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Abstract. Age-related cataract (ARc) is the leading cause of 
blindness worldwide. Oxidative dNA damage is a biochemical 
feature of ARc pathogenesis. The present study investigated 
the role of long non-coding RNAs in the dNA repair of oxida-
tive damage, partially the regulation of the dNA repair gene, 
8-oxoguanine dNA glycosylase (OGG1), in lens affected by 
ARc. The ogg1 mutant zebrafish model was constructed to 
verify the role of ogg1 in the lens. A high-throughput lncRNA 
profiling was performed on human lens epithelial cells (LECs) 
following oxidative stress. The lncRNAs with the OGG1 target 
gene were analyzed for possible differentiated expression 
levels. The lens capsule samples of patients with ARc were 
collected to further verify the screening results. lncRNA was 
then overexpressed and knocked down in LEcs to observe cell 
proliferation and apoptosis. The association between lncRNA, 
miRNA and the OGG1 mRNA 3'UTR were analyzed. The 
ogg1 mutant zebrafish developed more severe lens lesions 
following oxidative challenge. lncRNA NONHSAT143692.2 
was distinctly expressed in various disease models. The 
knockdown of NONHSAT143692.2 downregulated the 
expression of OGG1 mRNA (P<0.001) and OGG1 protein 
(P<0.001), aggravated oxidative damage to LEcs, increased 
apoptosis (P<0.001) and decreased cell proliferation (P<0.01). 
The overexpression of NONHSAT143692.2 reversed the 
above-mentioned outcomes. miR-4728-5p was predicted 
to bind to NONHSAT143692.2 and OGG1 mRNA 3'UTR. 
The overexpression of miR-4728-5p downregulated the 
expression of NONHSAT143692.2 (P<0.001), OGG1 mRNA 
(P<0.001) and OGG1 protein (P<0.001). The knockdown 
of miR-4728-5p reversed the above-mentioned outcomes. 

Overall, the findings of the present study demonstrate that the 
NONHSAT143692.2/miR-4728-5p/OGG1 axis may play an 
important role in the development of ARc. This novel concept 
may provide new insight into the molecular diagnosis and 
treatment of ARc.

Introduction

Age-related cataract (ARc) is a common eye disease that 
manifests as the lens changes from transparent to opaque with 
age. ARc is the leading cause of visual impairment and blind-
ness worldwide among the aged population (1-3). Studies have 
suggested that the oxidation of macromolecules triggered by 
ultraviolet radiation, metabolic abnormalities, smoking, drugs 
and other toxic factors contributes to the onset of ARc (4-6). 
Oxidative stress can cause dNA strand-breaks in lens cells, 
and the failure of the damage repair may aggravate the irre-
versible lesion (7,8).

Oxidative stress stimulates the generation of 8-oxo-2'-de-
oxyguanosine (8-oxo-dG) in lens epithelial cells (LEcs). 
If 8-oxo-dG:c cannot be repaired, a mismatch of 8-oxo-dG 
with A will be formed during dNA replication, thus causing 
functional alterations in related genes (9). 8-Oxoguanine dNA 
glycosylase (OGG1) can recognize and excise 8-oxo-dG in 
dNA double-strands, thereby restoring normal G:c pairing 
in the genome and preventing the mutagenic effects of 
8-oxo-dG (10). Studies have indicated that the downregulation 
of the OGG1 gene may lead to the impairment of its dNA 
repair function, which is related to the occurrence and devel-
opment of ARc (11,12).

Long non-coding RNAs (lncRNAs) refer to RNAs with 
>200 nucleotides in length, without protein-coding capacity or 
with limited protein-coding capacity. lncRNAs have important 
regulatory functions and can participate in the proliferation, 
apoptosis and migration of cells (13-15). Recently, a variety 
of lncRNAs playing key roles in ARc have been identi-
fied (16‑19). However, the regulation of OGG1 by lncRNAs 
has rarely been reported, at least to the best of our knowledge.

In the present study, cRISPR/cas9 gene editing was used 
to knock out the ogg1 gene in zebrafish. The model demon-
strated that the disruption of ogg1 aggravated cataract, and 
the lncRNAs targeting OGG1 were then screened out from 
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the human lens epithelial cell line (SRA01/04) and patient 
lens capsule samples in order to investigate their role in the 
pathogenesis of ARc.

