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PURPOSE. Epithelial–mesenchymal transition (EMT) of lens epithelial cells (LECs) is a
predominant pathological process underlying fibrotic cataracts. Here we investigated the
role and mechanism of lanosterol synthase (LSS), a key rate-limiting enzyme in sterol
biosynthesis, in EMT of LECs.

METHODS. Human lens epithelial explants, primary rabbit LECs, and whole rat lenses
were treated with TGFβ2. RNA-sequencing was conducted to explore genetic changes
during fibrosis of human lens epithelial explants. Loss- and gain-of-function studies were
performed in primary LECs to investigate roles and mechanisms of LSS, lanosterol and
sterol regulatory element binding transcription protein 1 (SREBP1) in EMT. Rat lenses
were applied to evaluate the potential effect of lanosterol on lens fibrosis. Expression
of LSS, SREBP1, EMT-related regulators, and markers were analyzed by Western blot,
qRT-PCR, or immunofluorescent staining.

RESULTS. LSS and steroid biosynthesis were downregulated in TGFβ2-induced lens fibro-
sis. LSS inhibition directly triggered EMT by inducing Smad2/3 phosphorylation and
nucleus translocation, an overexpression of LSS protected LECs from EMT by inhibit-
ing Smad2/3 activation. Moreover, LSS inhibition decreased the expression of SREBP1,
which regulated EMT via intervening TGFβ2/Smad2/3 transduction. Furthermore, lanos-
terol protected LECs from EMT caused by both TGFβ2 treatment and LSS inhibition via
suppressing Smad2/3 activation and maintained lens transparency by preventing fibrotic
plaques formation.

CONCLUSIONS. We first identified that LSS protected LECs from EMT and played an antifi-
brotic role to maintain lens transparency. Additionally, lanosterol and sterol biosynthesis
regulation might be promising strategies for preventing and treating fibrotic cataracts.

Keywords: lens epithelial cells, epithelial–mesenchymal transition, lanosterol synthase,
lanosterol

The crystalline lens is a transparent and biconvex
organ with light transmitting and refraction properties,

composed of lens epithelial cells (LECs) and lens fiber cells
(LFCs). Opacification of the lens, also known as cataract, is
the leading cause of vision loss worldwide.1 As the major
cells with transcriptional and metabolic activities in adult
lens, the LECs are essential for lens formation and lifelong
transparency maintenance.2

Various factors, such as radiation, metabolic disor-
ders, ocular trauma, inflammation and intraocular surgery
can disturb the homeostasis of LECs and result in lens
opacity.1 The epithelial–mesenchymal transition (EMT) of
LECs is a predominant pathological biological process in
fibrotic cataracts, including anterior subcapsular cataract
and posterior capsule opacification.3 During lens fibrosis,
the injured LECs transdifferentiate into mesenchymal cells
with increased proliferation and invasive migration to form
fibrotic plaques underneath the lens capsule and lead to
capsule wrinkling.4 Further, loss of epithelial function may
destroy the homeostasis and transparency of the lens cortex

and nucleus, leading to different degrees and types of
cataracts.

The abnormally activated TGFβ signals have been shown
to induce EMT in fibrotic diseases and TGFβ2 is detected
as the major isoform in the lens microenvironment to trig-
ger lens fibrosis.5 Upon injury, such as with ocular surgery
and trauma, TGFβ2 in the aqueous humor turns from a
latent state to an active state and increases significantly
to activate the downstream signals such as the canonical
TGFβ2/Smad2/3 pathway to induce the expression of EMT-
related genes, leading to the mesenchymal transition of
LECs.6–10 Thereafter, the LECs lose their epithelial morphol-
ogy, apical-basal polarity and epithelial cell-to-cell junctions
formed by zonula occludens 1 (ZO1) and E-cadherin (E-cad),
and obtained mesenchymal phenotypes with an elongated
and spindle-like shape, accompanied by increasing expres-
sion of mesenchymal cytoskeletal proteins, such as α-smooth
muscle actin (α-SMA), and excessive secretion of extracellu-
lar matrix, including fibronectin (FN), driving the formation
of the fibrotic plaques and resulting in lens opacity.11
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The steroid biosynthesis and metabolic pathways have
been confirmed to be involved in EMT during various tissue
fibrosis and tumor metastasis.12–15 As an essential compo-
nent of cellular membranes, cholesterol has been reported
to be critical for lens development and long-term lens
transparency maintenence.16,17 Lanosterol synthase (2,3-
oxidosqualene-lanosterol cyclase [LSS]) is a key early rate-
limiting enzyme in cholesterol biosynthesis, which can
catalyze the conversion of (S)-2,3-oxidosqualene to lanos-
terol, a critical precursor of sterols in mammals. Our previ-
ous studies have reported that mutations in LSS gene impair
catalytic function of LSS, leading to lanosterol and choles-
terol synthesis disorder, and identified that families with
LSS mutations presented severe congenital cataracts.18,19

Furthermore, LECs with Lss mutations could not exit the
cell cycle to differentiate into lens fibers, resulting in fail-
ure of lens development.19 Besides, lanosterol, the catalytic
product of LSS, has been reported to restore lens trans-
parency by redissolving the aggregates of mutated crys-
tallins.18 However, the role of LSS in EMT of LECs during
the pathogenesis of lens epithelial fibrosis remains unclear.

