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Upregulation of histone H3 caused by CRYAA may contribute to the development of age-related cataract
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Abstract: Objective: Age-relate cataract (ARC) is a disease of the eyes with no effective drugs to prevent or treat patients. The aim of the present study is to determine whether histone H3, αA-crystallin (CRYAA), β-galactosidase (GLB1), and p53 are involved in the pathogenesis of ARC. Methods: A total of 99 anterior lens capsules (ALCs) of patients with ARC of various nuclear grades, ultraviolet models of ALCs, and two human lens epithelial cell lines (FHL-124 and SRA01/04) were used, and the expression of histone H3, CRYAA, GLB1, and p53 were detected by immunoblotting and reverse transcription and real time-quantitative polymerase chain reaction. The association between CRYAA with histone H3, GLB1, and p53 was assessed in FHL-124 and SRA01/04 cells following CRYAA overexpression. Results: Histone H3 and p53 in ALCs of patients with ARC were up-regulated in a grade-dependent manner, and the expression of CRYAA showed a positive association with histone H3, p53, and GLB1. In UV models of ALCs and human lens epithelial cell lines, the expression levels of histone H3, cell apoptosis factors (Bax/Bcl-2, cleaved caspase-3), and inflammation factors (interleukin-6, tumor necrosis factor-α) were all up-regulated. Furthermore, transfection of CRYAA in FHL-124 cells induced overexpression of histone H3. Conclusion: CRYAA-mediated upregulation of histone H3 may be involved in the pathogenesis of ARC. p53 may also have a role in ARC development, but not via the CRYAA-histone H3 axis. The results of the present study may assist in improving our understanding of the pathogenesis of ARC and in identifying potential targets for treatment.
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Abbreviations



	ALCs:
	anterior lens capsules



	ARC:
	age-related cataract



	BM:
	basement membrane



	CRYAA:
	αA-crystallin



	GLB1:
	β-galactosidase



	IB:
	immunoblotting



	IL-6:
	interleukin-6



	mAb:
	monoclonal antibody



	pAb:
	polyclonal antibody



	PBS:
	phosphate buffered saline



	RT-qPCR:
	reverse transcription-quantitative polymerase chain reaction



	TNF-α:
	tumor necrosis factor-α



	UV:
	ultraviolet




Introduction

Cataract is one of the major causes of blindness and vision impairment worldwide, particularly in developing countries (Flaxman et al., 2017; Khairallah et al., 2015). Although visual function can be restored by surgery for cataracts, there are currently no effective drugs to prevent or treat cataract. Studying the pathogenesis of cataracts for the identification of novel therapeutic targets may assist in the need for surgery. Several risk factors, such as aging, genetic factors, traumatic injury, other ocular or systemic disease, endocrine disease, use of drugs or toxins, irradiation, poor nutrition, alcohol abuse, and smoking, may cause cataract (Nizami and Gulani, 2021). According to the etiology, cataract is classified as age-related cataract (ARC), childhood cataract, traumatic cataract, cataract associated with systemic disease, complicated cataract, and drug-induced cataract, among which ARC was the most common type (Richard, 2019).

ARC is further classified into nuclear cataracts, cortical cataracts, and posterior subcapsular cataracts, among which nuclear cataracts are the most common (Thompson and Lakhani, 2015; Klein et al., 2002; Tang et al., 2016). Both genetic and environmental factors are important in the development of ARC (Hammond et al., 2000). Damage to human lens epithelial cells, caused by cell apoptosis, senescence, or pyroptosis, is one of the major pathological bases of this disease (Li et al., 1995; Fu et al., 2016; Jin et al., 2017). ARC is caused by oxidative stress, and in particular, age-related nuclear cataract (Vinson, 2006; Beebe et al., 2010), and ultraviolet (UV) irradiation increases oxidative stress in human lens epithelial cells (Yao et al., 2008). In addition, UV irradiation may induce aggregation of α, β and γ crystallin protein mixtures, which are also the pathological basis of ARC (Pitts et al., 1977). The insolubility of crystallin proteins and the formation of large protein aggregates increase with the nuclear grades of ARC (Truscott, 2005).

The major aim of our studies was to study the contribution of proteins in human anterior lens capsules (ALCs) to the pathogenesis of ARC. In our previous study, the expression of laminin α4, β2, γ1 subunits was shown to be positive in the basement membrane (BM) of a human lens epithelial cell line, HLE B-3; and laminin α4, γ1, and γ2 was detected in human ALCs, suggesting that HLE B-3 cells may produce an anterior-capsule-like BM with rich laminins in vitro, which could be used to study the role of laminins in ALCs in the pathogenesis of lens diseases, particularly cataracts (Yan et al., 2018). In another previous study from our lab, a positive association was observed between the expression levels of p53 and total laminin in cataractous ALCs, and both increased with the nuclear grade of ARC. These results suggest that both p53 and laminins may be involved in the pathogenesis of ARC, and the expression levels of p53 and total laminin in cataractous ALCs may be used as markers for severities of ARC (Yan et al., 2019).

