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Abstract. Senescence marker protein 30 (SMP30) has been 
reported to serve antiapoptotic and antioxidant roles, as well 
as roles in Ca2+ regulation, and may be involved in the occur-
rence and development of cataract. The present study aimed to 
investigate the expression of SMP30 in senescent human lens 
epithelial cells (HLECs) and explored the relationship between 
SMP30 and aging. SRA01/04 cells, a HLEC line, were treated 
with H2O2 to mimic aging, and cell morphological changes 
were observed by microscopy and cell activity was exami ned 
by MTT assay, senescence-associated-β-galactosidase 
(SA-β-Gal) staining and cell cycle analysis. The expression of 
SMP30 mRNA and protein was measured by reverse transcrip-
tion-quantitative polymerase chain reaction (RT-qPCR) and 
western blotting. Following prolonged low-dose H2O2 exposure, 

cells exhibited senescence-related morphological changes, 
reduced growth activity, increased SA-β-Gal positive staining 
and cell cycle arrest in the S and G2/M phases. SMP30 mRNA 
expression levels were significantly downregulated following 
exposure to 75 and 100 µM H2O2, and the protein expression 
levels in the same groups were decreased by >6-fold compared 
with the control untreated cells. However, no significant change 
was observed in SMP30 expression in the 25 and 50 µM H2O2 

exposure groups. These results suggest that, in the early stage 
of senescence induced by H2O2-mediated chronic oxidative 
stress, there may be no significant change in SMP30 expres-
sion, but when the oxidative stress increases and senescence 
is aggravated, SMP30 may be significantly downregulated in 
the senescent HLECs. The present study indicates that SMP30 
may be an important factor involved in the aging process of 
HLECs and the development of cataract.

Introduction

Senescence marker protein 30 (SMP30) is a novel type of 
calcium binding protein that does not possess a typical Ca2+ 

binding EF‑motif, and that was first isolated as a downregu-
lated protein in aging rat livers in an androgen-independent 
manner (1). It is localized in the plasma membrane, nucleus, 
microsomes and mitochondria of different cell types. 
Following cloning and analysis of the gene encoding for it, 
SMP30 was demonstrated to be a complex molecule composed 
of 442 amino acids and 34 kDa (2,3). It is widely expressed in 
various human tissues, including liver, kidney, breast, brain, 
stomach, lung, ovary, testis, skin, prostate, epididymis and 
it is highest expressed in liver and kidney (4,5). It has been 
reported as upregulated in human prostate and breast cancers, 
and overexpression of SMP30 has been demonstrated to 
alter the expression of tumor related-genes, including MYC 
proto-oncogene, HRas proto-oncogene, SRC proto-oncogene, 
tumor protein p53, and RB transcriptional corepressor 1; 
SMP30 inhibits the expression of oncogenes and enhances 
the transcription of anti-oncogenes, and thus has anti-tumor 
activity (6,7). In addition, SMP30 expression in cancer is 
significantly higher than normal tissue, and its high expression 
may be associated with the early stages of carcinogenesis and 
may be a manifestation of the cell protective mechanisms (8). 
These previous findings suggest a protective role of SMP30 
against cancer development.

SMP30 has been reported to serve important roles in 
maintaining Ca2+ homeostasis and signaling via activating 
enzymes and the Ca2+ pump (9,10). SMP30 also prevents 
apoptosis induced by Ca2+ influx, as well as exhibits a 
protective effect against apoptosis induced by other signaling 
pathways (11). Previous studies have demonstrated that 
SMP30 can decrease reactive oxygen species levels (12), 
reduce the oxidative stress damage induced by peroxide and 
inhibit antioxidant enzyme activity (13-15). Other reports 
have demonstrated that SMP30 may be involved in the 
inhibition of DNA and RNA synthesis through regulation 
of protein kinases and protein phosphatases (16-19). SMP30 
exhibits a suppressive effect on cellular proliferation in 
rat liver and kidney cells, and may be involved in prolife-
ration-related functions in the cell nucleus (20,21). More 
recently, it was reported that it also involved in the cellular 
inflammatory response, and that its anti‑inflammatory and 
antioxidant functions may be mediated by activation of the 
nuclear factor-κB pathway (22). In addition, SMP30 was 
reported to negatively regulate abnormal lipid accumulation 
and decrease glucose tolerance in the liver during the normal 
aging process (23-26).