Here, we first demonstrated that the LSS and sterols
biosynthesis processes were decreased during TGFβ2-
induced lens fibrosis. Then, we observed that knockdown
of LSS could induce EMT by direct activation of Smad2/3
signaling, while overexpression of LSS alleviated TGFβ2-
induced EMT by inhibiting Smad2/3 signals. Moreover, sterol
regulatory element binding transcription protein 1 (SREBP1)
was decreased by TGFβ2 treatment or LSS inhibition and
was found to regulate EMT of LECs by attenuating the
TGFβ2/Smad2/3 signaling transduction. Furthermore, we
demonstrated that lanosterol treatment inhibited EMT of
LECs caused by both TGFβ2 and LSS inhibition. Moreover,
semi-in vivo whole lens culture studies presented that lanos-
terol alleviated rat lens fibrosis by maintaining lens epithe-
lial phenotypes and lens clarity via suppressing Smad2/3
signals. Together, this study reveals LSS-related sterol biosyn-
thesis pathway as a novel mechanism for the pathogenesis
of lens epithelial fibrosis, the modulation of which might
provide therapeutic strategies for the prevention and treat-
ment of fibrotic cataracts.

MATERIALS AND METHODS

RNA Sequencing Data Analysis

Our RNA sequencing data of human lens epithelial explants
(HLEEs) upon TGFβ2 treatment was acquired as previously
described20 and downloaded from the Genome Sequence
Archive in BIG Data Center (https://bigd.big.ac.cn/gsa/),
with Project Accession No. PRJCA010973 and GSA Acces-
sion No. HRA002775. DESeq2 was used for differential gene
expression analysis between two samples with biological
replicates. Genes with a P value of less than 0.05 and a
|log2_FC| of 1 or greater were identified as differentially
expressed genes (DEGs). The detected DEGs were further
used to perform pathway enrichment analysis using Metas-
cape.21

Isolation, Culture, and Treatment of Primary LECs

All animal experiments were approved by the Animal Ethics
of Sun Yat-sen University, following the National Insti-
tutes of Health guide for the care and use of Labora-
tory animals. Primary LECs were isolated from 2-month-old

New Zealand White rabbits and LECs between the third
and fifth passages were used for subsequent cell exper-
iments. All LECs were maintained at 37°C in a humidi-
fied 5% CO2 incubator and cultured in MEM (11095080;
Thermo Fisher Scientific, Waltham, MA, USA) with 10%
fetal bovine serum (10099141C; Gibco, Gran Island, NY,
USA), 1% nonessential amino acids (11140050; Thermo
Fisher Scientific), and 1% penicillin/streptomycin (15140122;
Thermo Fisher Scientific). In TGFβ2-induced EMT experi-
ments, LECs were treated with TGFβ2 (302-B2-010; R&D
Systems, Minneapolis, MN, USA) at different concentrations
(2.5 ng/mL, 5 ng/mL, 10 ng/mL) for 3 days. Lanosterol (20
μM, L5768; Sigma, St Louis, MO, USA) were added to the
culture medium with or without 5 ng/mL TGFβ2 for 3 days.

Transfection With siRNA and Plasmid

Primary LECs were transfected with small interfering RNAs
(siRNAs) of the negative control (siNC), LSS (siLSS), and
SREBP1 (siSREBP1), which were purchased from Ribo-
bio. The pcDNA3.1-LSS (oeLS), pcDNA3.1-SREBP1 (oeSRE1)
and control plasmids (oeNC) (Vigene Bioscience) were all
commercially obtained. Lipofectamine 3000 agent (l3000015;
Thermo Fisher Scientific) was used for siRNA and plas-
mid transfection, according to the manufacturer’s protocol.
When LECs were grown to 70% confluence, the transfection
mixtures were premixed well for 15 minutes and then added
into the culture medium. After transfection for 18 hours, the
transfected cells were used in subsequent experiments.

Semi-In Vivo Whole Lens Culture and Treatment

Whole lenses were isolated from 3-week-old Sprague-
Dawley rats as previously described.22 The rat lenses
were cultured in Dulbecco’s Modified Eagle Medium
(C11965500BT; Thermo Fisher Scientific) supplemented
with 0.1% BSA and 1% penicillin/streptomycin. TGFβ2 (5
ng/mL)23 and lanosterol (20 μM) were added to the culture
medium, which was changed every other day. Whole rat
lenses were cultured for up to 6 days and the lenses were
photographed by a stereoscope.

Western Blot Analysis

Primary LECs and the anterior capsule with attached LECs
from rat lenses were lysed in radioimmunoprecipitation
assay buffer (P0013C; Beyotime, Shanghai, China) with
phenylmethylsulfonyl fluoride and PhosStop Phosphatase
Inhibitor Cocktail (04906837001; Roche, Basel, Switzer-
land). Bicinchoninic acid assay (P0012; Beyotime) was
used to quantify protein concentrations. Equal proteins
were mixed with 2× sodium dodecylsulphate sample
buffer and were separated with sodium dodecylsulphate-
polyacrylamide gel electrophoresis gels and transferred onto
polyvinylidene difluoride membranes (IPVH00010; Merck
Millipore, Burlington, MA, USA). The membranes were
then blocked in 5% bovine serum albumin for 1 hour at
room temperature, followed by incubation with primary
antibodies (1:1000) overnight at 4°C and then with horse
radish peroxidase-conjugated secondary antibodies (1:2000)
for 2 hours at room temperature. Finally, the protein
bands were detected and analyzed with chemilumines-
cence detection systems (WBKLS0500; Merck Millipore). The
primary antibodies used in Western blot analysis were as
follows: LSS (13715-1-AP; Proteintech, Rosemont, IL, USA),
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ZO1 (61-7300; Thermo Fisher Scientific), E-cad (ab1416;
Abcam, Cambridge, UK), FN (ab137720; Abcam), α-SMA
(ab7817; Abcam), β-actin (3700S; Cell Signaling Technology,
Danvers, MA, USA), phospho-Smad2 (3108; Cell Signaling
Technology), phospho-Smad3 (9520; Cell Signaling Tech-
nology), Smad2/3 (8685; Cell Signaling Technology), and
SREBP1(ab28481; Abcam).