In the present study, 99 ALC samples from patients of ARC with various nuclear grades were used for the analysis of the expressions of histone H3, CRYAA, GLB1, and p53 by immunoblotting (IB) and to determine their association with the nuclear grades of ARC. Furthermore, UV models using ALCs and two human lens epithelial cell lines, FHL-124 and SRA01/04, were used to confirm whether these factors participate in the pathogenesis of ARC. Finally, the possible regulatory association between CRYAA and the other three factors was preliminarily studied in vitro in FHL-124 and SRA01/04.

Materials and Methods

Collection of human ALCs

Human ALC samples obtained from 99 eyes (99 patients) with age-related nuclear cataract (mean age ± standard deviation, 67.5 ± 10.44, age range, 50–97 years old; 35 males, 64 females) were collected in 2021–2022 at the First Affiliated Hospital of Harbin Medical University. Human ALCs were obtained by a single ophthalmologist using the central circular capsulorhexis method from the anterior surface of the cataratous lens during surgery of patients with cataracts (Andjelic et al., 2017); ALC samples were kept at −80°C. All patients were free of other ocular diseases and were graded for cataract severity by the Emery-Little Classification System of nuclear opacity grade before surgery (Zeng et al., 2008; Ikeda et al., 2014). All experiments were approved by the Internal Review Board of Harbin Medical University and were performed in accordance with the Declaration of Helsinki Principles. Informed consent was obtained from each patient.

ALC culture

Human ALC samples with human lens epithelial cells were dissected from the cataratous lens and maintained in Dulbecco’s modified Eagle medium (DMEM; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/mL penicillin and 100 µg/mL streptomycin (Beyotime Biotechnology, Shanghai, China) at 37°C overnight for the subsequent next UV irradiation experiments, or lysed with cold radioimmunoprecipitation assay buffer as described previously (Yan et al., 2019).

Human lens epithelial cells

The human lens epithelial cell lines (FHL-124 cells and SRA01/04 cells) were purchased from the American Type Culture Collection (Manassas, VA, USA). Cell culture and supernatants, cell lysates, and BMs were collected as described previously (Yan et al., 2018; Yan et al., 2019). After the collection of cell lysate, the dishes were washed with PBS twice, and the dish was visualized under a microscope to ensure no cells were left. Subsequently, 1000 μL of 2 × loading buffer was added to the dish, and the bottom of the dish was scraped using a cell scraper firmly for 2 min. Finally, the loading buffer containing BM proteins was collected and stored at −20°C for further experiments.

UV irradiation experiment

ALCs of nuclear grade 2 were first plated in a 35-mm dish containing 750 μL phosphate-buffered saline (PBS) and were treated with UV (100 μW/cm2) for 30 min. Subsequently, the PBS in each dish was replaced with 1.5 ml fresh low-glucose DMEM containing 10% fetal bovine serum, 100 units/mL penicillin, 100 μg/mL streptomycin, and the ALCs were cultured at 37°C with 5% CO2. After 24 h of incubation, ALCs were treated with UV for 1 h as described above, and the lysates of ALCs were then prepared as described previously (Yan et al., 2019).

For the UV irradiation experiment of cells, FHL-124 cells and SRA01/04 cells were seeded in 10 cm dishes and grown to a confluency of 95%. After discarding the culture supernatant, cells were washed twice with PBS, and finally, 3 mL PBS was added to each dish. Cells were then treated with UV (100 μW/cm2) for 1 h, and control cells were kept at room temperature without UV irradiation for 1 h. After irradiation, the supernatant (PBS), lysate, and BM were then collected. The collected supernatant (PBS) of cells was centrifuged at 3000 × g for 2 min at 4°C, and the supernatant was concentrated using an Amicon Ultra-0.5 (EMD Millipore), according to the manufacturer’s protocol.

Plasmid construction and cell transfection

The pcDNA3.1(+)-CRYAA plasmid was constructed as described previously (18). Cell transfection of CRYAA plasmid with pcDNA3.1(+) blank vector as the negative control were performed as previously described (Yu et al., 2019).