As a result of its many functions, SMP30 has intrigued 
researchers regarding its potential as a novel anti-aging 
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molecule. SMP30 is broadly expressed in various human 
tissues, however, its role in ophthalmic diseases remains 
unclear. Our previous study reported that expression of 
SMP30 in patients with cataract was higher than normal 
subjects, while it was significantly lower in patients >60 years 
old compared with patients ≤60 (27). The present study aimed 
to examine whether expression of SMP30 is age-related in 
the human lens. In order to investigate the roles of SMP30 
in human lens epithelial cells, prolonged exposure of cells to 
low doses of hydrogen peroxide (H2O2) was used as an in vitro 
model to mimic senescence, and the expression of SMP30 was 
detected as a function of aging.

Materials and methods

Cell culture. The human lens epithelial cell line (SRA01/04) 
was obtained from Guangzhou JiNiu Biotechnology Co., 
Ltd. (Guangzhou, China). SRA01/04 cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM), supplemented 
with 10% fetal bovine serum (both from Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) at 37˚C and in a humidi-
fied atmosphere containing 5% CO2. When the cells reached 
~80% confluency, they were treated with 0.25% trypsin solu-
tion, centrifuged (106 x g, 5 min, room temperature) and plated 
for subculture or frozen for storage.

In vitro SRA01/04 aging model. Cells were treated with a 
concentration gradient of freshly-prepared H2O2 (0-150 µM) 
to mimic aging in vitro. Prolonged exposure to H2O2 to stimu-
late senescence was conducted as previously described (28). 
Cells cultured in the same medium without H2O2 served as 
the control group. The medium was changed with fresh 
H2O2-containing medium every 3 days for a total of 2 weeks. 
All experiments were performed with cells of passages 4-6 to 
avoid the influence of natural senescence.

Observation of cell morphology. Cell morphology observation 
was used as a method to evaluate cell senescence. Treated cells 
were observed by light microscopy (Olympus Corporation, 
Tokyo, Japan) at magnification, x20.

MTT cell viability assay. A growth curve was performed to 
examine cell viability over time in the experimental groups. 
SRA01/04 cells were seeded at 1x103 cells/well in 96-well 
plates and incubated overnight with normal medium. The 
following day, cells were treated with a concentration gradient 
H2O2 for different periods of time (0, 1, 3, 5, 7, 9, 12 and 
15 days), with 5 replicates for each experimental group and 
for each time point. When reaching the stated time point, cells 
were incubated for 4 h at 37˚C with 20 µl MTT (5 mg/ml; 
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), then 
the medium was removed and 150 µl DMSO was added to 
dissolve the formazan products in each well. Absorbance was 
measured at 570 nm using a microplate reader (Thermo Fisher 
Scientific, Inc.).

Senescence‑associated‑β‑galactosidase (SA‑β‑Gal) staining 
assay. A SA-β-gal staining kit (Beyotime Institute of 
Biotechnology, Haimen, China) was used, according to the 
manufacturer's instructions. SRA01/04 were seeded on 6-well 

plates and treated with low doses of H2O2 as aforementioned. 
At stated time points, and after washing with PBS, cells were 
incubated with 1 ml fixing solution at room temperature for 
15 min, washed three times with PBS, and then incubated 
with 1 ml freshly prepared cell staining solution at 37˚C 
overnight (without CO2). Stained cells were analyzed by light 
microscopy by observing at least 10 random fields for each 
sample and manually quantifying the % of SA-β-gal positive 
cells.