RNA Isolation and Quantitative Real-Time PCR

Total RNA from primary LECs was collected and purified
using the Rneasy Mini Kit (74104; Qiagen, Hilden, Germany),
according to the manufacturer’s protocol. Total RNA (1 μg)
was converted to cDNA using PrimeScript RT Master Mix
(RR036A; Takara Bio Inc, Kutsatsu, Japan). ChamQ SYBR
Color qPCR Master Mix (Q431-02; Vazyme) was used for
quantitative real-time PCR reactions on a Step One Plus real-
time PCR system (Applied Biosystems, Waltham, MA, USA).
The relative expression levels of mRNAs were evaluated by
the 2−��Ct method and the expression levels were normal-
ized to that of GAPDH.

Hematoxylin and Eosin Staining

The whole rat lenses were fixed with 4% paraformalde-
hyde for 1 hour at room temperature and embedded in
optimal cutting temperature compound, which were then
preserved in refrigerator. Freshly cut sections were first
stained with hematoxylin solution (BA-4097; BASO Diag-
nostics, New Taipei City, Taiwan) to show the nuclei, rinsed
in running tap water, and then counterstained with Eosin
solution (BA-4098; BASO Diagnostics) to delineate the cellu-
lar cytoplasm. Finally, the images were captured by a Leica
microscope (DM3000).

Immunofluorescent Staining

Primary LECs and the anterior capsule whole-mounts from
rat lenses were collected after treatment. Frozen sections of
rat lenses were collected as described above. These samples
were fixed with 4% paraformaldehyde for 30 minutes and
blocked in PBS containing 3% BSA and 0.3% Triton X-
100 for 30 minutes at room temperature. Then they were
incubated with primary antibodies (1:300) overnight at 4°C
and fluorochrome-conjugated secondary antibodies (1:1000;
Cell Signaling Technology) for 2 hours at room tempera-
ture, followed by counterstaining with DAPI. The images
were captured using a Leica microscope (DM3000). The
primary antibodies used in immunofluorescent staining
were as follows: ZO1 (61-7300; Thermo Fisher Scientific),
FN (ab2413; Abcam), α-SMA (ab7817; Abcam), p-Smad2/3
(AF3367; Affinity Biosciences, Cincinnati, OH, USA), and
Smad2/3 (8685; Cell Signaling Technology).

Statistical Analyses

All the experiments were performed at least three times
independently and data were presented as the mean ± SD.
GraphPad Prism software was used for statistical analyses
and one-way ANOVA was performed for statistical differ-
ences among more than two groups. A P value of less than
0.05 (*P < 0.05, **P < 0.01, and ***P < 0.001) was considered
statistically significant.

RESULTS

LSS Was Significantly Downregulated During
TGFβ2-Induced Lens Epithelial Fibrosis and EMT
of LECs

Based on bulk RNA sequencing technology, we explored
the alternations of LSS expression in HLEEs upon expo-
sure to TGFβ2 treatment. The comparative analysis of DEGs
between the control group and human lens fibrosis group
revealed that LSS and SREBP1 expression decreased signifi-
cantly with exposure to TGFβ2, whereas EMT-related genes,
such as FN, α-SMA, and TGFβ2, increased significantly at
transcriptional levels (Fig. 1A). To further investigate the
biological processes involved in lens fibrosis, we used the
detected DEGs to perform pathway enrichment analysis
with the Metascape webtool. Genes decreased by TGFβ2
were predominantly enriched in sterols and lipid biosynthe-
sis and metabolism processes accompanied by loss of cell-
cell adhesion or adhesion molecules, whereas the upregu-
lated DEGs were involved in EMT-related pathways, includ-
ing the TGFβ receptor signaling and the Smads activation)
(Fig. 1B).

To validate the changes of LSS expression during lens
epithelium fibrosis in the RNA sequencing data, we used
different concentrations of TGFβ2 (2.5 ng/mL, 5 ng/mL,
and 10 ng/mL) to trigger EMT in primary LECs (Fig. 1C).
Upon TGFβ2 treatment, LECs lost their epithelial pheno-
type with decreased ZO1 and E-cad expression, and trans-
differentiated into mesenchymal cells with increased FN
and α-SMA expression (Figs. 1C–F). Consistent with the
RNA sequencing data, Western blot and immunofluores-
cent staining analysis presented a significant downregu-
lation of LSS in TGFβ2-induced EMT of LECs (Figs. 1C,
D, F). Taken together, we found that LSS was decreased
during the process of lens epithelium fibrosis and EMT of
LECs.