Antibodies

The antibodies used in the present study were: Mouse monoclonal antibody (mAb) against histone H3 (1:1000, cat no. AF0009; Beyotime Biotechnology, Shanghai, China), mouse mAb against β-actin (1:1000, cat no. TA-09; ZSGB-BIO, Beijing, China), rabbit polyclonal antibody (pAb) against CRYAA (1:1000, cat no. abs116815; Absin Bioscience, Shanghai, China), rabbit pAb against p53 (1:2000, cat no. B0530; AssayBiotech, Fremont, CA, USA), rabbit mAb against beta-galactosidase (GLB1) (1:10000, cat no. ab128993; Abcam, England), rabbit mAb against caspase-3 (1:1000, cat no. #14220; Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit pAb against Bcl-2 (1:1000, cat no. B0774; AssayBiotech, Fremont, CA, USA), rabbit pAb against Bax (1:10000, cat no. B0773; ProteinTech Group, Inc., Rosemont, IL, USA), rabbit mAb against phospho-(p-)histone H3(1:500, cat no. AF1180; Beyotime Biotechnology, Shanghai, China).

Bicinchoninic acid assay

A bicinchoninic acid assay kit (Beyotime Biotechnology, Shanghai, China) was used to detect protein concentrations of ALCs and human lens epithelial cells according to the manufacturer’s protocol.

Immunoblotting

Protein levels in human ALC lysate, in the supernatant, lysate, and BMs of FHL-124 cells and SRA01/04 cells were analyzed by IB as described previously (Yan et al., 2018; Yan et al., 2019). As an internal control of BMs, Coomassie brilliant blue (CBB) staining was used instead of β-actin, which could not be detected in BMs.

CBB staining assay

CBB staining assay was performed as described previously (Yan et al., 2019).

Reverse transcription and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total following UV irradiation and transfection of CRYAA plasmid, RNA of human lens epithelial cells was isolated with TRIZOL reagent (HaiGene, Harbin, Heilongjiang, China) according to the manufacturer’s protocol. cDNA was reverse transcribed from total RNA with the ReverTra Ace® qPCR RT Kit (Toyobo Life Science, Osaka, Japan). Fluorescent RT-qPCR was performed using special gene primers and the SYBR® Green Realtime PCR Master Mix (Toyobo Life Science, Osaka, Japan) in an ABI QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). The amplification conditions consisted of an initial step of denaturation at 95°C for 1 min, followed by denaturation at 95°C for 15 s, 40 cycles and annealing at 55°C for 15 s and extension at 72°C for 1 min, and a final 72°C for 1 min. β-actin was used as the internal control. The expression level of each gene was represented as the fold change using the 2−ΔΔCt method. Relative expression of each gene was shown with that of cells without treatment as control. The primers used are listed in Table 1.
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Statistical analysis

Statistical analysis was performed using SigmaPlot 12.0 (Hulinks, Inc., Tokyo, Japan). Pearson correlation coefficient analysis, Kruskal-Wallis test with Dunn’s post-hoc test, and ANOVA were used to analyze the differences between experimental groups. p < 0.05 was considered to indicate a statistically significant difference.

Results

Clinical characters of patients with age-related cataract

In the present study, ALCs from 99 patients with ARC were collected and categorized into three groups according to the nuclear grade of cataract: Grade 2, n = 34; grade 3, n = 38; and grade 4+ (grade 4 and grade 5), n = 27. The age, sex, and ARC nuclear grade of all patients involved in the present study are summarized in Table 2. The ages of ARC patients with grade 4+ (p < 0.05) and grade 3 (p < 0.05) were significantly higher compared with those with grade 2; there was no significant difference between the age of patients with grade 4+ or grade 3 ARC (Fig. 1). There was no significant difference in the age and nuclear grade between male and female patients (data not shown).
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Figure 1: Correlation between patient age and ARC nuclear opacity grade. A total of 99 ALCs from patients with ARC were collected and categorized into three groups: Grade 2 (n = 34), grade 3 (n = 38), and grade 4+ (grades 4 and 5, n = 27). Data were shown as mean ± SD and were analyzed using Kruskal-Wallis test with Dunn’s post-hoc test. *, p < 0.05. ARC, age-related cataracts; ALC, anterior lens capsules.

