | Article 18 | 10

FIGURE 6. Smurf1 regulated the protein level of Smad1, Smad5 and pSmad1/5. (A) Dot plot illustrating the results of GO enrichment
analysis. The size of each dot corresponds to the number of genes enriched in the respective GO term. The X-axis represents the Generatio,
whereas the Y-axis indicates the specific GO terms. The dots are color-coded based on the significance of enrichment (padj value). Terms
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related to BMP signaling pathway and Smad protein phosphorylation are shown in bold italic. (B, C) Simple Western analysis results and
the statistical analysis showed the relative protein level of Smad1, Smad2, Smad3, Smad5, pSmad1/5, and pSmad2/3 normalized to β-actin
in Smurf1 knockdown and negative control cell lines. (D, E) Images and statistical analysis of Simple Western analysis results displayed the
relative protein levels in Smurf1 overexpression and negative control cell lines. (F, G) Images and quantification of Simple Western analysis
results of lens capsules from control and A01-treated ASC model. Data are presented as the mean of relative fold change ± SEM from three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no statistical significance.

mouse ASC model. To narrow down our focus within the
UPP, we turned our attention to the substrate-specific ubiq-
uitin ligase. Given its role as a regulator of the TGF-β/BMP
signaling pathway,41 Smurf1 emerged as a promising candi-
date. Indeed, our investigation revealed an upregulation of
Smurf1 in patients with ASC and the mouse ASC model,
strongly suggesting its regulatory significance in the context
of fibrotic cataract.

Research on Smurf1 has predominantly centered around
its involvement in cancer,51 with its role in cataract formation
receiving comparatively little attention. However, our current
study highlights new findings in this regard. The application
of A01 was demonstrated to effectively hinder the progres-
sion of ASC in a mouse model, concomitantly reducing the
levels of EMT markers. Then, we established Smurf1 knock-
down and overexpression cell lines and further elucidated
that Smurf1 knockdown inhibited while Smurf1 overexpres-
sion facilitated the proliferation,migration, and EMT of LECs.
These findings reveal the pivotal role of Smurf1 in cataract
formation, shedding new light on its functional signifi-
cance beyond its well-documented involvement in cancer
research.

To further explore the mechanism underlying Smurf1-
mediated ASC suppression, we conducted a transcriptome
sequencing on LECs. The results suggested the involvement
of TGF-β/BMP-Smad signaling pathway and the phosphory-
lation of Smads. The regulatory role of Smurf1 within the
TGF-β/BMP signaling pathway is intricate. Whereas initial
reports primarily emphasized its capacity to degrade Smad1
and Smad5,25 subsequent research has unveiled its multi-
faceted interactions with various components of the TGF-
β/BMP signaling pathway. Specifically, Smurf1 has been
documented to induce the ubiquitination and cytoplas-
mic localization of Smad7.52 Moreover, Smurf1 was found
to induce the ubiquitination and degradation of TβRI,53

BMPRI,54 and Smad455 with assistance from Smad7 or R-
Smads which functioned as the adaptor in this process.
Meanwhile, in this study, we also showed that inhibition of
Smurf1 led to upregulation in the protein levels of Smad1
and Smad5 and overexpression of Smurf1 resulted in their
downregulation, aligning with previous findings. Notably,
we also observed a similar pattern in the levels of pSmad1/5,
indicative of their active state, upon Smurf1 inhibition and
overexpression. Because Smad1 and Smad5 are downstream
components of the BMP signaling pathway, these results
indicate that the elevation of Smurf1 led to a decrease in
BMP signaling. In consistency, the variation of Smurf1 had
no significant effect on Smad2 or Smad3, which are compo-
nents of the TGF-β signaling pathway. Thus, these results
suggest that the impact of Smurf1 is probably exerted via
regulating the inhibition of the BMP signal over the TGF-
β pathway. Nevertheless, we cannot exclude the intricate
interplay of Smurf1 with I-Smad (Smad6 and Smad7), Co-
Smad (Smad4), and the receptors of the TGF-β/BMP, which
requires further exploration in the future.

In conclusion, our data from clinical samples of human,
mouse ASC model and human lens epithelial cell line collec-

tively illuminate the involvement of Smurf1 in the devel-
opment of fibrotic cataract through the modulation of the
Smad signaling pathway. Our discoveries extend our under-
standing of fibrotic cataract and indicate the significance of
Smurf1 in both its prevention and treatment.
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