Knockdown of LSS Triggered EMT and
Exacerbated TGFβ2-Induced EMT of LECs

To confirm the role of LSS in EMT of LECs and lens
fibrosis, loss-of-function studies by siRNA transfection in
primary LECs were used to block LSS expression. LSS
protein expression was efficiently suppressed in the siLSS
group compared to the siNC group (Figs. 2A, B). Notably,
we observed that inhibition of LSS decreased the protein
levels of epithelial markers, ZO1 and E-cad, while increased
the expression of mesenchymal markers, FN and α-SMA
(Figs. 2A, B). Immunofluorescent staining showed that
LECs after LSS inhibition lost cell–cell junctions (such
as ZO1) with increased secretion of extracellular matrix
(FN) and expression of mesenchymal cytoskeletal proteins
(α-SMA) (Fig. 2D). In addition, we further explored the
effect of LSS inhibition on LECs with TGFβ2 treatment
and found that the silencing of LSS in LECs exposed
to TGFβ2 (siLSS+T2) showed a more significant loss of
ZO1 and E-cad, with enhanced accumulation of FN and
α-SMA compare with the siNC transfected group with
TGFβ2 treatment (siNC+T2) (Figs. 2A–C). Overall, knock-
down of LSS in LECs could induce EMT in LECs directly
and exacerbated TGFβ2-induced EMT, indicating the essen-
tial role of LSS in maintaining epithelial phenotype of
LECs.
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FIGURE 1. LSS was significantly downregulated in EMT of LECs. (A)Volcano plot showing upregulated and downregulated DEGs of HLEEs
treated with TGFβ2 (red indicates upregulated DEGs, blue indicates downregulated DEGs). (B) Pathway enrichment analysis of the upreg-
ulated and downregulated DEGs (red indicates upregulation, blue indicates downregulation). (C, D) Primary LECs were treated with TGFβ2
(2.5 ng/mL, 5 ng/mL, or 10 ng/mL) for 3 days. Western blot analysis and densitometry quantification showed protein levels of LSS, ZO1,
E-cad, FN, and α-SMA in LECs. (E) qPCR analysis of the mRNA expression levels of FN and α-SMA upon exposure to TGFβ2 with different
concentrations (2.5 ng/mL, 5 ng/mL, or 10 ng/mL). qPCR analysis is presented relative to the GAPDH expression data. (F) Immunofluorescent
staining of LSS (red), ZO1 (green), FN (red), and α-SMA (red) merged with DAPI (blue) in LECs of the control (Con) and TGFβ2 treatment
(TGFβ2) groups. Representative images of three replicated experiments were presented: T0, 0 ng/mL TGFβ2; T2.5, 2.5 ng/mL TGFβ2; T5, 5
ng/mL TGFβ2; and T10, 10 ng/mL TGFβ2. All scale bars, 100 μm. *P < 0.05; **P < 0.01; ***P < 0.001. Data are shown as mean ± SD (n = 3).
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FIGURE 2. LSS inhibition triggered EMT and aggravated TGFβ2-induced EMT of LECs. Primary LECs were transfected with siNC or siLSS for
18 hours and further treatment with or without TGFβ2 (T2) for 48 hours. (A,B) Western blot analysis and densitometry quantification showed
protein levels of LSS, ZO1, E-cad, FN, and α-SMA in the siNC, siNC+T2, siLSS, and siLSS+T2 groups. (C) qPCR analysis of the mRNA expression
levels of FN and α-SMA in each group. qPCR analysis is presented relative to the GAPDH expression data. (D) Immunofluorescent staining
of ZO1(green), FN (red), and α-SMA (red) merged with DAPI (blue) in each group. Representative images of three replicated experiments
were presented. All scale bars, 100 μm. **P < 0.01; ***P < 0.001. Data are shown as mean ± SD (n = 3).

Overexpression of LSS Prevented TGFβ2-Induced
EMT of LECs and Maintained Lens Epithelial
Phenotypes

Then, we explored whether the upregulation of LSS
expression could prevent LECs from TGFβ2-induced EMT.
As expected, overexpression of LSS in LECs inhibited
the expression of mesenchymal markers, FN and α-SMA,
induced by TGFβ2, and maintained expression levels of
epithelial markers, ZO1 and E-cad, under TGFβ2 stimu-
lation (Figs. 3A–C). Meanwhile, immunofluorescent stain-
ing verified that the overexpression of LSS kept LECs from
mesenchymal transition and maintained epithelial morphol-
ogy and cell-to-cell connections (Fig. 3D). Collectively, the
overexpression of LSS prevented LECs from TGFβ2-induced
EMT and sustained the lens epithelial features.

Knockdown of LSS Induced EMT by Activating
Smad2/3 Signals in LECs

We continued to investigate the underlying mechanisms
of LSS in regulating EMT of LECs. The canonical
TGFβ2/Smad2/3 signaling has been identified to play a
pivotal role in the pathogenesis of fibrotic disorders.9,24 In
this study, TGFβ2 treatment was found to induce phos-
phorylation of Smad2/3 and promote Smad2/3 transloca-
tion into nucleus of LECs, confirming that Smad2/3 signals
were activated by TGFβ2 with potential roles in fibrotic
cataracts (Supplementary Figs. S1A–C). We then examined
the effect of LSS on Smad2/3 signaling activation in LECs
and found that LSS inhibition significantly induced phos-
phorylation of Smad2/3 with increased translocation into
nucleus compared to the siNC group, and knockdown of LSS
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FIGURE 3. Overexpression of LSS suppressed TGFβ2-induced EMT and maintained LECs phenotypes. Primary LECs were transfected with
oeNC or oeLSS for 18 h and further treatment with or without TGFβ2 (T2) for 48 h. (A, B) Western blot analysis and densitometry quan-
tification showed protein levels of LSS, ZO1, E-cad, FN, and α-SMA in oeNC, oeNC+T2, oeLSS, and oeLSS+T2 groups. (C) qPCR analy-
sis of the mRNA expression levels of FN and α-SMA in each group. qPCR analysis is presented relative to the GAPDH expression data.
(D) Immunofluorescent staining of ZO1 (green), FN (red), and α-SMA (red) merged with DAPI (blue) in each group. Representative images
of three replicated experiments were presented. All scale bars, 100 μm. ns, not significant. ***P < 0.001. Data are shown as mean ± SD
(n = 3).

aggravated the phosphorylation of Smad2/3 and its nucleus
translocation under TGFβ2-treated conditions (Figs. 4A–
C). In contrast, overexpression of LSS suppressed TGFβ2-
induced Smad2/3 phosphorylation and its translocation into
the nucleus of LECs compared to the oeNC+T2 group (Figs.
4D–F). Together, these results revealed that knockdown of
LSS induced EMT by activation of the Smad2/3 signals, and
the overexpression of LSS could prevent TGFβ2-induced
EMT by inhibiting phosphorylation and nucleus transloca-
tion of Smad2/3 in LECs.