Detection of histone H3, p53, β-galactosidase, and αA-crystallin, in anterior lens capsules of age-related cataract

IB assays showed that most of the ALCs from patients were shown to express histone H3, p53, GLB1, and CRYAA (Fig. 2a). Quantitative analysis of the IB results showed that the expression levels of histone H3 in ALCs of grade 4+ were significantly higher compared with grade 2 (p < 0.05; Fig. 2b), there was no significant difference in the expression levels of histone H3 in ALCs between grade 3 and grade 2 or grade 4+. The expression levels of p53 in ALCs of grade 4+ (p < 0.05) and grade 3 (p < 0.05) patients were significantly higher compared with grade 2 patients (Fig. 2c). There was no significant difference in the expression levels of GLB1 (Fig. 2d) and CRYAA (Fig. 2e) in ALCs between the three groups.
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Figure 2: Histone H3, p53, GLB1, and CRYAA expression in ALCs from patients with ARC. (a) Immunoblotting of histone H3, p53, GLB1 and CRYAA in the lysate of ALCs with the nuclear grades are indicated. β-actin was used as the internal control. Densitometry analysis of (b) histone H3, (c) p53, (d) GLB1 and (e) CRYAA expression. Data were shown as mean ± SD and were analyzed using Kruskal-Wallis test with Dunn’s post-hoc test. *, p < 0.05. ARC, age-related cataracts; ALC, anterior lens capsules; GLB1, β-galactosidase; CRYAA, αA-crystallin.

Correlation between histone H3, p53, β-galactosidase, and αA-crystallin, in anterior lens capsules of age-related cataract

The correlation between histone H3, p53, GLB1, and CRYAA in ALCs was analyzed based on densitometry analysis of the IB results, and significant data are summarized in Fig. 3. In the total of 99 ALC samples, the levels of CRYAA were positively correlated with those of histone H3 (R = 0.494, p < 0.001; Fig. 3a), p53 (R = 0.382, p < 0.001; Fig. 3b), and GLB1 (R = 0.464, p < 0.001; Fig. 3c). The levels of GLB1 were positively correlated with those of p53 (R = 0.669, p < 0.001; Fig. 3d). In addition, the age and sex of the patients with ARC were not significantly correlated with the levels of histone H3, p53, GLB1, and CRYAA in ALCs (data not shown).
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Figure 3: Correlation analysis of the results of immunoblotting. (a) The levels of CRYAA and histone H3 were positively correlated (p < 0.001). (b) The levels of p53 and CRYAA were positively correlated (p < 0.001). (c) The levels of GLB1 and CRYAA were positively correlated (p < 0.001). (d) The levels of GLB1 and p53 were positively correlated (p < 0.001). ARC, age-related cataracts; ALC, anterior lens capsules; GLB1, β-galactosidase; CRYAA, αA-crystallin. Data were analyzed using Pearson’s correlation.

Histone H3, p-histone H3, p53, β-galactosidase, and αA-crystallin, in anterior lens capsules of age-related cataract after UV irradiation

An in vitro ARC model was established using grade 2 ALCs treated with UV irradiation. After UV irradiation, human lens epithelial cells in ALCs became swollen (Fig. 4a). CBB staining of the lysates of ALCs was used to confirm the loaded equivalent dose (Fig. 4b). The expression of p53 and GLB1 was not detectable by IB in both UV-treated and untreated ALCs (Fig. 4b). Compared with the untreated ALCs, UV-treated ALCs showed higher levels of histone H3 (p < 0.001; Figs. 4b and 4c), and lower levels of CRYAA (p < 0.05; Figs. 4b and 4d) and p-histone H3 (Fig. 4b).
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Figure 4: Histone H3, p-histone H3, p53, GLB1, and CRYAA in lysate of ALCs treated with UV irradiation. (a) Human lens epithelial cells in UV-treated and untreated ALCs of grade 2. Magnification, ×200. (b) Detection of histone H3, p-histone H3, p53, GLB1 and CRYAA in UV-treated and untreated ALCs by IB. Coomassie brilliant blue staining was used to ensure equivalent loading. Densitometry analysis of (c) histone H3 and (d) CRYAA expression. Data were shown as mean ± SD of at least three independent experiments. One-way ANOVA was performed with calculation of Tukey’s Honest Significant Difference test to make pairwise comparisons within each experiment. *, p < 0.05; **, p < 0.001; ALC, anterior lens capsules; GLB1, β-galactosidase; CRYAA, αA-crystallin.

Histone H3, p-histone H3, p53, β-galactosidase, and αA-crystallin in the supernatant, lysate and basement membrane of SRA04/01 cells treated with UV irradiation

