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Purroske. Diabetic cataract (DC) is a visual disorder arising from diabetes mellitus (DM).
Autophagy, a prosurvival intracellular process through lysosomal fusion and degradation,
has been implicated in multiple diabetic complications. Herein, we performed in vivo and
in vitro assays to explore the specific roles of the autophagy-lysosome pathway in DC.

MerHoDS. Streptozotocin-induced DM and incubation in high glucose (HG) led to rat
lens opacification. Protein Simple Wes, Western blot, and immunoassay were utilized to
investigate autophagic changes in lens epithelial cells (LECs) and lens fiber cells (LFCs).
RNA-sequencing (RNA-seq) was performed to explore genetic changes in the lenses of
diabetic rats. Moreover, autophagy-lysosomal functions were examined using lysotracker,
Western blot, and immunofluorescence analyses in HG-cultured primary rabbit LECs.

Resurrs. First, DM and HG culture led to fibrotic LECs, swelling LFCs, and eventu-
ally cataracts. Further analysis showed aberrant autophagic degradation in LECs and
LFCs during cataract formation. RNA-seq data revealed that the differentially expressed
genes (DEGs) were enriched in the lysosome pathway. In primary LECs, HG treatment
resulted in decreased transcription factor EB (TFEB) and cathepsin B (CTSB) activity, and
increased lysosomal size and pH values. Moreover, TFEB-mediated dysfunctional lyso-
somes resulted from excessive oxidative stress in LECs under HG conditions. Further-
more, TFEB activation by curcumin analog C1 alleviated HG-induced cataracts through
enhancing lysosome biogenesis and activating protective autophagy, thereby attenuating
HG-mediated oxidative damage.

Concrusions. In summary, we first identified that ROS-TFEB-dependent lysosomal
dysfunction contributed to autophagy blockage in HG-induced cataracts. Additionally,
TFEB-mediated lysosomal restoration might be a promising therapeutic method for
preventing and treating DC through mitigating oxidative stress.

Keywords: diabetic cataract (DC), lens, autophagy, lysosome, transcription factor EB
(TFEB)

D iabetes mellitus (DM) is a global metabolic disease
and contributes to multiple ocular disorders. Diabetic
cataract (DC), which develops over time, is the most
common vision-threatening complication of DM.! The inci-
dence of cataracts in patients with diabetes is five times
higher than in those without diabetes.> Although cataract
surgery is common and effective in treating DC, the high
frequency of surgery-related side effects, such as impaired
wound healing and secondary glaucoma, is associated with
poor clinical outcomes.> Hence, it is necessary to explore
the pathogenesis and provide a pharmacologic treatment
paradigm for preventing the occurrence and progression
of hyperglycemia complicated with cataracts. The lens
is composed of a monolayer of cuboidal lens epithelial
cells (LECs) and highly elongated and aligned lens fiber
cells (LFCs),* dysfunctions of either of which can lead
to cataracts.” Under high glucose (HG) conditions, the
overactivation of aldose reductase (AR) converts glucose
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into sorbitol, leading to hyperosmotic stress and oxidative
damage in the lens.® Excessive generation of reactive oxygen
species (ROS) can induce epithelial-mesenchymal transition
(EMT) and apoptosis of LECs, further leading to dysfunc-
tion of LFCs,”'® which is also a critical mechanism of other
diabetic complications.” Although drugs for AR inhibitors
and antioxidants have been developed in the past decades,
there is still a lack of effective drugs for DC clinically.!%-12
Therefore, it is necessary to continue exploring the molecu-
lar mechanisms of DC for investigating more effective thera-
peutic strategies to prevent or delay the progression of DC.

To further investigate the pathogenesis of DC, RNA
sequencing (RNA-seq) analysis was performed to explore
molecular changes in streptozotocin (STZ)-induced DC. In
addition to upregulation of oxidative damage and advanced
glycation end products (AGEs) related pathways, lysoso-
mal pathway genes were downregulated in the lenses of
diabetic rats, suggesting that lysosomal dysfunction might
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be involved in the pathogenesis of DC occurrence. Increas-
ing evidence shows that autophagy participates in the patho-
genesis of diabetes by regulating insulin signaling and lipid
metabolism.!> Autophagy is a lysosome-dependent degra-
dation pathway, which maintains cellular homeostasis and
defends against external stresses.'* Pathogenic factors, such
as nutrient deficiency, hypoxia, and inflammation, stim-
ulate adaptive or destructive autophagy, thus protecting
tissues or accelerating tissue damage.!”> In the autophagy-
lysosomal process, abnormally folded proteins and damaged
organelles are recognized and engulfed by autophagosomes
and then degraded by lysosomal enzymes.'* If these macro-
molecules cannot be digested by lysosomes, overloaded
autophagic substrates in cells ultimately lead to tissue and
organ malfunction. Recent studies show that impairment of
the autophagy-lysosomal pathway promotes the progression
of hyperglycemia-related complications, such as diabetic
nephropathy and diabetic retinopathy.!®'” However, the
functional impact of autophagy in cataractogenesis under
diabetic conditions remains relatively unexplored.