Materials and methods

Clinical samples. According to the classification standard 
of Lens Opacities Classification III (LOCS III), 10 patients 
with cortical ARc, nuclear ARc and posterior subcapsular 
ARc were randomly selected, respectively (20). For the 
controls, 10 age-matched patients with transparent lens 
removed from vitreoretinal disease were selected. Patients 
with complex cataract due to ocular trauma, high myopia, 
glaucoma or uveitis, as well as those with systemic diseases, 
such as hypertension or diabetes, were excluded. continuous 
curvilinear capsulorhexis was performed during cataract 
surgery to obtain the lens capsule specimens. The present study 
followed the principles of the Helsinki declaration and was 
approved by the Ethics Committee of the Affiliated Hospital 
of Nantong University. The study objectives and procedures 
were explained to all the participants, and related informed 
consent was signed from all the participants.

Zebrafish. In the present study, zebrafish of the AB strain 
was raised and maintained in a circulating water system 
at 28.5˚C with a light time of 14 h and a dark time of 10 h 
per day. The embryos were fed with E3 medium in an incu-
bator at 28.5˚C, and the medium was changed every day. The 
experimental protocol was approved by the Animals care and 
Use committee of Nantong University and was conducted in 
conformity with National Institutes of Health Guidelines for 
the care and Use of Laboratory Animals.

Generation of ogg1 mutants. The gRNA sequence was 
designed based on the information obtained from the 
cHOPcHOP website (http://chopchop.cbu.uib.no/). The target 
site located in exon 3 of the zebrafish ogg1 gene (5'-GcG 
AGA ccG cAG ATA GTc Ac-3') has 20 bases upstream of the 
protospacer adjacent motif (PAM) (TGG). The gRNA and the 
cas9 mRNA were synthesized by in vitro transcription using 
the mMESSAGE mMAcHINE T7 kit and the MAXIscript 
kit (both from Ambion; Thermo Fisher Scientific, Inc.), 
respectively, which were mixed in proportion (gRNA 50 ng/µl 
and cas9 mRNA 150 ng/µl) and injected into one cell-phase 
zebrafish embryo (F0) (21). A total of 10‑15 embryos were 
selected at 2 days post-fertilization (dpf) to extract the 
genomic DNA for sequencing and identification. Mature F0 
zebrafish were then hybridized with wild‑type AB zebrafish to 
produce the offspring (F1) containing heterozygous mutants, 
and the heterozygous F1 generations were then genotyped 
by tail fin‑cutting sequencing to determine the presence of 
frameshift mutation. The F1 male and female zebrafish with 
the same mutant type were mated to produce the homozygous 
F2 mutant. The cataract model was constructed monocularly 
when the F2 mutant zebrafish grew to 3 months of age. The 
cas9 template plasmid and gRNA template plasmid were 
donated by the Jiangsu Key Laboratory of Neurodegeneration.

Construction of zebrafish cataract model. Oxidative damage 
to the lens was performed by injecting 0.5 µl of 2% hydrogen 

peroxide into the anterior chamber of adult zebrafish with 32G 
needles (22).

H&E staining. The zebrafish were euthanized by an overdose 
of MS222 (250 mg/l, Sigma‑Aldrich; Merck KGaA) prior 
to obtaining the samples. After immersing the zebrafish in 
this solution for approximately 60 sec, opercular movement 
ceased. Immersion was continued for 15 min following the 
cessation of opercular movement to ensure that the zebrafish 
had died. The paraffin‑embedded sections were soaked with 
hematoxylin solution (Beijing Solarbio Science & Technology 
co., Ltd.) for 5 min, and then soaked with 1% hydrochloric 
acid ethanol for 3 sec, followed by rinsing with distilled water. 
Eosin solution (Beijing Solarbio Science & Technology co., 
Ltd.) was then used for the 3-min staining of the paraffin 
sections, followed by dehydration with 80, 95 and 100% 
ethanol in gradient, hyalinization with xylene, sealing with 
neutral resin, and observation with a microscope (Zeiss AG).

Cell culture and oxidative damage. The human LEc cell 
line, SRA01/04, was purchased from the cell Bank of the 
chinese Academy of Sciences, which was cultured in dMEM 
(Gibco; Thermo Fisher Scientific, Inc.) containing 1% peni-
cillin/streptomycin and 10% fetal bovine serum (FBS) (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C and 5% CO2 in a humid 
environment.

The cells were divided into the control group, the UVB 
group and the H2O2 group. The UVB group was further 
subdivided into 3 subgroups, which were irradiated with ultra-
violet rays for 5, 10 and 30 min, respectively. The cells were 
maintained in culture following irradiation and harvested 
24 h later. One XX‑15B UVB lamp (Spectroline; Spectronics 
corporation) was used with a spectrum of 280-320 nm and 
a maximum emission peak of 312 nm. The H2O2 group was 
further subdivided into 3 subgroups, and the cells are soaked 
in medium containing 10, 20 and 50 µmol/l H2O2, respectively, 
for 24 h and then harvested. In total, 2 subgroups with a similar 
apoptotic rate were selected from the UVB group and H2O2 
group, respectively, for lncRNA high-throughput sequencing.