UV irradiation induces cell trauma, which can be used as a model of ARC (15). In the present study, SRA01/04 cells were treated with UV irradiation for 1 h, and then the supernatant, lysate, and BM were harvested and analyzed by IB to detect the expression of histone H3, p-histone H3, p53, GLB1, and CRYAA. Total RNA was collected, and levels of mRNAs coding for Bcl-2, Bax, interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), histone H3, p53, CRYAA, and p21 were detected by RT-qPCR. After UV irradiation, SRA01/04 cells showed shrinking, budding and apoptotic-like characteristics (Fig. 5a). UV-induced cell apoptosis was further confirmed by increased Bax, cleaved caspase-3, and decreased Bcl-2 expression by IB (Fig. 5b), and increased mRNA levels of Bax (p < 0.05) by RT-qPCR (Fig. 5c). In addition, following UV irradiation, SRA01/04 cells showed significantly increased mRNA levels of IL-6 (p < 0.05; Fig. 5d) and TNF-α (p < 0.05; Fig. 5e). Compared with the untreated SRA01/04 cells, UV-treated SRA01/04 cells showed higher levels of histone H3, GLB1, and CRYAA, and lower levels of p53 in the supernatant (Fig. 5f). IB results further showed lower expression levels of p53 (p < 0.001; Figs. 5f and 5g), GLB1 (p < 0.001; Figs. 5f and 5h) and CRYAA (p < 0.001; Figs. 5f and 5i), higher expression levels of p-histone H3 (p < 0.001) (Figs. 5f and 5j) in lysate, and higher expression levels of histone H3 (p < 0.05; Figs. 5F and 5K) and p-histone H3 (p < 0.001) (Figs. 5c and 5l), and lower expression levels of p53 (Fig. 5f), GLB1 (p < 0.05; Figs. 5f and 5m) and CRYAA (Fig. 5f) in the BM. Compared with the untreated SRA01/04 cells, UV treated SRA01/04 cells showed significantly higher mRNA expression of histone H3 (p < 0.001; Fig. 5n), p53 (p < 0.05; Fig. 5o), CRYAA (p < 0.05; Fig. 5p), and p21 (p < 0.001; Fig. 5q).
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Figure 5: Apoptosis-related factors, histone H3, p-histone H3, p53, GLB1, and CRYAA expression in supernatant (PBS), lysate and BM of SRA01/04 cells treated by UV irradiation. (a) UV-treated and untreated SRA01/04. Magnification, ×200. (b) Detection of apoptosis-related factors by IB. Detection of (c) Bax, (d) IL-6, and (e) TNF-α mRNA expression. (f) Detection of histone H3, p-histone H3, p53, GLB1, and CRYAA in UV-treated and untreated SRA01/04 cells by IB. β-actin was used as the loading control for cell lysate, Coomassie brilliant blue staining was used to ensure equivalent loading of the BM. Densitometry analysis of (g) p53, (h) GLB1, (i) CRYAA, and (j) p-histone H3 in the cell lysate, and of (k) histone H3, (l) p-histone H3, and (m) GLB1 in the BM. mRNA expression of (n) histone H3, (o) p53, (p) CRYAA, and (q) p21. Data are shown as mean ± SD of at least three independent experiments. One-way ANOVA was performed with calculation of Tukey’s Honest Significant Difference test to make pairwise comparisons within each experiment. *, p < 0.05, **, p < 0.001. BM, basement membrane; CRYAA, αA-crystallin; GLB1, β-galactosidase; IB, immunoblotting; IL-6, interleukin; UV, ultraviolet.

Histone H3, p-histone H3, p53, β-galactosidase, and αA-crystallin expression in the supernatant, lysate, and basement membrane of FHL-124 cells treated with UV irradiation