The autophagy-lysosomal pathway has been revealed to
participate in lens development. During embryonic lens
formation, the differentiation from lens epithelial to fiber
relies on autophagy to degrade the nucleus and organelles,
and eventually forms the organelle-free zone (OFZ).'8
Autophagy gene mutations of FYCO1 caused congenital
cataracts by suppressing lysosome trafficking and phago-
some maturation.!”?® Besides, deficiency of ATG5 resulted
in age-related cortical cataracts due to the accumulation of
insoluble oxidized proteins in fiber cells.?! Researchers have
preliminarily observed that autophagy was impaired in LECs
upon exposure to HG conditions.?* Autophagy is a dynamic
process that includes the following steps: autophagosome
formation, autophagosome-lysosome fusion, and cargoes
degradation, and failure of any process will result in block-
age of autophagy. However, it remains unknown at which
stage autophagy dysfunction might occur in the lens under
diabetic conditions.?

Here, we explored the biological function and molecular
effects and mechanisms of the autophagy-lysosomal path-
way in HG-induced cataracts. The results showed that lyso-
somal dysfunction induced by HG resulted in autophagic
flux blockage in the lens cells during DC occurrence. Mean-
while, we identified that HG-induced lysosomal deficiency
in LECs was due to defects of a key transcription factor
responsible for lysosomal biogenesis, transcription factor EB
(TFEB), in a ROS-dependent manner. Furthermore, TFEB
activation by curcumin analog C1 (C1) relieved the devel-
opment of HG-induced cataracts by enhancing lysosomal
degradation, promoting autophagic flux, and finally attenu-
ating oxidative stress. In summary, this study reveals a lyso-
somal degradation as a novel mechanism for the pathogene-
sis of DC, modulation of which might provide a therapeutic
option for the prevention and treatment of DC.

MATERIALS AND METHODS
Establishment of Diabetic Animal Model

All animal experiments were performed following the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research under ethical approval of the Animal Ethics of
Sun Yat-Sen University. Six-week-old Sprague-Dawley (SD)
rats in the DM group were injected intraperitoneally with
60 mg/kg STZ dissolved in citrate buffer. The standard of our
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diabetic model was defined as the blood glucose level higher
than 16.7 mmol/L at 72 hours after STZ injection. After the
anterior segments of the eyes were photographed using a
slit lamp (the third month), the lenses were micro-dissected
from other ocular tissues and photographed through a stere-
omicroscope. The severity of cataracts was scored based on
previous studies on diabetic rats.?

RNA-Sequencing

The transcriptome sequencing analysis of whole lenses in
the control group (n = 4) and the DC group (n = 8)
were performed by OE Biotech Co., Ltd. (Shanghai, China)
with a higher sequence platform (Illumina). After qual-
ity control, the clean reads were aligned to the rat refer-
ence genome using Hisat2. The read counts of each gene
were obtained from HTSeq-count, and the gene expres-
sion level was normalized by the fragments per KB million
(FPKM) method. The significant threshold values for differ-
entially expressed genes (DEGs) between the control and
DC groups were defined as P value < 0.05 and fold change
>2 or <0.5. Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment
analyses of the downregulated and upregulated DEGs were
performed using R statistical software.

Immunohistochemistry and Immunofluorescence
Assays

For hematoxylin and eosin (H&E) staining and immunohis-
tochemistry, whole rat lenses in our study were fixed in 10%
formalin and embedded in paraffin. In immunohistochem-
istry, the slides were blocked in phosphate-buffered saline
(PBS) containing 0.3% Triton X-100 and 3% bovine serum
albumin (BSA) for 30 minutes at room temperature (RT) and
incubated with primary antibodies at 4°C overnight. After
incubation with biotin-conjugated secondary antibodies, the
visualization was performed with a DAB staining kit. In
immunofluorescence, lenses were fixed in 4% paraformalde-
hyde (PFA) in PBS and embedded in OCT and cultured LECs
were fixed at 4% PFA. After blocking in PBS containing 0.3%
Triton X-100 and 3% BSA and incubation with primary anti-
bodies, the cryosections were incubated with fluorescent
secondary antibodies. DAPI counterstain was utilized for cell
nuclei visualization. Finally, the images were taken by a Leica
microscope (DM3000).

The primary antibodies used in immunohistochemistry
and immunofluorescence assays were as follows: «-SMA
(ab7817; Abcam), FN (ab137720; Abcam), Ki67 (AB9260;
Millipore), DNASE 2B (NBP2-16199; Novus), P62 (ab56416;
Abcam), TFEB (sc-166736; Santa Cruz), and LAMP1 (NB120-
19294; Novus).

Ex Vivo Lens Culture and Treatment

Whole lenses were carefully isolated from the eyeballs of 5-
week-old SD rats as previously described.?* Then the lenses
were transferred to 12-well plates and cultured in Dulbecco’s
Modified Eagle Medium (DMEM; 5.5 mM glucose) supple-
mented with 1% fetal bovine serum (FBS). Lenses that main-
tained transparency after 24 hour’s culture were selected
and randomly divided into the control normal glucose group
(NG; 5.5 mM) and the high glucose (HG; 50 and 100 mM)
groups. To study the effects of TFEB activation, we treated
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lenses with curcumin analog C1 (C1; 5 pM; Selleck) or
tetrahydrocurcumin (THC; 5 pM; Selleck) upon HG (50 mM)
treatment. After incubation for 7 days, the lenses were
observed and photographed by a stereomicroscope. Lens
opacification was evaluated the same way as above.