Flow cytometry. cells were incubated with FITc and 
PI for 15 min in darkness at room temperature using the 
Annexin V-FITc/PI Apoptosis detection kit (Bd Biosciences) 
and then detected by flow cytometry (Bd Biosciences). 
Annexin V‑FITC‑positive cells were defined as early apoptotic 
cells, and Annexin V-FITc and PI dual-positive cells were 
defined as late apoptotic cells.

High‑throughput lncRNA sequencing. Total RNA was 
extracted from the cells using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions. RNA integrity was measured by 1.5% agarose 
gel electrophoresis with an Od260/280 between 1.8 and 2.0. 
High-throughput lncRNA sequencing was performed by 
Sinotech Genomics. First, the quality of the original data was 
evaluated to filter out unqualified sequences. Genome mapping 
was then performed to classify the sequences according to 
their location. The mRNAs and lncRNAs were quantified, the 
association between the samples was analyzed, and the differ-
entially expressed mRNAs and lncRNAs were screened out.
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RT‑qPCR. Total RNA was reverse transcribed using the 
PrimeScript RT kit (Takara Bio, Inc.) and RT-qPcR was 
performed using the Step One Plus Real-Time PcR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) using 
SYBR-Green (Takara Bio, Inc.) with GAdPH being used 
as the reference for lncRNA and OGG1 mRNA, and U6 
for miRNA. The sequences of the forward and reverse 
primers were as follows, respectively: OGG1, 5'-TTG ATG 
ATG TcA ccT Acc ATG G-3' and 5'-cAT ATG AGG AcT 
CTC GTA GCT G‑3'; miR‑4728‑5p, 5'‑TGG GAG GGG AGA 
GGC AG‑3' and 5'‑AGT GCA GGG TCC GAG GTA TT‑3'; 
NONHSAT143692.2, 5'-TGG Tcc TTc cTc cAc AGA 
CTT CAG‑3' and 5'‑TCA CCA CCA GCC TGA GCA GAC‑3'; 
GAPdH, 5'-TGA AGG TcG GAG TcA AcG GAT TTG GT-3' 
and 5'‑CAT GTG GGC CAT GAG GTC CAC CAC‑3'; U6, 
5'-cTc GcT TcG GcA GcA cA-3' and 5'-AAc GcT TcA 
cGA ATT TGc GT-3'. Real-time cycling conditions for 
lncRNA and OGG1 mRNA were 95˚C for 10 min for initial 
denaturation, followed by 45 cycles of 95˚C within 10 sec 
for denaturation, 60˚C for 10 sec for annealing and 72˚C for 
10 sec for the extension step. Real-time cycling conditions 
for miRNA were 95˚C for 10 min for initial denaturation, 
followed by 40 cycles of 95˚C within 2 sec for denaturation, 
60˚C for 20 sec for annealing and 70˚C for 10 sec for the 
extension step. Relative gene expression levels were calcu-
lated by comparing the GAPdH or U6 levels using the 2-ΔΔcq 
method (23).

Bioinformatics prediction and luciferase activity assay. 
RegRNA 2.0 (http://regrna2.mbc.nctu.edu.tw/) and TargetScan 
(http://www.targetscan.org/) were used to predict the miRNAs 
that bind both the differentially expressed lncRNA and the 
OGG1 mRNA 3'UTR.

The 293T cells were purchased from the cell Bank of the 
chinese Academy of Sciences. The wild-type or mutant-type 
sequence fragment of differentially expressed lncRNA 
(NONHSAT143692.2) and OGG1 mRNA 3'UTR that can 
bind to the same miRNA (miR-4728-5p) was cloned into the 
pmirGLO dual luciferase vector (Promega corporation). The 
vector and miRNA mimics or Nc were co-transfected into 
293T cells. After 48 h, the luciferase activity was evaluated 
using the dual Luciferase Reporter Assay System (Promega 
corporation) according to the manufacturer's instructions. 
These experiments were repeated at least 3 times in triplicate. 
The relative luciferase activities were determined by calcu-
lating the ratio of Renilla luciferase activities over Firefly 
luciferase activities.

RNA fluorescence in situ hybridization. digoxin-labeled probe 
(Exon Biotechnology Inc., Guangzhou, china) was used to 
identify the intracellular localization of lncRNA. cells were 
treated with 0.5% Triton X-100, 20 µg/ml proteinase K, and 
4% PFA for 5 min, and then soaked with 3% H2O2 for 30 min. 
The following conditions were used: Probe: Hybridization 
solution=1:50 dilution, 5‑min denaturation at 88˚C, 10‑min 
equilibration at 37˚C, and 24‑h hybridization. Cells were 
incubated with 3% BSA for 30 min at 37˚C, followed by 1‑h 
culture with Avidin-HRP: 1% BSA=1:100 dilution, 15-min 
culture with TSA (green): 0.15% H2O2: TSA dilution=1:1:100, 
and final counterstaining with Hoechst (Guangzhou RiboBio 

co., Ltd.) for 15 min at room temperature. The cells were then 
observed under a confocal microscope (Leica Microsystems 
GmbH).