In FHL-124 cells treated with UV irradiation as a model of ARC, the supernatant, lysate, and BM of FHL-124 cells were harvested and analyzed by IB for histone H3, p53, GLB1, and CRYAA expression. Total RNA was collected, and the mRNA expression of Bcl-2, Bax, IL-6, TNF-α, histone H3, p53, CRYAA, and p21 were detected. After UV irradiation, FHL-124 cells became swollen (Fig. 6a), and UV-induced cell apoptosis was further confirmed by the increased mRNA levels of Bax (p < 0.001; Fig. 6b). In addition, the mRNA expression levels of IL-6 (p < 0.001; Fig. 6c) and TNF-α (p < 0.05; Fig. 6d) were upregulated by UV irradiation. The mRNA expression levels of Bcl-2 were not altered (data not shown). Compared with the untreated FHL-124 cells, UV-treated cells showed higher expression levels of histone H3, p53, and CRYAA, and lower expression levels of GLB1 in the supernatant (Fig. 6e). The lysate of UV-treated cells showed higher expression levels of histone H3 (p < 0.05; Figs. 6e and 6f), lower expression levels of p53 (p < 0.05; Figs. 6e and 6g) and GLB1 (p < 0.001; Figs. 6e and 6h) in the lysate (Fig. 6e), while the BM of these cells showed higher expression levels of histone H3 (p < 0.001; Figs. 6e and 6i) and p53 (p < 0.001; Figs. 6e and 6j), and lower expression levels of GLB1 (Figs. 6e and 6k; p < 0.05) and CRYAA (Fig. 6e). The p-histone H3 was not detectable in the supernatant, lysate, and BM of both UV treated and untreated FHL-124 cells (data not shown). Compared with the untreated FHL-124 cells, UV-treated cells showed significantly higher mRNA expression levels of histone H3 (p < 0.001, Fig. 6l), p53 (p < 0.05; Fig. 6m), CRYAA (p < 0.05; Fig. 6n), and p21 (p < 0.05; Fig. 6o).
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Figure 6: Histone H3, p53, GLB1 and CRYAA in supernatant (PBS), lysate and BM of FHL-124 cells treated with UV irradiation. (a) UV-treated (UV) and untreated (without) FHL-124. Magnification, ×200. mRNA levels of (b) Bax, (c) IL-6 and (d) TNF-α. (e) Detection of histone H3, p53, GLB1 and CRYAA in UV-treated and untreated FHL-124 cells by IB. β-actin was used as the loading control for cell lysate, and Coomassie brilliant blue staining was used to ensure equivalent loading for the BM. Densitometry analysis of analysis of (f) histone H3, (g) p53 and (h) GLB1 in cell lysate, and of (i) histone H3, (j) p53 and (k) GLB1 in cell BM. (l–o) mRNA levels of (l) histone H3, (m) p53, (n) CRYAA and (o) p21. Data were shown as mean ± SD of at least three independent experiments. One-way ANOVA was performed with calculation of Tukey’s Honest Significant Difference test to make pairwise comparisons within each experiment. *, p < 0.05, **, p < 0.001. BM, basement membrane; CRYAA, αA-crystallin; GLB1, β-galactosidase; IB, immunoblotting; UV, ultraviolet.

αA-crystallin overexpression upregulates histone H3 in human lens epithelial cells

To study the effect of CRYAA overexpression on histone H3, p-histone H3, p53, and GLB1 levels in human lens epithelial cells, a CRYAA overexpression plasmid was transfected into SRA01/04 cells, and FHL-124 cells. The CRYAA transfected SRA01/04 cells showed higher mRNA expression of CRYAA, compared with the blank vector (Fig. 7a). The supernatant, lysate, and BM of these transfected cells showed similar expression of CRYAA and other assessed proteins (Fig. 7c). In the FHL-124 cells, compared with cells transfected with an empty vector, CRYAA plasmid transfection showed higher mRNA (Fig. 7b) and protein expression of CRYAA in the supernatant, lysate, and BM, a higher expression of histone H3 in the supernatant and BM, but lower expression of p-histone H3 in lysate and BM (Fig. 7d).
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Figure 7: CRYAA overexpression upregulates histone H3 expression in human lens epithelial cells. Expression levels of CRYAA, histone H3, p-histone H3, p53, and GLB1 were detected in SRA01/04 cells and FHL-124 cells which were transfected with nothing (without), a blank vector (blank vector) or a CRYAA overexpression plasmid (CRYAA plasmid). (a and b) mRNA expression of CRYAA in (a) SRA01/04 cells and (b) FHL-124 cells. Data are shown as mean ± SD of at least three independent experiments. One-way ANOVA was performed with calculation of Tukey’s Honest Significant Difference test to make pairwise comparisons within each experiment. **, p < 0.001. IB detection of CRYAA, histone H3, p-histone H3, p53, and GLB1 in the supernatant, lysate, and BM of (c) SRA01/04 cells and (d) FHL-124 cells transfected with CRYAA plasmid. β-actin was used as the loading control for cell lysate, and Coomassie brilliant blue staining was used to ensure equivalent loading for the BM. CRYAA, αA-crystallin; GLB1, β-galactosidase; BM, basement membrane.

Discussion

In the present study, the expression levels of histone H3 and p53 in ALCs of ARC patients increased with nuclear grade, suggesting that histone H3 and p53 might be involved in the development of ARC. To the best of our knowledge, this is the first report of abnormal expression of histone H3 in ARC. The expression of CRYAA was positively correlated with those of histone H3, p53, and GLB1 in ALCs of patients with ARC, indicating a regulatory relationship between the expression of CRYAA and histone H3, p53, or GLB1 in the pathogenesis of ARC. A potential limitation of this study was that immunohistochemistry of these factors was not used. To further study the possible involvement of histone H3, CRYAA, p53, and GLB1 in the pathogenesis of ARC, a UV-treated ALC tissue model, and two cell models were utilized.