SREBP1 Upregulation by LSS Exerted Suppressive
Effects on TGFβ2-Induced EMT

SREBP1 is the key transcription factor in regulating sterol
and fatty acid synthesis.25 SREBP1 precursor, the full-length

SREBP1 (fSREBP1), exists in an inactive state bound to
the endoplasmic reticulum.26 Upon stimulation, such as a
low level of sterols, insulin, and high glucose,27,28 fSREBP1
traffics to the Golgi and then undergoes a two-step prote-
olytic cleavage to release the mature SREBP1 protein (also
named nuclear-localized SREBP1 [nSREBP1]), which translo-
cates into the nucleus and activates the downstream genes
expression.25,29 According to our RNA sequencing analysis,
SREBP1 was found to be downregulated in HLEEs upon
TGFβ2 treatment, and sterol and lipid biosynthesis path-
ways were disturbed and accompanied with loss of cell–cell
adhesion during lens epithelium fibrosis (Figs. 1A, B). We
then investigated whether the steroid biosynthesis pathway
was involved in LSS-mediated EMT of LECs. Western blot
analysis identified that the protein levels of SREBP1 were
decreased by TGFβ2 in a dose-dependent manner (Figs. 5A,
B) or by LSS inhibition with or without TGFβ2 (Figs. 5C,
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FIGURE 4. LSS regulated the TGFβ2/Smad2/3 signaling. Total proteins extracted from LECs were collected and p-smad2; p-smad3 as well
as smad2/3 were then detected after siRNA (siNC or siLSS) transfection for 18 hours and further treatment with or without TGFβ2 for 48
hours. (A, B) Western blot analysis and densitometry quantification showed protein levels of p-smad2 (phosphorylation of smad2) and
p-smad3 (phosphorylation of smad3) in the siNC, siNC+T2, siLSS, and siLSS+T2 groups. (C) Immunofluorescent staining of p-smad2/3 (red)
and smad2/3 (red) merged with DAPI (blue) in siNC, siNC+T2, siLSS, and siLSS+T2 groups. (D, E) Western blot analysis and densitometry
quantification showed protein levels of p-smad2 and p-smad3 (phosphorylation of Smad2/3) in oeNC, oeNC+T2, oeLSS, and oeLSS+T2
groups. (F) Immunofluorescent staining of p-smad2/3 (red) and smad2/3 (red) merged with DAPI (blue) in oeNC, oeNC+T2, oeLSS,
and oeLSS+T2 groups. Representative images of three replicated experiments were presented. All scale bars, 100 μm. ns, not significant.
*P < 0.05; **P < 0.01; ***P < 0.001. Data are shown as mean ± SD (n = 3).

D). By contrast, overexpression of LSS increased the protein
levels of fSREBP1 and nSREBP1 (Figs. 5E, F), as well as
promoted its nucleus translocation in LECs (Figs. 5G, H)
with or without TGFβ2 treatment. Hence, these results imply
that SREBP1 and the sterol biosynthesis pathway might be
involved in EMT and LECs maintenance.

Accordingly, we then explored the effect of SREBP1 on
EMT of LECs. Knockdown of SREBP1 in LECs resulted in
severe decrease of epithelial markers (ZO1 and E-cad) and
significant increase of mesenchymal markers (FN and α-
SMA) (Figs. 6A–C; Supplementary Figs. S2A, B). Moreover,
knockdown of SREBP1 promoted the Smad2/3 phosphoryla-
tion and nucleus translocation (Supplementary Figs. S3A–C)
of LECs induced by TGFβ2. In contrast, SREBP1 overexpres-
sion significantly increased the expression of fSREBP1 and
nSREBP1 with enhanced nucleus translocation (Figs. 6D–F),

and suppressed the expression of mesenchymal markers and
maintained the expression of epithelial markers (Figs. 6G, H;
Supplementary Figs. S2C, D) by inhibiting Smad2/3 signals
(Supplementary Figs. S3D–F).

Lanosterol Treatment Inhibited EMT of LECs by
Attenuating Smad2/3 Signal Activation

Lanosterol, the catalytic product of LSS, has been proved to
reverse cataract by resolving aggregated crystallins.18 In this
study, we continued to investigate the effect of lanosterol
on fibrotic cataract and explore whether lanosterol could
protect lens from opacity by maintaining lens epithelial
homeostasis. LECs were treated with lanosterol for 72 hours
with or without TGFβ2. As shown in Figure 7A, lanosterol
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FIGURE 5. The expression of SREBP1 in LECs was regulated by TGFβ2 and LSS. (A, B) Western blot analysis and densitometry quantification
showed protein levels of fSREBP1 and nSREBP1 in LECs treated with TGFβ2 (2.5 ng/mL, 5 ng/mL, or 10 ng/mL) for 3 days. (C, D) Western
blot analysis and densitometry quantification showed protein levels of fSREBP1 and nSREBP1 in siNC, siNC+T2, siLSS, and siLSS+T2 groups.
(E, F) Western blot analysis and densitometry quantification showed protein levels of fSREBP1 and nSREBP1 in the oeNC, oeNC+T2, oeLSS,
and oeLSS+T2 groups. (G) Immunofluorescent staining of SREBP1 (red) merged with DAPI (blue) in oeNC, oeNC+T2, oeLSS, and oeLSS+T2
groups. (H) Relative fluorescence intensity of nSREBP1 in the oeNC, oeNC+T2, oeLSS, and oeLSS+T2 groups. Fluorescence intensity is
relative to the oeNC group. Representative images of three replicated experiments were presented. All scale bars, 100 μm. *P < 0.05;
**P < 0.01; ***P < 0.001. Data are shown as mean ± SD (n = 3).

maintained LECs morphology as well as cell–cell adhesion
and tight junctions among LECs and prevented mesenchy-
mal transition of LECs under TGFβ2-treated conditions. In
addition, lanosterol sustained the protein expression levels
of epithelial cell–cell junctions (ZO1 and E-cad) among LECs
and significantly inhibited the expression of mesenchymal
markers (FN and α-SMA) induced by TGFβ2 (Figs. 7B–D).
Mechanically, lanosterol significantly increased the protein
levels of both fSREBP1 and nSREBP1 (Supplementary Fig.
S4) and prevented Smad2/3 phosphorylation as well as its
translocation to nucleus in LECs with TGFβ2 administration
(Figs. 7E–G).