Lent ivirus infect ion and cell  t ransfect ion.  The 
NONHSAT143692.2 lentiviral shRNAs were synthe-
sized and sub-cloned into the pGLV3/H1/GFP&Puro 
vector (GenePharma) to knockdown the expression of 
NONHSAT143692.2. NONHSAT143692.2-overexpressing 
lentiviral constructs were generated by subcloning 
sh-NONHSAT143692.2 into pGLV5/EF-1aF/GFP&Puro vector 
(GenePharma). Empty vectors were used as negative controls, 
respectively. All the constructed plasmids were confirmed by 
sequencing (Invitrogen; Thermo Fisher Scientific, Inc.). They 
were added to SRA01/04 cells at approximately 70% conflu-
ency. The lentivirus was diluted in a 1:5 mixture with the 
medium and the total volume was approximately 1 ml. Stable 
SRA01/04 cells were then selected by puromycin (2.5 µg/ml, 
Sigma‑Aldrich; Merck KGaA) for a further 48 h.

Human miR-4728-5p mimics/control and miR-4728-5p 
inhibitor/control were purchased from GenePharma. The 
transfection of SRA01/04 cells was carried out using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. The final 
miR-4728-5p mimics/control concentration was 50 nM, and 
the final miR-4728-5p inhibitor/control concentration was 
100 nM for transfection.

EDU assay. cell proliferation was measured using the 
Beyoclick EdU cell Proliferation kit (Beyotime Institute 
of Biotechnology, Inc.). EdU working solution (20 µM) 
pre‑warmed at 37˚C and cell culture medium were added to 
24‑well plates with equal volumes for a 4‑h incubation at 37˚C. 
After rinsing, the cells were fixed with 4% PFA for 15 min at 
room temperature, followed by incubation with 0.3% Triton 
X-100 for 15 min at room temperature. The click reaction solu-
tion (Beyotime Institute of Biotechnology, Inc.) was prepared 
according to the instructions (click Reaction Buffer: cuSO4: 
Azide 555: click Additive Solution=430:20:1:50) for incu-
bating the cells for 30 min in darkness at room temperature, 
the nucleus of which were stained with Hoechst and observed 
under a fluorescence microscope (Zeiss AG).

TUNEL assay. Apoptosis was detected using the One 
Step TUNEL Apoptosis Assay kit (Beyotime Institute of 
Biotechnology, Inc.). Cells were fixed with 4% PFA for 30 min 
at room temperature and incubated with 0.3% Triton X-100 for 
5 min at room temperature. The TUNEL detection solution 
was then prepared according to the instructions for incubating 
the cells at 37˚C in darkness for 60 min, the nucleus of which 
were stained with Hoechst and observed under a fluorescence 
microscope (Zeiss AG).

Western blot analysis. The cell pellets were homogenized 
in a buffer containing 50 mM Tris (pH 7.4), 150 mM Nacl, 
1% NP-40, 0.25% sodium deoxycholate and 1% protease 
inhibitor. The lysate was centrifuged at 13,000 x g for 10 min 
at 4˚C. Protein concentrations were determined using a BCA 
kit (Pierce; Thermo Fisher Scientific, Inc.). The protein 
samples with equal amounts (300 µg) were then separated 
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by 10% SdS-PAGE gel electrophoresis and then transferred 
to a PVDF membrane (Thermo Fisher Scientific, Inc.). The 
membrane was blocked with 5% skim milk at 37˚C and incu-
bated with rabbit anti-human OGG1 primary antibody (1:1,000, 
ab124741; Abcam) and GADPH (1:2,000, ab181602; Abcam), 
overnight at 4˚C. Peroxidase‑conjugated goat anti‑rabbit IgG 
secondary antibody (Santa Cruz Biotechnology, Inc., sc‑2004; 
1:10,000) was then added for a further 2-h incubation at room 
temperature, and the cells were then visualized using an 
ECL kit (Pierce; Thermo Fisher Scientific, Inc.) for protein 
band quantification by densitometry using ImageJ software 
1.52a (NIH).