Cell apoptosis and cell senescence of human lens epithelial cells are both involved in the development of ARC (Li et al., 1995; Fu et al., 2016). ARC was originally considered a non-inflammatory condition; however, compared with the aqueous humor of children, the aqueous humor of patients with ARC showed increased concentrations of pro-inflammatory cytokines (Zheng et al., 2018). UV light is implicated in the development of cataract (Zhu et al., 2015), and several in vivo models, such as rabbit (Pitts et al., 1977), rat (Merriam et al., 2000), and human lens epithelial cells (Andley and Weber, 1995) have shown that UV irradiation could cause lens or cell damage. The present study is the first to report treatment of ALC tissues with UV irradiation to establish an ex vivo model of ARC, and this model may fill the gap between samples of ARC and models of human lens epithelial cells. The morphological aberrations of human lens epithelial cells in ALC tissues showed the efficacy of UV irradiation. In addition, UV irradiation resulted in changes in the expression of apoptosis-related (Bax, Bcl-2, and caspase-3), senescence-related (p53 and p21), and inflammation-related (TNF-α and IL-6) molecules in both SRA01/04 cells and FHL-124 cells, suggesting that the ARC cell models were also well established and representative.

The expression level of histone H3 was positively correlated with the nuclear grade of ARC. Changes in H3 expression may be induced by UV irradiation; to determine this, UV irradiated models of ALCs, and human lens epithelial cells were created, and the mRNA and the expression of histone H3 protein were assessed. Histone H3 upregulation was observed in UV-treated ALC tissues, cell supernatant, and BM of UV-treated SRA01/04 cells and in the cell supernatant, lysate, and BM of UV-treated FHL-124 cells. The increased mRNA expression of Histone H3 was also observed in UV-treated SRA01/04 and FHL-124 cells. The expression of p-histone H3 was analyzed and shown to increase in the lysate and BM of UV-treated SRA01/04 cells but decreased in UV-treated ALC tissues. These results further support the hypothesis that histone H3 upregulation may be involved in the pathogenesis of ARC; however, based on the current data, it is difficult to conclude whether p-histone H3 was also involved. Histone H3 may cause cell apoptosis in a dose-dependent manner by increasing Bax/Bcl-2, caspase-3, and caspase-9 expression or by perturbing calcium homeostasis, inducing the dysregulation of the unfolded protein response and increasing mitochondrial toxicity (Barrero et al., 2013; Kawano et al., 2014; Ibañez-Cabellos et al., 2018). Endogenous histones may induce expressions of TNF-α and IL-6 (Chen et al., 2014); therefore, histone H3 might participate in the pathogenesis of ARC via induction of cell apoptosis and inflammation. Accumulation of histone H3 in lens epithelial cells caused by UV or other stress increased with age. Histone H3 also induced apoptosis and inflammation, which aggravated nuclear opacity levels up to grade 4+, which may explain the increased expression of histone H3 in grade 4+ patients compared with patients with grades 2 ARC.

The expression of p53 was positively correlated with the nuclear grade of ARC. Overexpression of p53 was only observed in PBS supernatant and BM of UV-treated FHL-124 cells; however, increased mRNA levels of p53 were observed in both UV-treated SRA01/04 and FHL-124 cells. The PBS supernatant of cells was concentrated in the present study, which may result in the detectable p53 expression levels in cells. However, the reason for relatively higher p53 expression levels in the cell supernatant of untreated SRA01/04 cells than that in treated cells is currently unknown. These results support the notion that UV irradiation may result in the upregulation of p53 expression. p53 has been previously detected in ALCs of ARC and may be induced by UV irradiation (Galichanin, 2017; Ayala et al., 2007) or oxidative stress (Lu et al., 2018). P53 has both proapoptotic and antiapoptotic functions (McKay et al., 2000) and UV may result in DNA damage in the cells, which subsequently activates p53 to induce arrest of DNA repair through the upregulation of p21. The mRNA levels of p21 were upregulated by UV in the present study, providing additional support for this hypothesis. Upregulation of p53 is observed in cells a few hours after UV irradiation (McKay et al., 2000). However, in the present study, the cell supernatant, lysate, and BM were collected immediately after UV irradiation. This may explain the relatively low levels of p53 protein expression in the cell lysate of FHL-124 cells and SRA01/04 cells in the UV group. The rapid harvest of various samples from tissues and cells after UV irradiation may have led to a failure in the detection of p53 upregulation. Thus, in future studies, the duration between UV irradiation and subsequent harvest should be longer. Nonetheless, the present study, for the first time, showed a positive correlation between p53 expression and the nuclear grades of ARC.