Cell cycle assay. Following the 2-week treatment period, 
cells were washed once in PBS and a cell suspension of 
1x106 cells/ml was fixed in 70% cold ethanol at 4˚C for 12 h. 
The cells were then washed with PBS and incubated with 
100 µl RNase A for 30 min at 37˚C. Finally, cells were stained 
with 400 µl propidium iodide in the dark for 30 min at 4˚C. 
Cell cycle analysis was performed using a FACScan flow 
cytometer equipped with CFlow Plus version 1.0.264.15 (both 
from BD Biosciences, San Jose, CA, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated from cultured cells using 
TRIzol reagent (Thermo Fisher Scientific, Inc.) and converted 
into cDNA using the PrimeScript RT reagent kit with gDNA 
Eraser (cat no. RR047A; Takara Bio, Inc., Otsu, Japan), 
according to the manufacturer's instructions. The concentra-
tion of total RNA was measured using a NanoDrop 2000 
(Thermo Fisher Scientific, Inc.). qPCR was performed on a 
LightCycler 480 real-time PCR system (Roche Diagnostics, 
Indianapolis, IN, USA) with the SYBR Premix Ex Taq II 
kit (cat no. RR820A. Takara Bio, Inc.). The primers used for 
qPCR were: SMP30, sense 5'-CCG TGG ATG CCT TTG ACT 
ATG AC-3' and antisense 5'-GTA ACA GGC CAC CCA GAG 
CTT C-3'; GAPDH, sense 5'-GCA CCG TCA AGG CTG AGA 
AC-3' and antisense 5'-TGG TGA AGA CGC CAG TGG A-3'. The 
thermocycling conditions were set up according to the manu-
facturer's instructions: 95˚C for 30 sec, followed by 40 cycles 
at 95˚C for 5 sec and 60˚C for 30 sec, followed by a melting 
curve analysis of 1 cycle at 95˚C for 5 sec, 60˚C for 1 min and 
50˚C for 30 sec. The melting curve analysis confirmed that 
the amplification contained no primer dimers or non‑specific 
PCR products. The experiment was repeated six independent 
times in triplicates and the results were calculated using 2-ΔΔCq 
method (29).

Protein extraction and western blot analysis. Cells 
were extracted using lysis buffer (Beyotime Institute of 
Biotechnology) at 4˚C for 30 min. The concentration of total 
protein was measured by bicinchoninic acid assay (Beyotime 
Institute of Biotechnology). Protein samples (50 µg/well) were 
boiled, separated on 10% sodium dodecyl sulfate polyacry-
lamide gel, and then electrophoretically transferred onto 
polyvinylidene fluoride membranes. Blots were subsequently 
incubated for 1 h at room temperature with blocking 
buffer, which contained 5% (w/v) skimmed milk powder in 
TBS + 0.1% Tween-20 (TBST). The blots were subsequently 
incubated with antibodies targeting SMP30 (cat no. ab67336; 
dilution 1:1,000; Abcam, Cambridge, MA, USA) and β-actin 
(cat. no. 12262; dilution 1:1,000; Cell Signaling Technology, 
Inc., Danvers, MA, USA) overnight at 4˚C. Blots were then 
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washed with TBST for 30 min. All blots were incubated with 
a IRDye 680RD goat anti-mouse secondary antibody (cat. 
no. 926-68070; dilution 1:15,000; Li-Cor Biosciences, Lincoln, 
NE, USA) for 2 h at room temperature. Following washing 
with TBST, protein signals were measured using the Odyssey 
Infrared Imaging System v3.0 (Li-Cor Biosciences). The 
experiment was repeated six independent times in triplicates.

Statistical analysis. All experiments were repeated at least 
three times. Statistical analysis was performed with SPSS 
17.0 software (SPSS, Inc., Chicago, IL, USA). Results were 
expressed as mean ± standard deviation. Differences between 
groups were analyzed for significance by one‑way analysis of 
variance followed by Fisher's least significant difference test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Cell morphology changes in SRA01/04 cells following 
prolonged low‑dose exposure of H2O2. Following observation 
by microscopy, no significant changes in cell morphology 
were observed between the untreated control group and the 
25 µM H2O2 group (Fig. 1). Exposure to 50 and 75 µM H2O2 
resulted in somewhat enlarged cell morphology and a slightly 
decreased cell density in 5-7 days (Fig. 1). Continuous culture 
for two weeks at 75 µM H2O2 resulted in a markedly decreased 
cell growth and a flattened cell morphology with accumulation 
of granular cytoplasmic inclusions compared with the control 
group (Fig. 1). At the dose of 100 and 125 µM H2O2, cells 
appeared shrank, elongated and a larger number of floating 
cells were observed, while after 10 days cells gradually became 
detached and disrupted (Fig. 1). At 150 µM H2O2 exposure, 

cells were all dead in the first 3 days (Fig. 1).