Statistical analysis. Each experiment was repeated 3 times, 
and the data are expressed as the means ± standard deviation. 
The results were analyzed using SPSS 25.0 and GraphPad 
Prism 8.0, using single-factor analysis of variance (one-way 
ANOVA), carried out between the mean pairwise comparisons 
using the LSd test and Tukey's test, with P<0.05 being consid-
ered to indicate a statistically significant difference.

Results

Ogg1 mutation and lens lesions in zebrafish. Ogg1 mutant 
zebrafish were successfully generated by cRISPR/cas9 
technology. Genotyping revealed a deletion of a base G 
in ogg1 exon 3, which resulted in the frameshift muta-
tion (Fig. 1).

Adult (>3 months old) wild-type and mutant zebrafish 
lenses remained transparent (Fig. 2A). However, following the 
injection of the low dose of H2O2 into the anterior chamber, 
the wild‑type adult zebrafish only developed mild cataract, 
whereas the mutant adult zebrafish developed severe cataract. 
H&E staining revealed that the lens cortex of the mutant fish 
exhibited a clear vacuolar-like structure, which was similar to 

human cortical cataract, while no similar structure was found 
in the wild‑type fish (Fig. 2B).

Distinct expression of lncRNAs with target gene as OGG1 
following UVB exposure. Flow cytometry revealed similar 
apoptotic rates in the SRA01/04 cells irradiated with UVB for 
10 min or exposed to 10 µmol/l H2O2 (Fig. 3).

High-throughput sequencing revealed that compared 
with the control group, in the UVB group, there were 1,410 
upregulated mRNAs, and 3,270 downregulated mRNAs; 
295 lncRNAs were upregulated, while 2,177 lncRNAs were 
downregulated. In the H2O2 group, 1,211 mRNAs were 
upregulated, while 3,756 mRNAs were downregulated; in 
addition, 44 lncRNAs were upregulated, while 344 lncRNAs 
were downregulated (Fig. 4A).

According to the bioinformatics prediction, the lncRNAs 
with the target gene as OGG1 and exhibiting a differential 
expression were selected. There were 81 lncRNAs in the 
UVB group and 10 in the H2O2 group. The 2 groups had 2 
identical lncRNAs exhibiting the most significant differences: 
NONHSAT143692.2 and NONHSAT173383.1 (Fig. 4B).

The SRA01/04 cell line was irradiated with UVB again 
to verify the screening results. In the early stages of injury 
(5 min of irradiation), the expression levels of OGG1 mRNA 
and NONHSAT143692.2 increased significantly (P<0.01), 
while the expression of NONHSAT173383.1 decreased 
significantly (P<0.001). In the late stages of injury (30 min of 
continuous irradiation), the expression levels of OGG1 mRNA 
and NONHSAT143692.2 decreased significantly (P<0.01, 
P<0.001), while the expression of NONHSAT173383.1 
increased significantly (P<0.001) (Fig. 5A‑C).

In lens capsule samples from patients with cataract, the 
expression levels of OGG1 mRNA and NONHSAT143692.2 
in the cortical, nuclear and posterior subcapsular ARc 
were all significantly decreased (P<0.001); however, 

Figure 1. Generation of ogg1 mutant zebrafish. (A) Graphical representation of the target site of ogg1 for cRISPR/cas9 gRNA. (B) Genotype sequencing 
results of F0 embryos. (c) Genotype sequencing results of ogg1+/+ and ogg1-/- zebrafish. WT, wild‑type; ogg1-/-, homozygous mutant of ogg1.
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Figure 2. Phenotypic analysis of ogg1 mutant zebrafish. (A) The lenses of wild‑type and ogg1-/- adult zebrafish were all transparent, and the lens cortex was 
uniformly dense with H&E staining. (B) Following the injection of 5 µl of 2% H2O2 in the anterior chamber, compared with the wild‑type fish, the lens 
opacity of ogg1-/- adult zebrafish was more evident. H&E‑staining revealed a slightly looser lens cortex structure in the wild‑type fish, as well as a large 
number of vacuole-like structures appearing in the mutant lens cortex. (A and B) (a-d) Present images of the anterior segment, lens, H&E-stained sections 
(x100 magnification) and H&E‑stained sections (x400 magnification) of adult zebrafish in the wild‑type group, respectively. (e‑h) Present images of the anterior 
segment, lens, H&E‑stained sections (x100 magnification) and H&E‑stained sections (x400 magnification) of adult zebrafish in the mutant group, respectively. 
WT, wild‑type; ogg1-/-, homozygous mutant of ogg1.