Isolation, Culture, and Treatment of Primary LECs

We isolated and cultured primary LECs from the lenses
of 2-month-old New Zealand White rabbits, as previously
described.?® To identify the effects of HG on autophagy in
primary LECs, LECs were treated with HG medium at differ-
ent concentrations. Pretreatment of N-acetylcysteine (NAC;
5 mM) in advance for 8 hours before HG (25 mM) treatment
was used to inhibit HG-induced ROS production in LECs. To
further study the TFEB activation mechanism, C1 (5 pM) or
THC (5 pM) was added to the culture medium containing
25 mM glucose.

Transmission Electron Microscopy

After treatment, separated lens capsules and primary LECs
were fixed in 2.5% glutaraldehyde. Then the tissues and cells
were washed with PBS and post-fixed in 1% osmium (VIID)
oxide for 1 hour. After dehydration in ethanol, the samples
were embedded in epoxy resin. The ultrathin sections were
captured by using a Tecnai G2 Spirit.

Automated Western Immunoblotting (Protein
Simple Wes) and Western Blot Analysis

For protein expression analysis of lenses, we separated
the anterior capsule with attached LECs from the fiber cell
mass according to previous literature.2® For extracting total
proteins, the lens tissues and cells were lysed with radioim-
munoprecipitation (RIPA) buffer containing phenylmethane-
sulfonyl fluoride (PMSF). Proteins in the cytoplasm and
nuclei were separated by NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific).

The Protein Simple Wes immunoassay performed the
protein analyses of LECs of our diabetic model according
to the instruction provided by the manufacturer (Protein
Simple).”” The Compass software (Protein Simple) was
applied to present the Western immunoblots. Other proteins
were separated by sodium dodecylsulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels and transferred to
polyvinylidene difluoride (PVDF) membranes. After block-
ing and incubation with the primary antibodies, the
membranes were incubated with HRP-conjugated secondary
antibodies. Finally, the protein bands were detected and
analyzed with a Bio-Rad Protein Assay.

The primary antibodies used in Western blot analysis
were as follows: a-SMA (ab7817; Abcam), FN (ab137720;
Abcam), LC3B (83506; Cell Signaling Technology, CST),
P62/Sequestosome 1 (ab56416; Abcam), ATG7 (8558T;
CST), ATG5 (12994; CST), LAMP1(NB120-19294; Novus),
CTSB (31718; CST), TFEB (37785; CST), ZKSCAN3(223477;
Abcam), phospho-mTOR (5536; CST), mTOR (2983; CST),
DNASE 2B (NBP2-16199; Novus), B-Actin (3700; CST), -
Actinin (6487; CST), GAPDH (2118; CST), and Lamin B1
(13435; CST).

Lysotracker Assay

Lysotracker (Invitrogen) was used to label and track the
acidification of lysosomes according to the manufacturer’s
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guidelines. Cells were incubated with the Lysotracker probe-
containing medium for 30 minutes. For quantification and
assessment of lysosomes, images of the Lysotracker-stained
LECs were captured by a microscope directly.

mCherry-EGFP-LC3 Plasmid Transduction

Primary LECs were transduced with mCherry-EGFP-LC3
plasmid by using Lipofectamine 3000 Reagent (Invitro-
gen) based on the manufacturer’s instructions. After trans-
duction for 24 hours, then transiently mCherry-EGFP-LC3-
expressed LECs were cultured under different conditions
for 48 hours. Yellow spots represented autophagosomes,
and red spots represented autolysosomes. The number of
autophagosomes and autolysosomes was quantified in five
random fields under a fluorescence microscope.

Detection of ROS Using the DCFH-DA

We measured intracellular ROS production in LECs using the
fluorescent probe DCFH-DA (Beyotime). After incubation in
DCFH-DA (10 pM) for 20 minutes, the cells were observed
by fluorescence microscopy to compare the ROS generation.

Quantitative Real-Time PCR

Total RNA of LECs was extracted using the Rneasy Mini
Kit (Qiagen). PrimeScript RT Master Mix (Takara) was used
for reverse transcription assay. We performed quantitative
real-time PCR (qRT-PCR) reactions on a Step One Plus real-
time PCR system (Applied Biosystems) using QuantiNovaTM
SYBR Green PCR kit (Qiagen). The relative expression levels
of mRNAs were calculated using the 2~ 22t method.

Cell Transfection

To knock down gene expression of TFEB, small interfer-
ing RNA (siRNA) of the negative control (siNC) and TFEB
(siTFEB) were transfected into primary rabbit LECs using
Lipofectamine 3000 agent. When LECs seeded into the 6-
well plates were grown to 70% confluence, the transfection
mixtures were premixed well for 15 minutes and then added
into each well. After transfection for 24 hours, the success-
fully transfected cells were applied in subsequent experi-
ments.

Statistics

The statistical significance was analyzed using GraphPad
Prism software version 7.0. The results were compared using
the Student’s #-test between two groups and 1-way ANOVA
among multiple groups, respectively. A P value less than 0.05
was considered statistically significant.