Prolonged exposure to 50, 75 and 100 µM H2O2 induces cell 
senescence. SA-β-Gal staining is routinely used to detect 
senescent cells, and positive staining appears as cytoplasmic 
blue granular coloring under microscopic observation. As 
illustrated in Fig. 2A, positively stained cells appeared 
following exposure of the cells to certain doses of H2O2 for 
two weeks. There were nearly no positive cells in the control 
untreated group (2.15±0.68%) and the % of positive cells 
observed increased in a dose-dependent manner compared 
with the control group (Fig. 2B). Only a few positive cells 
appeared in the 25 µM group (13.37±3.50%; Fig. 2B) and 
50 µM group (40.23±6.58%; Fig. 2B). The % of positive cells 
increased dramatically in the 75 µM group (90.48±6.80%; 
Fig. 2B) and 100 µM group (92.10±3.84%; Fig. 2B). In the 125 
and 150 µM groups, although positive staining was observed, 
most cells appeared non-viable following the two-week expo-
sure (Fig. 2A).

Prolonged exposure to 75 µM H2O2 induces growth inhibition. 
Cell growth was evaluated by MTT assay over the period of 
15 days. Untreated control SRA01/04 cells grew slowly on 
days 1-3 of culture, while at day 5, cell growth turned to a 
logarithmic phase (Fig. 2C). In the H2O2 exposure groups, the 
25 µM group exhibited no effect on cell survival compared 
with the control group (Fig. 2C). In the 50 µM group, the 

growth curve declined compared with control (Fig. 2C). The 
growth curve of the 75 µM group exhibited a small increase in 
the first 5 days of exposure, but then cell growth was arrested 
and maintained in a low level for the rest of the treatment 
(Fig. 2C). Finally, in the 100, 125 and 150 µM groups, growth 
declined substantially compared with control and was almost 
at zero for the whole duration of the experiment (Fig. 2C).

Prolonged exposure to H2O2 induces cell cycle arrest. Cell 
cycle analysis (Table I and Fig. 3A) was performed to examine 
the proportion of cells in each phase of the cell cycle. In the 25, 
50, 75 and 100 µM groups, the % of cells in the G0/G1 phase 
were decreased significantly compared with the control group 
(Fig. 3B). Meanwhile, the 50, 75 and 100 µM groups exhibited 
significantly higher % of cells in the S phase compared with 
the control group (Fig. 3B), as well as a significant increase in 
the G2/M cell populations compared with the control group 
(Fig. 3B). The 125 and 150 µM groups were all cell debris 
(Fig. 3A). The cell proliferation index (PI), which was calcu-
lated as the sum of the % of cells in the S plus G2/M phases, 
was significantly increased in the 25, 50, 75 and 100 µM groups 
compare with the control group (Fig. 3C). The results demon-
strated that prolonged exposure to 50, 75 and 100 µM H2O2 
disrupted the normal cell cycle progress, arrested SRA01/04 
cells in the S and G2/M phases and increased the PI value 
compared with control.

These above experiments were employed to evaluate cell 
senescence in response to prolonged exposure to H2O2. Based 
on the results of the present study, treatment with 75 µM 
H2O2 for two weeks resulted in chronic oxidative stress and 
simulated aging of SRA01/04 cells in vitro, without causing 
cell death. Therefore, the dose of 75 µM H2O2 was selected 
to induce in vitro aging for the remainder of the experiments. 
The doses of 25, 50 and 100 µM were used to investigate the 
different grades of chronic oxidative stress.