Figure 3. comparison results of 2 oxidative damage methods. Apoptotic rates in SRA01/04 cell lines irradiated with UVB for 10 min or exposed to 10 µmol/l 
H2O2 were similar. (A) control group. (B) Apoptotic rate (AR) was 2.46% after 5 min of UVB irradiation. (c) AR was 4.79% after 10 min of UVB irradiation. 
(d) AR was 67.24% after 30 min of UVB irradiation. (E) AR was 7.83% following stimulation with 10 µmol/l H2O2. (F) AR was 16.6% following stimulation 
with 20 µmol/l H2O2. (G) AR was 42.81% following stimulation with 50 µmol/l H2O2.
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NONHSAT173383.1 expression exhibited no signifi-
cant differences among groups (Fig. 5d-F). Therefore, 
NONHSAT143692.2 was selected for further research.

Regulatory effects of NONHSAT143692.2 on the expression 
of OGG1 and cellular phenotypes of LECs. Through lentiviral 

invasion, SRA01/04 cells overexpressing NONHSAT143692.2 
(OV group) and an Nc group were established. Following the 
overexpression of NONHSAT143692.2, the expression levels 
of OGG1 mRNA and OGG1 protein also increased (P<0.01 
and P<0.001) (Fig. 6A-c). EdU assay revealed that following 
UVB irradiation, the number of cells proliferating in the OV 

Figure 5. Expression levels of OGG1 mRNA, NONHSAT143692.2 and NONHSAT173383.1 in SRA01/04 cells and lens capsule specimens from patients 
with cataract. (A) OGG1 mRNA expression was upregulated in the early stages, whereas it was downregulated in the late stages of oxidative damage. 
(B) NONHSAT143692.2 was upregulated in the early stages, whereas it was downregulated in the late stages of oxidative damage. (c) NONHSAT173383.1 
was downregulated in the early stages, whereas it was upregulated in the late stages of oxidative damage. (d) compared with the control group, OGG1 mRNA 
expression was downregulated in patients with ARc. (E) compared with the control group, NONHSAT143692.2 expression was downregulated in patients 
with ARc. (F) NONHSAT173383.1 did not exhibit any marked differences in expression between patients with ARc and the control group. ARc, age-related 
cataract; C, cortical ARC; N, nuclear ARC; PSC, posterior subcapsular ARC. **P<0.01, ***P<0.001.

Figure 4. Results of high-throughput lncRNA sequencing. (A) Scatter plot of sequencing results. (a) In the UVB group, there were 1,410 upregulated mRNAs, 
and 3,270 downregulated mRNAs; (b) 295 lncRNAs were upregulated, while 2,177 lncRNAs were downregulated. (c) In the H2O2 group, 1,211 mRNAs were 
upregulated, while 3,756 mRNAs were downregulated; (d) in addition, 44 lncRNAs were upregulated, while 344 lncRNAs were downregulated. (B) Expression 
levels of NONHSAT143692.2 and NONHSAT173383.1, which exhibited the most significant differences in the 2 groups.
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group was significantly higher than that in the Nc group 
(Fig. 6d and E). At the same time, TUNEL assay revealed that 
the number of apoptotic cells in the OV group was significantly 
lower than that in the Nc group (Fig. 6F and G).

Using the same method of lentivirus invasion, SRA01/04 
cells (Kd group) in which NONHSAT143692.2 was knocked 
down and the Nc group were established. Following the 
knockdown NONHSAT143692.2, the expression levels of 
OGG1 mRNA and OGG1 protein also decreased (P<0.001 
and P<0.001) (Fig. 7A-c). EdU assay revealed that the cells in 
the KD group proliferated significantly less than those in the 
Nc group (Fig. 7d and E). At the same time, TUNEL assay 
demonstrated that there were significantly more apoptotic 
cells in the Kd group than the Nc group (Fig. 7F and G). The 
cells in the Kd group were unable to tolerate UVB irradiation.

Binding of miR‑4728‑5p to NONHSAT143692.2 and OGG1 
mRNA 3'UTR. RNA fluorescence in situ hybridization revealed 
that NONHSAT143692.2 was expressed in the cytoplasm; thus, 
which suggests the existence of a competing endogenous RNA 
(ceRNA) mechanism (Fig. 8A). RegRNA 2.0 website analysis 

revealed that 6 miRNAs could bind to NONHSAT143692.2: 
miR-1285-3p, miR-1273e, miR-3922-5p, miR-4695-5p, 
miR-4728-5p and miR-1273g-3p. TargetScan website analysis 
revealed that miR-4728-5p could be bind with OGG1 mRNA 
3'UTR.

To  ve r i f y  t he  b i nd i ng  of  m i R- 4728 -5p  to 
NONHSAT143692.2, a luciferase reporter gene containing 
the expected miR-4728-5p binding site (NONHSAT 
143692.2_WT) and the corresponding mutation site 
(NONHSAT143692.2_MUT) was constructed. The results 
revealed that co-transfection with miR-4728-5p and 
NONHSAT143692.2_WT significantly reduced the luciferase 
activity (P<0.001); however, co‑transfection with miR‑4728‑5p 
and NONHSAT143692.2_MUT did not alter the luciferase 
activity (Fig. 8B).