RESULTS

STZ-Induced Diabetic Cataracts Exhibited
Impaired Autophagic Flux

Changes in blood glucose for 3 months are presented in
Supplementary Figure S1. All rats in the DM group devel-
oped cataracts with varying degrees, whereas all control
lenses still maintained transparency (Fig. 1A). The most
frequently observed cataracts in the DM group were corti-
cal opacities, ranging from score 1 to 5 (Fig. 1A). As shown
in Figures 1C, 1D, an apparent upregulation of «-SMA, FN,
as well as proliferative marker Ki67 in LECs in the DM group
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Ficure 1. STZ-induced diabetic cataracts exhibited impaired autophagic flux. Rats were injected with STZ for 3 days to induce diabetes,

whereas rats in the control group were injected with citrate buffer only. Then, these rats were raised under normal conditions for three
months, and their blood glucose levels were monitored every 7 days. (A) Representative images of the anterior segment of the eye using
slit-lamp examination and extracted lenses in two groups and the percentage distribution of cataract scores. Cataract score: no cataract (0),
peripheral vesicles and opacities (1), central opacities (2), diffuse central opacities (3), mature cataract (4), and hypermature cataract (5).
(B) H&E staining of rat lenses at 12 weeks (a: anterior central zone; b: posterior cortical zone; and c: equatorial zone). There were prominent
lens fiber swelling and aberrant nuclei (arrows) in the DM group, compared to the control group. (C) Immunofluorescence staining of -SMA,
FN, Ki67, and P62 in the anterior subcapsular LECs. (D) Automated western immunoblotting determined the changes of the mesenchymal
markers (¢-SMA and FN) and autophagy markers (LC3-I/II and P62) in LECs. (E) Immunofluorescence staining of P62 in LFCs located along
the equatorial zone. (F) Densitometry quantification of LC3-II and P62 in LFCs by Western blot analysis. Relative protein levels of total
proteins were standardized to the expression of GAPDH, «a-Tubulin, or ¢-Actinin. All the data were shown as mean + standard deviation.
*P < 0.05, *P < 0.01, and **P < 0.001.

indicated EMT activation upon STZ-induced diabetes. H&E
staining showed that cortical fiber cells exhibited swelling
and vacuoles in the DM group (see Fig. 1B). In terms of
autophagy, we monitored the autophagic flux by assessing
the expression levels of LC3-II (the autophagosome marker)
and P62 (the autophagic substrate). Compared to the control
group, the level of LC3-II was elevated in LECs and declined

STZ-induced diabetic cataracts progression might lead to
abnormal LECs and LFCs.

HG Led to Autophagy Blockage in Ex Vivo Lens
Organ Culture

in LFCs in the DM group (Figs. 1C-F). Notably, diabetes
contributed to a prominent accumulation of P62 in both
LECs and LFCs, suggesting inhibited autophagic flux. Over-
all, these results suggested that autophagy defects during

In isolated lens organ culture for 7 days, all lenses cultured
in HG medium (50 and 100 mM) developed cortical cataracts
ranging from score 1 to 3, whereas the control lenses
remained clear (Fig. 2A). Additionally, HG-cultured lenses
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Ficure 2. HG led to autophagy blockage in ex vivo lens organ culture. The rat lenses were cultured in HG medium (50 and 100 mM)
for 7 days. (A) Representative images of cultured rat lenses and the percentage distribution of cataract scores in control, HG50, and HG100
groups. (B) Lens diameter ratio was relative to the control group. (C) H&E staining of cultured lenses in the control and HG (50 mM)
groups (a: anterior central zone; b: posterior cortical zone; and ¢: equatorial zone). (D) Immunofluorescence staining of a-SMA, FN, Ki67,
and P62 in anterior subcapsular LECs. (E) Densitometry quantification of @-SMA, FN, LC3-I/1I, and P62 in LECs by Western blot analysis.
(F) Immunofluorescence staining of P62 in LFCs located along the equatorial zone. (G) Densitometry quantification of LC3-II and P62 in
LFCs by Western blot analysis. Relative protein levels of total proteins were standardized to the expression of «-Tubulin. All the data were
shown as mean =+ standard deviation. *P < 0.05, **P < 0.01, and **P < 0.001.

appeared slightly larger in diameter (Fig. 2B) and remark-
able swelling in lens fibers (Fig. 2C) than NG-cultured
lenses. In concert with our findings above, HG significantly
enhanced the EMT process and proliferative capacity in LECs
(Figs. 2D, 2E). Moreover, the expression level of LC3-II was
significantly upregulated in LECs but without differences in
LFCs, and P62 exerted an upregulation trend in LECs and
LFCs (see Figs. 2D-G). Although the changes of LC3-II were
found to be discordant between LECs and LFCs, a notice-
able accumulation of P62 still indicated that the autophagic
flux was inhibited under HG conditions. These results

confirmed that it was HG that caused intracellular autophagy
arrest and cellular abnormalities in both LECs and LFCs in
diabetes.