SMP30 expression is downregulated in senescent SRA01/04 
cells. In order to investigate the expression of SMP30 in 
senescent HLECs, SRA01/04 were exposed to H2O2 for two 
weeks to simulate senescence induced by chronic oxida-
tive stress, then mRNA and protein expression levels were 

Figure 1. Prolonged H2O2 exposure results in senescence-related morpho-
logical changes. SRA01/04 were treated for two weeks with various 
concentrations of H2O2 (0-150 µM), and then cell morphology was examined 
by microscopy. Arrows denote senescent cells, which appear enlarged, 
flattened, and with accumulation of granular cytoplasmic inclusions. 
Magnification, x20. H2O2, hydrogen peroxide.
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examined by RT-qPCR and western blotting. RT-qPCR 
analysis demonstrated that expression of SMP30 mRNA 
levels were significantly decreased following H2O2 exposure 
compared with the control group, to 0.7, 0.74, 0.5 and 0.4-fold 
of the control in the 25, 50, 75, 100 µM H2O2 groups, respec-
tively (Fig. 4A). However, there was no difference between 
the 25 and 50 µM H2O2 groups (P=0.921), and no difference 
between the 75 and 100 µM H2O2 groups (P=0.053). As 
presented in Fig. 4B, at the protein level, SMP30 expression 
was no different in the 25 µM group (P=0.695) and the 50 µM 
group (P=0.126) compared with control. However, SMP30 
expression was significantly decreased by >6‑fold in the 75 
and 100 µM groups compared with the control (Fig. 4B). No 
significant difference was observed in the SMP30 protein 
expression between the 75 and 100 µM groups (Fig. 4B).

Discussion

SMP30 has great potential as a novel anti-aging factor 
as it serves important roles in maintaining Ca2+ homeo-
stasis, preventing apoptosis, and reducing oxidative stress 
damage (1,9). The occurrence and development of cataract 
is complicated owing to various factors, and the exact 
pathogenesis of cataract is not clearly understood, but it is 
thought to be closely related to calcium disorders, oxidative 
stress and apoptosis of HLECs (30-33). With aging or other 
external factors, changes can happen in these biological 
functions of HLECs and they can lead to the occurrence of 
cataract. Hammond et al (34), through analysis of patients 
with age-related cataract (ARC), reported that age was an 
important risk factor of ARC. In addition, age was confirmed 

Table I. Cell cycle analysis of SRA01/04 cells following H2O2 exposure in vitro.

H2O2 (µM) GO/G1 (% of cells) S (% of cells) G2/M (% of cells) PI (% of cells)

    0 79.41±4.01 8.74±1.88 8.74±1.88 18.27±1.84
  25 68.00±3.35 11.35±3.71 20.60±1.12 31.94±3.51
  50 61.25±5.30 13.65±3.45 21.58±3.56 36.50±2.59
  75 46.81±3.59 23.59±4.05 25.18±2.11 51.07±1.41
100 45.58±3.29 21.02±2.23 27.48±2.40 51.53±1.68

Data are presented as mean ± standard deviation from four independent repeats. PI represents the sum of the % of cells in the S and G2/M 
phases. H2O2, hydrogen peroxide; PI, proliferation index. 

Figure 2. Characteristics of senescent SRA01/04 cells induced by prolonged low-dose exposure to H2O2. (A) Representative images of SA-β-Gal staining 
from SRA01/04 cells treated with 0-150 µM H2O2 for two weeks. Magnification, x20. (B) Quantification of SA‑β-Gal positive cells (n=10). (C) Growth curve 
as measured by the MTT assay (n=6). Data were presented as mean ± standard deviation. **P<0.01 vs. control group. H2O2, hydrogen peroxide; SA-β-Gal, 
senescence-associated-β-galactosidase; OD, optimal density.
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Figure 4. SMP30 expression is downregulated by prolonged low-dose exposure to H2O2. SRA01/04 cells were treated with 0-150 µM H2O2 for two weeks. 
(A) SMP30 mRNA expression levels were analyzed by reverse transcription-quantitative polymerase chain reaction. (B) SMP30 protein expression levels were 
analyzed by western blotting. β-actin was used as the internal control. Data were presented as mean ± standard deviation (n=6). **P<0.01 vs. control group. 
H2O2, hydrogen peroxide; Ctrl, control; ns, not significant.