To verify the binding of miR-4728-5p to the OGG1 mRNA 
3'UTR, a luciferase reporter gene containing the expected 
miR‑4728‑5p binding site (OGG1_WT) and the corresponding 
mutation site (OGG1_MUT) was constructed. The results 
revealed that co-transfection with miR-4728-5p and OGG1_
WT significantly reduced the luciferase activity (P<0.001), 

Figure 6. Effects of overexpression of NONHSAT143692.2 on OGG1 mRNA and OGG1 protein expression in and proliferation and apoptosis of SRA01/04 
cells. (A) RT-qPcR revealed that NONHSAT143692.2 was overexpressed in cells. (B) OGG1 mRNA was upregulated in cells. (c) OGG1 protein was upregu-
lated in cells. (D and E) Overexpression of NONHSAT143692.2 increased cell proliferation following UVB injury; blue, Hoechst staining; red, EdU staining. 
(F and G) Overexpression of NONHSAT143692.2 decreased the apoptosis caused by UVB injury; blue, Hoechst staining; green, TUNEL staining. OV, over-
expression group; NC, negative control group. **P<0.01, ***P<0.001.
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Figure 7. Effects of knockdown of NONHSAT143692.2 on OGG1 mRNA and OGG1 protein expression in and proliferation and apoptosis of SRA01/04 cells. 
(A) RT-qPcR revealed that low expression of NONHSAT143692.2 in cells following knockdown. (B) OGG1 mRNA expression was downregulated in cells 
following knockdown. (c) OGG1 protein expression was downregulated in cells following knockdown. (d and E) cells after knockdown of NONHSAT143692.2 
exhibited a reduced proliferation; blue, Hoechst staining; red, EdU staining. (F and G) Cells after knockdown of NONHSAT143692.2 exhibited an increased 
apoptosis; blue, Hoechst staining; green, TUNEL staining. KD, knockdown group; NC, negative control group. *P<0.05, **P<0.01, ***P<0.001.

Figure 8. Results of NONHSAT143692.2 intracellular localization and dual luciferase. (A) FISH detection revealed that NONHSAT143692.2 was localized in 
the cytoplasm; blue, Hoechst staining; green, Avidin‑HRP staining; NC, negative control group. (B) Luciferase assay revealed that miR‑4728‑5p could bind to 
wild-type NONHSAT143692.2. (c) Luciferase assay revealed that miR-4728-5p could bind to the wild-type OGG1 mRNA 3'UTR. ***P<0.001, vs. mimic Nc.
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whereas co-transfection with miR-4728-5p and OGG1_MUT 
did not markedly alter the luciferase activity (Fig. 8c).

Changes in miR‑4728‑5p, OGG1 mRNA, OGG1 protein 
and NONHSAT143692.2 expression. miR-4728-5p expres-
sion in SRA01/04 cells following UBV exposure presented a 
two-phase change, with a decrease at 5 min following irra-
diation (P<0.001), and an increase after 30 min of continuous 
irradiation (P<0.001) (Fig. 9A).

In the lens capsule samples of the patients with cataract, 
miR-4728-5p expression was significantly increased in 
the cortical, nuclear and posterior capsule ARc (P<0.001) 
(Fig. 9B). These changes were inversely associated with the 
changes in OGG1 mRNA and NONHSAT143692.2 expression.

The SRA01/04 cells were then transfected with 
miR-4728-5p control, miR-4728-5p inhibitor and miR-4728-5p 
mimics. RT-qPcR revealed that t ransfection with 
miR-4728-5p inhibitor upregulated the expression levels of 
NONHSAT143692.2 (P<0.001) and OGG1 mRNA (P<0.001), 

while transfection with miR-4728-5p mimics exhibited an 
opposite trend (Fig. 9c-E). The results of western blot analysis 
were consistent with the results of RT-qPcR (Fig. 9F and G).