STZ-Induced Diabetes Led to the Aberrant
Expression of Lysosome-Related Pathways in the
Lens

To investigate the molecular mechanism of DC, we explored
the genomewide changes characterizing DC formation in
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Ficure 3. Comparative transcriptome analysis of lenses between the control group and DM group. The lenses in the control group
(n = 4) and the DM group (n = 8) were compared to identify DEGs using RNA-seq analysis. (A) Volcano plot. (B) GO enrichment analysis
and (C) KEGG pathway enrichment analysis of the downregulated and upregulated DEGs, respectively. (D) Immunohistochemical staining
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blot analysis. Relative protein levels of total proteins were standardized to the expression of «-Tubulin. All the data were shown as mean +

standard deviation. *P < 0.05, **P < 0.01, and **P < 0.001.

vivo using RNA-seq technology. Supplementary Figure S2
exhibited the principal component analysis (PCA). A total
of 1138 upregulated and 773 downregulated genes were
screened between the DC and control groups (Fig. 3A). The
GO analysis demonstrated that the downregulated DEGs
were predominantly involved in lens development and struc-
tural constituent of eye lens (Fig. 3B; Supplementary Table
S1). Interestingly, the KEGG enrichment analysis showed
that the downregulated DEGs happened to be signifi-
cantly enriched in Huntington’s disease, Parkinson’s disease,
Alzheimer’s disease, and the lysosome pathway (Fig. 3C).
It is noteworthy that these neurodegenerative diseases all

belong to lysosomal storage diseases (LSDs).?® Among the
differentially expressed lysosomal genes (Supplementary
Table S2), we detected the expression of DNase II-like acid
nuclease DNase II8 (DNASE 2B) for verification. DNASE
2B is uniquely localized in the nucleus of lens cortical
fibers, participating in nuclear DNA degradation during
LECs differentiation into LFCs.? The expression of DNASE
2B in the diabetic LFCs was significantly lower than that
in the normal LFCs (Figs. 3D, 3E). Moreover, we found
that nuclei aberrantly existed in the anterior and poste-
rior subcapsular cortex (see Fig. 1B), which should have
been degraded to form the OFZ. Taken together, the bioin-
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of mesenchymal markers (¢-SMA and FN) and autophagic markers (LC3-I/II, P62, p-mTOR, mTOR, ATG7, and ATGS). (D) Representa-
tive fluorescence images of mCherry-EGFP-LC3 puncta within LECs and quantification. Yellow puncta: autophagosomes, red-only puncta:
autolysosomes. (E) Western blot analysis showed the expression of lysosome-associated proteins (ubiquitin, TFEB, ZKSCAN3, Pro-CTSB,
and LAMP1) upon HG stimulation. (F) Immunofluorescence staining of LAMP1 puncta within LECs. (G) Lysotracker assay showed reduced
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formatic data confirmed that diabetes severely affected the
development and structural integrity of the lens, highlighting
the critical role of the lysosome pathway in the occurrence
of DC.

HG-Induced Autophagy Blockage Resulted From
TFEB-Mediated Lysosomal Dysfunction in LECs

To further explore the mechanisms of autophagy block-
age, primary LECs were subjected to basal medium contain-
ing different concentrations of glucose. In agreement with
previous research,*® HG promoted EMT in LECs by raising
the expression of «-SMA and FN (Fig. 4A). Subsequently,
we focused on autophagy and lysosome biogenesis alter-
ations in LECs exposed to HG. First, there was a significant
increase in LC3-II and P62 in the HG groups than in the
control group (Fig. 4B). Inhibition of mTOR kinase complex
is a key signal for autophagosome biogenesis.>! ATGS and
ATG7 are considered to be important molecules in induc-
ing autophagy.?> No differences were seen in the expression
of p-mTOR, ATG5, and ATG7 (Fig. 4C), which partly ruled
out that increased LC3-II resulted from over-activation of
autophagy. Moreover, quantification of mCherry-EGFP-LC3
puncta indicated that HG increased autophagosomes but
reduced autolysosomes in LECs (Fig. 4D), confirming a loss
of autophagosome-lysosome fusion. Given the indispens-
able role of autophagy in delivering ubiquitinated proteins
to the lysosome for clearance,® ubiquitin was remarkably
aggregated in HG-cultured LECs (Fig. 4E). The above results

confirmed that LECs were unable to degrade abnormal
aggregates due to autophagy-lysosomal dysfunction after
HG administration.

To investigate the role and function of lysosomes in
DC, we detected the expression of the master transcription
factor for lysosome (TFEB) and its antagonistic transcrip-
tion factor ZKSCAN3 under HG conditions. As expected,
TFEB was downregulated in HG-cultured LECs, contrary to
the trend of ZKSCAN3 (see Fig. 4E). In addition, we also
examined the expression of the downstream targets of TFEB,
such as CTSB, a lysosomal cysteine protease and LAMP1,
a component of lysosomal membrane proteins. Western
blot results showed that HG inhibited the expression of
CTSB compared with the control group. Instead, the expres-
sion of LAMP1 was increased in HG-cultured LECs (see
Fig. 4E), but LAMP1-labeled lysosomes were larger in diam-
eter (Fig. 4F), which also could be found in mCherry-LC3-
EGFP-LC3 puncta. We speculated that the increase of LAMP1
was a feedback mechanism that strengthened LECs against
HG-induced stress.>* Indeed, the aggregation of undigested
substrates was responsible for enlarged lysosomes.>> Lyso-
some enlargement was considered an imbalance between
lysosome fusion and fission, displaying decreased motility
and secretion defect.’°-3% In addition, reduced lysotracker
staining with increased HG suggested HG impaired acidic
pH of lysosomal vacuoles in a concentration-dependent
manner (Fig. 4G). Taken together, these results suggested
that short-term HG treatment in LECs does not affect the
initiation of autophagy by regulating the mTOR pathway, but
inhibited the activity of the lysosomal pathway by inhibiting
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TFEB and its downstream targets, leading to the block of
autophagy.