Figure 3. Cell cycle analysis of SRA01/04 cells induced by prolonged low-dose exposure to H2O2. (A) Representative plots from flow cytometry analysis of 
cell cycle distribution in SRA01/04 cells treated with 0-150 µM H2O2 for two weeks. (B) Quantification of % of cells in each cell cycle phase. (C) The cell 
proliferation index was calculated as the sum of the % cells in the S and G2/M phases. Data were presented as mean ± standard deviation (n=4). *P<0.05 and 
**P<0.01 vs. control group. H2O2, hydrogen peroxide; Ctrl, control; ns, not significant.
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to be directly related to the development of ARC, while other 
factors had no significant correlation (35). Potential anti-aging 
intervention in HLECs may therefore be especially important 
for the development of ARC. In recent years, SMP30 was 
demonstrated to serve an important role in anti-aging, as it 
was determined that the expression level of SMP30 gradua lly 
decreased in aging human liver cells (35). SMP30 was also 
demonstrated to be involved in cellular senescence and 
SMP30 knock-out mice were susceptible to cataract (36). Our 
previous report demonstrated that SMP30 is expressed in 
human lens capsule epithelial cells, mainly in the cytoplasm 
and less in the nucleus, the expression of SMP30 in patients 
with cataract was higher than healthy subjects, but in cataract 
patients of age >60 it was significantly lower than patients of 
age ≤60, suggesting that SMP30 expression may be closely 
related to the development of cataract (27). Whether SMP30 
is involved the process of aging in HLECs has not been yet 
reported.

To explore the relationship between SMP30 and aging, 
a low-dose prolonged exposure to H2O2 was used to induce 
chronic oxidative stress and senescence in cells. H2O2 is one of 
the main oxides in the human lens. The concentration of H2O2 
is ~20-30 µM in the normal lens and aqueous humor. However, 
in the cataract lens, the concentration of H2O2 is significantly 
increased by ~2-7-fold, and even increased to 30-fold in 
aqueous humor (37,38). In addition, various studies using 
in vitro lens cell culture and animal models have reported that 
H2O2 can induce cataract (39,40). Therefore, in the present 
study, H2O2 was selected to induce senescent HLECs and 
observe the expression of SMP30.

Prolonged low-dose exposure to H2O2 is the most 
commonly used method for inducing senescence in cells 
in vitro, due to its common mechanisms with pathological 
aging (41-44). In the present study, HLECs were exposure 
to H2O2 over two weeks, causing chronic oxidative stress, 
to induce cell senescence and to simulate aging. Then the 
senescent state of the cells was confirmed by morphological 
observations, declined growth, increased SA-β-Gal posi-
tive staining and cell cycle arrest. These results confirmed 
that cellular proliferation was inhibited and senescence 
occurred. Using this in vitro model, the expression level of 
SMP30 were measured at the mRNA and the protein level. 
Compared with the control group, SMP30 mRNA and 
protein were significantly decreased in the 75 and 100 µM 
groups, but no significant changes were observed in the 25 
and 50 µM groups on the protein level. These results suggest 
that in the early stages of senescence induced by H2O2, there 
was no significant change of SMP30 protein compared with 
normal cells, but with the effect of oxidative stress increasing 
and senescence aggravated as H2O2 concentration raised, 
SMP30 was downregulated in senescent HLECs. SMP30 
may therefore be an important factor involved in the HLEC 
aging process and the development of cataract.

To the best of our knowledge, the present study is the first 
to link SMP30 expression with aging HLECs, although the 
exact function and mechanism of SMP30 in the lens remains 
unclear and further studies will be needed to elucidate this. 
There are various limitations in this study. For example, 
measuring SMP30 expression at different time points during 
the senescence process would give more dynamic information 

on the role of SMP30 in HLEC senescence. Further studies 
are warranted to fully understand the anti-aging function of 
SMP30 and its potential in the development and prevention of 
cataract.
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