Discussion

Studies have demonstrated that oxidative stress-induced dNA 
damage caused by ultraviolet rays and endogenous reactive 
oxygen species can cause the apoptosis of lens epithelial 
cells, resulting in lens opacity (24,25). The majority of dNA 
oxidative damage can be repaired by the base excision repair 
pathway (BER), whereas OGG1 plays an important role in 
the BER pathway, particularly in removing 8-oxo-dG (26). 
Studies on human subjects and other models have demon-
strated that the loss of OGG1 function may cause various eye 
diseases, such as ARc or age-related macular degeneration 
(AMd), as well as cancers, such as breast cancer and gastric 
cancer (11,12,27-30). In previous studies, it was found that a 
decreased OGG1 function increased the apoptosis of LEcs 

Figure 9. miR-4728-5p expression and effects on NONHSAT143692.2, OGG1 mRNA, and OGG1 protein expression following intervention. (A) miR-4728-5p 
expression was downregulated in the early stages of oxidative damage and upregulated in the late stages. (B) miR-4728-5p expression was upregulated in 
patients with ARc compared to the control group. (c-G) Following the knockdown of miR-4728-5p, the expression levels of NONHSAT143692.2, OGG1 
mRNA and OGG1 protein were upregulated; following the overexpression of miR‑4728‑5p, these results were reversed. ARC, age‑related cataract; C, cortical 
ARC; N, nuclear ARC; PSC, posterior subcapsular ARC. **P<0.01, ***P<0.001.
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and decreased the proliferation of LEcs (31,32). In the present 
study, an ogg1 mutant zebrafish model was constructed, and 
it was demonstrated that when the eyes were placed under 
oxidative stress, the mutant zebrafish with the disrupted OGG1 
function developed more severe lens lesions.

Studies in recent years have indicated that lncRNAs and 
miRNAs are associated with certain eye diseases, such as 
cataract, glaucoma, diabetic retinopathy, or eye tumors (33-36). 
LncRNAs and miRNAs play an important role in the apop-
tosis and proliferation of LEcs. They may be involved in the 
occurrence and development of ARc via different mecha-
nisms; however, their association with OGG1 has not yet 
been reported (16-19), at least to the best of our knowledge. 
We hypothesized that after oxidative stress, lncRNA and 
microRNA may increase the apoptosis of LEcs by inhibiting 
the function of OGG1, leading to lens opacity.

In the present study, through high-throughput sequencing, 
it was found that among all lncRNAs that may act on 
OGG1, the expression of NONHSAT143692.2 was altered 
most substantially in both the UVB group and H2O2 group. 
NONHSAT143692.2 is located on chromosome 16 with a total 
length of 2,466 nts. Its function has not yet been reported, 
at least to the best of our knowledge. It was found that this 
lncRNA can be detected in the cytoplasm. The majority of 
the currently known lncRNAs are located in the nucleus, and 
a few are located in the cytoplasm. lncRNAs located in the 
cytoplasm usually compete for miRNAs as a type of ceRNA to 
communicate with mRNAs, affecting the stability and transla-
tion rate of mRNAs. In the present study, it was demonstrated 
that NONHSAT143692.2 can regulate the expression of 
OGG1 by adsorbing miR‑4728‑5p; thus, it was hypothesized 
that NONHSAT143692.2 may be a molecular sponge.

miR-4728-5p is encoded by the HER2 intron. It has been 
reported that the expression of miR-4728 in patients with breast 
cancer or gastric cancer is significantly increased, and it can be 
used as a non-invasive biomarker for breast cancer and gastric 
cancer (37). In the absence of HER2 inhibitors, miR-4728 can 
promote tumorigenesis (38). Breast cancer and gastric cancer 
are closely related to dNA oxidative damage, and ARc is also 
the result of long-term effects of oxidative stress on the lens 
and continuous accumulation of dNA damage. A previous 
study demonstrated that young women with early-onset cata-
racts due to deficiency in antioxidant function are more likely 
to develop breast cancer (39). In the present study, it was found 
that miR‑4728‑5p expression was also significantly increased 
in LEcs exposed to UVB for a long period of time and lens 
capsule samples from patients with ARc, which is similar to 
breast cancer and gastric cancer. It is considered that when a 
patient's cataract is severe and requires surgery, his/her lens 
becomes opaque due to long-term oxidative stress. Therefore, 
only SRA01/04 cells exposed to UVB for a long period of time 
exhibited the same expression changes as those of patients with 
ARc. However, in the early stages of LEcs under oxidative 
stress, miR-4728-5p was underexpressed. These changes were 
negatively associated with changes in NONHSAT143692.2 and 
OGG1 expression. miR-4728-5p only exists in Homo sapiens, 
which also suggests that the pathogenesis of cataract in human 
lens with age may greatly differ from that of other species. In 
the future, the authors aim to design and perform experiments 
to verify the above‑mentioned findings in vivo.

In conclusion, the present study demonstrates that the loss 
of OGG1 function may be one of the mechanisms respon-
sible for the development of ARc. NONHSAT143692.2 
regulates the expression of OGG1 in LEcs through the 
ceRNA mechanism in combination with miR-4728-5p. The 
NONHSAT143692.2/miR-4728-5p/OGG1 axis may thus play 
an important role in the development of ARc. This novel 
concept may provide new insight into the molecular diagnosis 
and treatment of ARc.
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