HG Contributed to TFEB-Mediated Lysosomal
Dysfunction in a ROS-Dependent Manner

It has been shown that ROS-induced lysosomal dysfunc-
tion disrupts autophagic flux in macrophages under hyper-
glycemic conditions.® To assess whether TFEB-mediated
lysosomal dysfunction results from ROS accumulation in
LECs, we first explored changes in ROS and autophagy
and lysosomal markers upon HG treatment over time. ROS
were rapidly generated after 12-hour HG treatment and
continuously increased after 24-hour HG treatment (Fig. 5A),
although there were no obvious changes in the expression
levels of LC3-11, P62, and TFEB during 24-hour HG treatment
(Figs. 5B, 5C). Thus, HG-induced ROS production preceded
the initiation of HG-induced lysosomal dysfunction and
autophagy blockage in LECs. Next, NAC, a commonly used
membrane-permeable antioxidant compound,® was used
to prove whether the decline of TFEB upon HG treat-
ment resulted from excessive ROS production. The increased
cellular ROS levels in LECs under HG conditions were effec-
tively abolished by pretreatment of NAC, as shown in Figure
5D. Additionally, pretreatment of NAC significantly blocked
aggregation of P62 and decrease of TFEB expression and
lysosomal activities in LECs under HG conditions (Figs. 5E~
G). These results indicated that HG-induced excessive gener-
ation of ROS might be a main cause of TFEB-mediated lyso-
somal dysfunction and autophagy blockage in LECs.

TFEB Knockdown Inhibits the
Autophagy-Lysosomal Pathway in LECs

To confirm the regulatory roles of TFEB on autophagy
and lysosomal biogenesis in LECs, we then inhibited TFEB
expression by siRNA transient transfection. Both qPCR and
Western blot analyses confirmed efficient knockdown of
TFEB (Figs. 6A, 6B). As anticipated, transfection of TFEB
siRNA in LECs downregulated the expression of CTSB and
LAMP1 (Fig. 6C), accompanied by a remarkable ubiquitin
accumulation (Fig. 6D), confirming suppressed autophagic
flux. Under either NG or HG conditions, TFEB knockdown
diminished the protein levels of LC3-II and P62 (Fig. GE).
Inconsistent with other studies, siTFEB transfection usually
exacerbated P62 accumulation in various cells during expo-
sure to different stimuli.**? Here, we thought that genetic
deletion of TFEB directly suppressed the expression of P62
in LECs, far exceeding excessive aggregation due to impaired
cellular clearance. Furtherly, siTFEB aggravated HG-induced
ROS generation in LECs (Fig. 6F). On the contrary, TFEB
overexpression enhanced autophagic flux by inducing LC3-
II upregulation and P62 downregulation (Supplementary
Fig. S3). Overall, these data indicated that gene silencing of
TFEB exacerbated autophagy blockade and oxidative stress
by inhibiting the expression of autophagy-lysosomal genes.

TFEB Activation by C1 Exerted Suppressive
Effects on HG-Induced Cataracts

As HG damaged TFEB-mediated lysosome biogenesis in
LECs, we postulated that restoring the lysosomal function
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levels and quantitative analysis of @-SMA, FN, LC3-I/II, and P62 determined by Western blotting in LECs. (D) Protein expression levels and
quantitative analysis of LC3-I/II and P62 determined by Western blotting in LFCs. All the data were shown as mean =+ standard deviation.

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

could mitigate the injuries of HG to the lens. Lysosomal activ-
ity was then enhanced by TFEB activation via C1, an analog
of curcumin. With treatment of C1 to lenses under HG condi-
tions, lens cloudiness caused by HG was ameliorated signif-
icantly, and the corresponding cataracts were downgraded
(Fig. 7A). TEM displayed that C1 treatment dramatically
reduced the number of autophagic vacuoles with massive
undegraded cargo in LECs from HG-cultured lenses (Fig. 7B).
Further analysis showed that C1 significantly inhibited HG-
induced fibrosis in LECs (Fig. 7C). Besides, incubation of
HG along with C1 elevated LC3-1I and declined P62 in both
LECs and LFCs compared with the HG group, demonstrating
that C1 reversed block in autophagy upon HG treatment (see
Figs. 7C, 7D). Moreover, we also validated the effects of C1 in
HG-cultured lenses of mice with low AR activity.”> As shown
in Supplementary Figure S4A, HG-cultured mouse lenses
appeared cloudy for 14 days. C1 significantly diminished
HG-induced EMT in LECs and increased the autophagic flux
in LECs and LFCs, which was consistent with the results of
rats (see Supplementary Fig. S4B, S4C).