We then moved on to investigate whether lanosterol
mediated the regulatory effect of LSS on EMT. LECs were
transfected with siRNA of LSS for 18 hours and then treated
with lanosterol for 72 hours. The LECs morphology and

LEC–cell junctions were sustained by lanosterol after knock-
down of LSS (Figs. 8A–C). In addition, lanosterol reduced
the expression levels of mesenchymal markers (Fig. 8B) as
well as the phosphorylation and nucleus translocation of
Smad2/3 (Figs. 8D–G).

Taken together, lanosterol prevented LECs from EMT
induced by TGFβ2 or LSS inhibition by alleviating Smad2/3
signals activation.

Lanosterol Alleviated Rat Lens Epithelial Fibrosis
and Restored Lens Transparency via Suppressing
EMT of LECs

To further verify the therapeutic potential of lanosterol on
lens epithelial fibrosis, we established a TGFβ2-induced
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FIGURE 6. SREBP1 regulated EMT of LECs. Primary LECs were transfected with siNC, siSRE1, oeNC, or oeLSS for 18 hours and further treat-
ment with or without TGFβ2 (T2) for 48 hours. (A) Western blot analysis showed protein levels of fSREBP1 and nSREBP1 in siNC, siNC+T2,
siSRE1, and siSRE1+T2 groups. siSRE1, silencing of SREBP1; siSRE1+T2, silencing of SREBP1 and treated with TGFβ2. (B) Western blot
analysis showed protein levels of LSS, ZO1, E-cad, FN, and α-SMA in siNC, siNC+T2, siSRE1, and siSRE1+T2 groups. (C) Immunofluorescent
staining of ZO1 (green), FN (red), and α-SMA (red) merged with DAPI (blue) in siNC, siNC+T2, siSRE1, and siSRE1+T2 groups. (D) Western
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blot analysis showed protein levels of fSREBP1 and nSREBP1 in oeNC, oeNC+T2, oeSRE1, and oeSRE1+T2 groups. oeSRE1, overexpres-
sion of SREBP1; oeSRE1+T2, overexpression of SREBP1 and treated with TGFβ2. (E) Immunofluorescent staining of SREBP1 (red) merged
with DAPI (blue) in oeNC, oeNC+T2, oeSRE1, and oeSRE1+T2 groups. (F) Relative fluorescence intensity of nSREBP1 in oeNC, oeNC+T2,
oeSRE1, and oeSRE1+T2 groups. Fluorescence intensity is relative to the oeNC group. (G) Western blot analysis showed protein levels of LSS,
ZO1, E-cad, FN, and α-SMA in oeNC, oeNC+T2, oeSRE1, and oeSRE1+T2 groups. (H) Immunofluorescent staining of ZO1 (green), FN (red),
and α-SMA (red) merged with DAPI (blue) in oeNC, oeNC+T2, oeSRE1, and oeSRE1+T2 groups. Representative images of three replicated
experiments were presented. All scale bars, 100 μm. ***P < 0.001. Data are shown as mean ± SD (n = 3).

FIGURE 7. Lanosterol treatment prevented LECs from EMT induced by TGFβ2. Primary LECs were treated with TGFβ2 for 72 hours with DMSO
or lanosterol. (A) Immunofluorescent staining of ZO1(green), FN (red), and α-SMA (red) merged with DAPI (blue) in DMSO, DMSO+T2,
LANO, and LANO+T2 groups. LANO, lanosterol. Scale bars, 100 μm. (B) Western blot analysis showed protein levels of LSS, ZO1, E-cad,
FN, and α-SMA in each group. (C, D) Densitometry quantification of the protein levels of LSS, ZO1, E-cad, FN, and α-SMA in each group.
(E, F) Western blot analysis and densitometry quantification showed protein levels of p-smad2 and p-smad3 in each group. (G) Immunoflu-
orescent staining of p-smad2/3 (red) and smad2/3 (red) merged with DAPI (blue) in each group. Scale bars, 100 μm. Representative images
of three replicated experiments were presented. **P < 0.01; ***P < 0.001. Data are shown as mean ± SD (n = 3).

fibrotic cataract model by applying the semi in vivo whole
lens systems. Lenses from 3-week-old rats were treated with
TGFβ2 for 6 days and obvious white plaques were observed

beneath the anterior capsule (Fig. 9A). Histological analysis
by hematoxylin and eosin and immunofluorescent staining
of the lenses showed that the monolayered LECs transformed
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FIGURE 8. Lanosterol treatment prevented LECs from EMT induced by knockdown of LSS. Primary LECs were transfected with siNC or siLSS
for 18 hours and further treatment with or without lanosterol for 72 hours. (A) Immunofluorescent staining of ZO1 (green), FN (red), and
α-SMA (red) merged with DAPI (blue) in siNC+DMSO, siNC+LANO, siLSS+DMSO, and siLSS+LANO groups. Scale bars, 100 μm. (B) Western
blot analysis showed protein levels of LSS, ZO1, E-cad, FN, and α-SMA in each group. (C, D) Densitometry quantification of the protein
levels of LSS, ZO1, E-cad, FN, and α-SMA in each group. (E, F) Western blot analysis and densitometry quantification showed protein levels
of p-smad2 and p-smad3 in each group. (G) Immunofluorescent staining of p-smad2/3 (red) and smad2/3 (red) merged with DAPI (blue) in
each group. Scale bars, 100 μm. Representative images of three replicated experiments were presented. **P < 0.01; ***P < 0.001. Data are
shown as mean ± SD (n = 3).