Then, C1 was added into primary LECs cultured in HG
medium to gain more insights into its protective effects.
The DCFH-DA assay showed that ROS production promoted
by HG was mitigated by C1 administration and TFEB
activation (Fig. 8A). Consistent with the results of whole
lens culture, C1 attenuated HG-induced EMT, promoted
autophagic degradation, and reduced the number of large
autophagic vacuoles in LECs (Figs. 8B, 8C; Supplementary
Fig. S5). Furthermore, quantification of the mCherry-EGFP-
LC3 puncta showed that the number of autolysosomes in
the HG + C1 group was significantly higher than that in

the HG groups (Fig. 8D). To identify the effect of C1 on
TFEB in LECs, we compared the protein levels of the cytoso-
lic and nuclear TFEB. HG-treated LECs exhibited downreg-
ulated TFEB expression in both nucleus and cytoplasm,
whereas C1 enhanced intracellular nuclear translocation of
TFEB prominently and promoted cytoplasmic TFEB expres-
sion slightly (Figs. 8E, 8F). Moreover, cotreatment of C1
and HG augmented the expression of CTSB, and LAMP1
compared with the HG group (Fig. 8G). Concomitantly, C1
incubation facilitated maintaining lysosomal acidic pH in
LECs exposed to HG (Fig. 8H). In addition, it reduced the
size of HG-triggered enlarged LAMP1-stained lysosomes, as
well as mCherry-LC3 and EGFP-LC3 dots, indicating that
C1 maintained lysosomal homeostasis (see Figs. 8D, 8H).
Taken together, these results suggested that C1 activated
autophagy and lysosomal biogenesis in a TFEB-dependent
manner under HG treatment, thereby alleviating HG-induced
cellular damage in the lens.

Comparison of THC and C1 in Alleviating
HG-Induced Cataracts

As curcumin is not only an antioxidant but also an aldose
reductase inhibitor,** it is necessary to highlight the speci-
ficity of TFEB activation in alleviating HG-induced cataracts.
THC, a major bioactive metabolite of curcumin, was utilized
to validate the specificity of C1 on lysosome function regu-
lation.”> First, we compared the effects of THC and C1 on
the expression of TFEB in primary LECs. C1 restored TFEB
expression under HG conditions, whereas THC had only
a minor effect in elevating TFEB expression (Fig. 9A). We
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Ficure 8. C1 enhanced lysosomal degradation via promoting the nuclear translocation of TFEB in HG-cultured LECs. Primary rabbit
LECs were exposed to control (5.5 mM), HG (25 mM), and HG (25 mM) with C1 (5 pM) medium for 3 days. (A) ROS levels were detected by
DCFH-DA assay. (B, C) Protein expression levels and quantitative analysis of @-SMA, FN, LC3-I/1I, and P62 determined by Western blotting
in LECs. (D) Representative fluorescence images of mCherry-EGFP-LC3 puncta within LECs and quantification. (E) Immunofluorescence
staining and Western blot analysis (F) showed that C1 increased the expression levels and distributions of TFEB in the cytoplasm and
nuclei in LECs. (G) Protein expression levels and quantitative analysis of Pro-CTSB, LAMP1, and ubiquitin determined by Western blotting
in LECs. (H) Lysotracker staining and immunofluorescence staining of LAMP1 puncta in LECs. Relative protein levels of total proteins were
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standard deviation. *P < 0.05, **P < 0.01, and **P < 0.001.
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Ficure 9. Comparison of THC and C1 in alleviating HG-induced cataracts. Primary rabbit LECs were exposed to control (5.5 mM), HG
(25 mM), HG (25 mM) with THC (5 pM), and HG (25 mM) with C1 (5 pM) medium for 3 days. (A) Protein expression levels and quantitative
analysis of TFEB determined by Western blotting in LECs. (B) DCFH-DA assay compared ROS levels in the control, HG, HG + THC, and
HG + C1 groups. Rat lenses were subjected to control (5.5 mM), HG (50 mM), HG (50 mM) with THC (5 uM), and HG (50 mM) with C1
(5 pM) medium for 7 days. (C) Representative images of cultured rat lenses and the percentage distribution of cataract scores in the control,
HG, HG + THC, and HG + C1 groups. (D) Protein expression levels and quantitative analysis of «-SMA, FN, LC3-I/1I, and P62 determined
by Western blotting in LECs. All the data were shown as mean =+ standard deviation. *P < 0.05, **P < 0.01, and **P < 0.001.

further compared the antioxidant activities between C1 and
THC upon HG administration. As shown in Figure 9B, C1
had a much stronger effect against HG-induced ROS than
THC. Next, we compared the protective effects of THC and
C1 in HG-cultured lenses. As shown in Figure 9C, compared
to THC, C1 displayed a more pronounced effect in alleviating
lens cloudiness induced by HG than THC. Further molec-
ular analysis showed that C1 had more potent effects in
reversing HG-induced EMT and autophagy blockage than
THC (Fig. 9D). Therefore, we considered that TFEB activa-
tion could promote autophagic flux to enhance antioxidant
capacity, which may explain this discrepancy between C1
and THC in attenuating HG-induced cataracts.