into disorganized clumps of mesenchymal cells with exces-
sive proliferation and invasive migration into the under-
lying lens fibers after TGFβ2 administration (Figs. 9B, C).
The opacity clumps were further identified by a promi-
nent accumulation of mesenchymal markers (FN and α-SMA)
and abolished epithelial cell–cell junction proteins (ZO1), as
well as a significant decrease of LSS protein as shown by
immunofluorescent staining of both freshly cut sections of
the whole lens tissues and the lens capsule whole-mounts
(Figs. 9C, D) as well as verified by Western blot analysis of

the LECs isolated from the whole lenses (Figs. 9E, F). Excit-
ingly, lanosterol treatment significantly prevented LECs from
TGFβ2-induced EMT and largely decreased the formation of
white plaques (Fig. 9A) so as to maintain the single layer
of cuboidal LECs and lens transparency, vindicating by its
suppressive role in mesenchymal proteins accumulation in
LECs and protective effect of lens epithelial morphology and
cell–cell adhesions (Figs. 9B–F). Furthermore, we also found
that lanosterol significantly inhibited Smad2/3 phosphoryla-
tion in LECs from the treated lenses during TGFβ2-induced
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FIGURE 9. Lanosterol alleviated rat lens fibrosis induced by TGFβ2. Rat lenses were treated with TGFβ2 and co-treated with DMSO or
lanosterol for 6 days. (A) Representative images of cultured rat lenses in DMSO, DMSO+T2, LANO, and LANO+T2 groups. All scale bars,
1 mm. (B) Hematoxylin and eosin staining of rat lenses in each group. Scale bars, 100 μm. (C) Immunofluorescent staining of LSS (red),
ZO1 (red), FN (red), and α-SMA (red) merged with DAPI (blue) in rat lenses. All scale bars, 100 μm. (D) Immunofluorescent staining of LSS
(red), ZO1 (red), FN (red), and α-SMA (red) merged with DAPI (blue) in rat lens anterior capsule whole mounts. All scale bars, 100 μm.
(E, F) Western blot analysis and densitometry quantification showed protein levels of LSS, ZO1, E-cad, FN, and α-SMA in rat lenses of each
group. (G, H) Western blot analysis and densitometry quantification showed protein levels of p-smad2 and p-smad3. Representative images
of three replicated experiments were presented. *P < 0.05; **P < 0.01; ***P < 0.001. Data are shown as mean ± SD (n = 3).
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EMT (Figs. 9G, H). Collectively, these findings revealed that
lanosterol could maintain lens transparency by suppressing
TGFβ2-induced EMT and fibrotic cataracts.

DISCUSSION

Lens fibrosis could lead to opacification and vision impair-
ment; it is, therefore, of great clinical significance to explore
novel strategies for fibrotic cataracts by investigating in-
depth insights into biological mechanisms behind the profi-
brotic EMT process. This study for the first time investigated
the role of that LSS, a rate-limiting enzyme in the sterol
biosynthesis, in the maintenance of lens epithelial properties
by preventing of EMT via blockading the Smad2/3 signaling.

LECs, the principal cells of the lens, could proliferate
and differentiate into lens fibers during lens development
and maintain lens lifelong homeostasis and transparency
through material transport, synthesis and metabolism.2 LSS
catalyzes the conversion of (S)-2,3-oxidosqualene to lanos-
terol, which is a key intermediate metabolite in sterol synthe-
sis pathway. Cholesterol is one of the lipids that constitute
plasma membrane and fulfills crucial roles in cell functions,
including cell–cell adhesions, cell signaling transduction,
membrane protein trafficking, and cell growth.30,31 During
lens development, the synthesis of large amounts of plasma
membrane components, including cholesterol, is needed to
meet the demand for the production of newly formed cell
membranes during LECs differentiation into lens fibers.32

The adult eye lens depends mostly on de novo choles-
terol biosynthesis to meet the needs for cellular choles-
terol, because of the extremely low cholesterol content in
the aqueous humor and the limited uptake of cholesterol
from plasma.33 Mutations in enzymes of sterol biosynthe-
sis and metabolism could cause many congenital diseases
and cataracts have been reported as common complications
of these diseases, such as Smith–Lemli–Opitz syndrome,34,35

desmosterolosis,36 and lathosterolosis.37 Our previous study
has identified that patients with LSS missense mutations
(W581R and G588S) could develop severe total cataract with
both cortical and nuclear opacity by whole exome sequenc-
ing and revealed that W581R and G588S mutations impaired
the key catalytic functions of LSS and failed to prevent
intracellular protein aggregation of various cataract-causing
mutant crystallins.18 Moreover, we also found that animals
with Lss mutations exhibited cataract plaque mainly in the
nucleus of lens due to altered expression and localization
of Pax6 and Prox1 in lens fiber differentiation during lens
development of LssG589S/G589S mice.19 The lens-specific Lss
knockout (Lssf/f−Pax6) mice showed small cloudy lenses
with lens swelling and liquefaction.38 Shumiya cataract rat
with combination of Lss and farnesyl-diphosphate farne-
syltransferase 1 (Fdft1)-mutant alleles developed mature
cataract at approximately 11 weeks of age, showing opac-
ity from the perinuclear zone to the cortical intermediate
layer.39 These studies have indicated multifunctional roles
of LSS in lens development and maintenance by preventing
protein aggregation or supporting the process of lens fiber
cell differentiation during lens development. However, the
roles and the underlying mechanism of LSS in EMT of LECs
and fibrotic cataracts have not been explored.

Therefore, we first explored the alterations of LSS in EMT
of LECs. RNA sequencing data revealed that the expression
of LSS was significantly downregulated and sterols biosyn-
thesis processes were inhibited in HLEEs upon TGFβ2 treat-
ment. Our studies on primary LECs further validated the

decrease of LSS in LECs during the EMT process. Loss-
and gain-of-function studies were performed to investigate
the effects of LSS on epithelial cell phenotypes of LECs,
showing that knockdown of LSS in LECs could induce EMT
directly, even without TGFβ2, whereas the overexpression of
LSS prevented LECs from abnormal mesenchymal transition
induced by TGFβ2. These results suggest that the endoge-
nous LSS might be indispensable for maintaining the epithe-
lial phenotypes of LECs by suppressing EMT.

The canonical TGFβ/Smad2/3 signaling pathway plays an
important role in the development of fibrotic diseases.40,41

Receptor-regulated Smads, Smad2 and Smad3, are phospho-
rylated in response to increased TGFβ2. The phosphory-
lation of Smad2 and Smad3 combine with Smad4 to form
a Smad complex, which then translocates into the nucleus
and regulates downstream gene transcription.42–44 Here, we
found that knockdown of LSS resulted in activation of
Smad2/3 and induced expressions of mesenchymal-related
proteins, which was consistent with the effect of TGFβ2 on
LECs during EMT induction. By contrast, the overexpression
of LSS rescued TGFβ2-induced EMT by inhibiting the activa-
tion of Smad2/3.

To clarify whether sterol biosynthesis participated in the
regulation of EMT by LSS, we examined the alternations of
SREBP1. SREBP1 is a key transcription factor in regulat-
ing sterol and fatty acid synthesis and has been reported
to be involved in multiple fibrotic diseases and cancer
metastasis.13,45,46 Previous studies reported that SREBP1
showed different roles during the EMT process. For instance,
increased SREBP1 expression was found in breast cancer
and promoted cell metastasis by forming a co-repressor
complex with Snail and HDAC1/2 to induce EMT.47 Other
studies showed that asiatic acid ameliorated renal fibro-
sis by upregulating the expression of activated SREBP1,
which attenuated oxidative stress and rebalanced the disor-
der of the TGFβ/Smad and Wnt/β-catenin signaling path-
ways to repress EMT by activating peroxisome proliferator-
activated receptor-γ .48 In this study on fibrotic cataracts, we
identified that both TGFβ2 treatment and knockdown of
LSS could lead to the downregulation of SREBP1, whereas
the overexpression of LSS significantly increased both
fSREBP1 and nSREBP1 protein levels in LECs. Furthermore,
we demonstrated that knockdown of SREBP1 significantly
enhanced TGFβ2-induced EMT by activation of Smad2/3
signals, whereas the overexpression of SREBP1 suppressed
TGFβ2-induced EMT by inhibiting the activation of Smad2/3.
Further research in cross-talk of sterol biosynthesis pathway
and EMT regulation would also be very interesting in the
future in lens fibrosis and other fibrotic diseases.

As the direct product of LSS, lanosterol has been reported
to restore lens transparency by clearance of misfolded or
aggregated crystallins.18 Here, we first discovered that lanos-
terol could protect LECs from EMT induced by TGFβ2 or
knockdown of LSS by attenuating Smad2/3 signaling. Excit-
ingly, lanosterol significantly decreased the formation of
white fibrotic plaques and restored lens transparency by
preventing LECs from EMT in the semi in vivo fibrotic
cataract model. The LECs morphology as well as cell–cell
adhesions and junctions were well-preserved to sustain the
monolayered lens epithelium homeostasis after lanosterol
treatment during TGFβ2-induced lens fibrosis. Hence, our
study extended the insight into the role and mechanism
of lanosterol in maintaining lens transparency by reveal-
ing a novel protective effect of lanosterol on epithelial
integrity of LECs through inhibiting EMT in addition to its
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role in alleviating cataract via re-dissolving the aggregated
crystallins.

We also detected changes in the protein levels of SREBP1
in LECs after lanosterol treatment with or without TGFβ2.
Consistent with the effects of LSS overexpression on SREBP1
in LECs, we found that the protein levels of both fSREBP1
and nSREBP1 were increased by lanosterol especially under
the TGFβ2-treated condition (Supplementary Fig. S4). This
result indicated that lanosterol might mediate the effect of
LSS on increases in SREBP1 levels to initiate sterol biosyn-
thesis so as to protect cellular homeostasis upon sensing
the stimulation signals such as TGFβ2. Furthermore, in addi-
tion to lanosterol, other downstream sterol products of LSS
and related mechanisms might also be involved in regulat-
ing the EMT of LECs, which deserve further exploration in
the future.

Taken together, we identified a novel role and mechanism
of LSS in sustaining lens epithelium homeostasis and lens
transparency by preventing LECs from EMT (Supplementary
Fig. S5). LSS expression and sterol biosynthesis processes
were first found to be decreased during lens epithelial fibro-
sis. LSS inhibition could directly induce EMT by activation
of Smad2/3 signals, while overexpression of LSS rescued
TGFβ2-induced EMT and maintain the LECs phenotypes. In
addition, LSS could alter the expression of SREBP1, a key
transcription factor for sterol biosynthesis, and its upreg-
ulation effectively protected LECs from EMT via suppress-
ing Smad2/3 activation. Furthermore, we first identified that
lanosterol, the catalytic product of LSS and a key precur-
sor of sterol biosynthesis, exhibited therapeutic effects on
lens fibrosis by suppressing EMT of LECs. Our study demon-
strated for the first time that LSS and related-sterol synthesis
pathways played important roles in preventing lens fibrosis
via maintaining lens epithelium integrity by protecting LECs
from EMT, providing potential novel therapeutic strategies
for fibrotic cataracts and other fibrotic diseases.
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