DISCUSSION

Among the pathogenic mechanisms of DC, previous studies
demonstrate that HG-induced AR overactivation and exces-
sive ROS production are the main triggers for lenticular
injuries progression.’® However, the exact mechanisms of
how HG undermines the lens cells or how the lens cells
respond to HG-related stress remain largely unexplored.
Apart from the glycation and oxidation stress, autophagy-
lysosomal dysfunction was identified to be a deeper molec-
ular mechanism in the development of DC for the first time
in this study, and the defect of lysosomal degradation was
revealed as a critical factor in rupture of lens cells and lens
opacification during the formation of diabetic cataract.

In both DM rats as well as HG-cultured lens tissue and
cell models, we observed that HG promoted EMT of LECs,
which further caused swelling, disordered arrangement, and
abnormal denucleation of LFCs, thus resulting in lens opac-
ity. Meanwhile, RNA-seq data and TEM analysis showed vesi-
cle retention and substrates accumulation in lens cells due
to inhibition of lysosome synthesis and degradation upon
HG stimulation. Protein analyses and immunostaining of
tissues and cells also presented that EMT was accompanied

by increased P62 in LECs, suggesting abnormal autophagy
degradation under HG conditions. Therefore, these results
indicated that homeostatic disruption of lens cells might be
correlated with the impairment of lysosomal function.

To confirm the influence of lysosomal function on lens
cells upon HG exposure, we further investigated tran-
scription factors critical for lysosomal biogenesis in LECs
under HG conditions. TFEB is a master gene for lysoso-
mal biogenesis that coordinated this program by driving
the expression of autophagy and lysosomal genes, whereas
ZKSCAN3 has the opposite effect.’’” In our study, HG upreg-
ulated the expression of ZKSCAN3, whereas downregu-
lated TFEB expression and suppressed its nuclear translo-
cation in LECs. Our results further indicated that ROS over-
load caused impaired autophagosome clearance by disrupt-
ing TFEB-mediated lysosomal function under the diabetic
condition. TFEB knockdown inhibited the autophagic flux,
which was evidenced by the decreased expression of the
lysosomal enzyme (CTSB), lysosomal-associated membrane
protein (LAMP1) and enhanced ubiquitin accumulation in
LECs under HG conditions. In contrast, overexpression of
TFEB enhanced autophagy flux in HG-treated LECs. Further-
more, TFEB activation by curcumin analog C1 increased
lysosomal function, promoted autophagic flux and elimi-
nated oxidizing molecules, thus restoring epithelial proper-
ties of LECs and lens transparency under HG conditions. A
previous study has reported that curcumin itself can retard
the progression of STZ-induced DC in rats by suppressing
oxidative stress and AR activity.*® Compared with a metabo-
lite of curcumin (THC), C1 was more effective in alleviating
lens opacity caused by HG through attenuating HG-induced
autophagy blockage and ROS production. Additionally, C1
exerted protective effects in HG-induced lens cloudiness in
mouse lenses with low AR activity by promoting lysoso-
mal degradation. Taken together, TFEB-mediated lysosomal
function plays a crucial role in maintaining cellular home-
ostasis of LECs and lens transparency under HG conditions.
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HG and oxidative stress can induce EMT and apopto-
sis in LECs, thus leading to cataract formation.®* In the
present study, we preliminarily demonstrated that ROS was
an upstream event in TFEB-mediated lysosomal impairment,
autophagy blockage, and subsequently a series of injury
responses in the lens. In addition, downregulation of TFEB
expression further exacerbated oxidative damage via aggra-
vating autophagy blockage in LECs. TFEB activation by
C1 could enhance the resistance to HG-induced oxidative
stress in the lens. Previous studies have proved that ROS-
TFEB-dependent lysosomal dysfunction disrupts autophagic
flux in macrophages and retinal Miller cells under hyper-
glycemic conditions.?*> Moreover, TFEB-mediated lysoso-
mal deficiency could cause a failure in degrading damaged
organelles, including mitochondria, thus further aggravat-
ing ROS production.’® ROS accumulation could give rise
to a series of downstream events including canonical DNA
damage, thereby stimulating the p53 pathway,’? which was
activated in DC rat lens cells according to our RNA-seq data.
Accumulation of these damages might further induce cell
death. Conversely, in response to oxidative stress, autophagy
could clear increased cytosolic ROS and proteins damaged
by ROS to reduce cell injury and promote cell survival.>?
Therefore, HG can induce oxidative damage and lysosomal
defects, which might further exacerbate ROS generation, and
TFEB activation can increase antioxidant resistance in the
lens. Research in cross-talk of redox regulation and lysoso-
mal function would also be very interesting and meaningful
in the future.

In summary, our study for the first time revealed that
HG destructed TFEB-mediated abnormal lysosomal degra-
dation in a ROS-dependent manner, leading to autophagy
blockage, and eventually impairment of lens cells and lens
opacification (Supplementary Fig. S6). Hence, these find-
ings suggest that combining lysosomal restoration with anti-
oxidation could be applied in prevention and treatment
strategies for DC. Here, we have solely proved that promot-
ing lysosomal function by TFEB activation can effectively
restore LECs function and lens transparency in vitro diabetic
cataract tissue culture model, and further in vivo experi-
ments are required to validate the efficiency and safety of
lysosome function enhancement in preventing or repressing
DC.
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