GLB1 is considered a senescence marker (Xing et al., 2018) and might be related to p16 (Wagner et al., 2015). In ALCs of ARC, GLB1 positive cells were detectable (Fu et al., 2016). In the present study, expression levels of GLB1 in ALCs of ARC did not increase significantly with the nuclear grade of ARC, and GLB1 overexpression was only found in the supernatant of UV-treated SRA01/04 cells, suggesting that GLB1 may not be important for the development of ARC. However, considering the importance of p53 and its positive correlation with GLB1 in ALCs, the possible involvement of GLB1 in the pathogenesis of ARC should not be excluded, and perhaps a longer period of the gap between UV radiation and subsequent experimentation may show expression changes in GLB1, similar to that with p53.

Downregulation and mutations of CRYAA in lens epithelial cells could induce congenital cataract (Yang et al., 2016; Khoshaman et al., 2017). In the present study, the expression of CRYAA was positively correlated with histone H3, p53, and GLB1 in ALCs of ARC. Increased expression of CRYAA was observed in the supernatants of both UV-treated SRA01/04 and FHL-124 cells. Additionally, increased mRNA levels of CRYAA were also detected in both UV-treated SRA01/04 and FHL-124 cells. Following overexpression of CRYAA, although histone H3 levels were not significantly altered in cells, histone H3 protein levels were notably upregulated in the supernatant and BM of FHL-124 cells, suggesting that total histone H3 expression was upregulated and secreted out of the cells. Therefore, it is hypothesized that overexpression of CRYAA may upregulate histone H3 expression. These results suggest that CRYAA upregulation may be involved in the pathogenesis of ARC, possibly through the upregulation of histone H3. CRYAA overexpression resulted in increased levels of histone H3 but did not increase p53 and GLB1 expression, suggesting that p53 and GLB1 upregulation in ALCs of higher nuclear grades may not be induced by CRYAA and histone H3. Our recently published paper reported that CRYAA overexpression could promote corneal neovascularization (Yu et al., 2019). Together, these results suggest that CRYAA may be an important molecule involved in the pathogenesis of eye diseases, in addition to its physiological role in lens development.

In conclusion, upregulation of histone H3 by CRYAA might be involved in the pathogenesis of ARC, and p53 may participate in ARC development, but not through the CRYAA-histone H3 axis.
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TABLE 1

The primer sequences for reverse transcription-quantitative
polymerase chain reaction

Gene Primer sequence

Bax-F 5-TTGCTTCAGGGTTTCATCCA-3'
Bax-R 5-CAGCCTTGAGCACCAGTTTG-3'
Bcl2-F 5-GTGGAGGAGCTCTTCAGGGA-3
Bcl2-R 5-AGGCACCCAGGGTGATGCAA-3
IL-6-F 5-ATGAACTCCTTCTCCACAAG-3
IL-6-R 5-GTGCCTGCAGCTTCGTCAGCA-3’
TNF-a-F 5-TCAGATCATCTTCTCGAACC-3’
TNF-a-R  5-CAGATAGATGGGCTCATACC-3'
Histone  5-ACTGCTCGGAAGTCTACTGGT-3'
H3-F

Histone  5-GCGCTGGAAAGGTAGTTTACGA-3'
H3-R

p53-F 5-GACGGAGGTTGTGAGGCG-3'
p53-R 5-CAGTGTGATGATGGTGAGGATG-3’
p21-F 5-CGTGAGCGATGGAACTTCGA-3'
p21-R 5-CTCTTGGAGAAGATCAGCCG-3'
CRYAA-F 5-TTTTGAGTATGACCTGCTGCC-3’
CRYAA-R 5-CAGAAGGTCAGCATGCCATC-3'
B-actin-F  5-TGACGGGGTCACCCACACTGTGCCCATCTA-3

B-actin-R

5-CTAGAAGCATTTGCGGTGGACGATGGAGGG-3
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TABLE 2

Clinical information of patients with age-related cataract

No. Sex Age Grade
1 female 47 2
2 male 48 2
3 male 49 2
4 female 49 2
5 male 49 2
6 male 49 2
7 female 54 2
8 female 55 2
9 male 55 2
10 male 58 2
11 female 59 2
12 female 61 2
13 female 61 2
14 female 61 2
15 male 61 2
16 female 62 2
17 female 62 2
18 female 62 2
19 female 63 2
20 female 63 2
21 female 63 2
22 male 67 2
23 female 68 2
24 male 69 2
25 female 69 2
26 male 71 2
27 female 72 2
28 male 72 2
29 male 72 2
30 female 73 2
31 female 76 2
32 female 77 2
33 female 81 2
34 female 85 2
35 male 81 3
36 female 80 3
37 male 79 3
38 male 75 3
39 male 74 3
40 female 73 3
41 female 72 3
42 female 64 3
43 female 63 3
44 male 56 3
45 male 54 3
46 female 50 3
47 male 50 3
48 male 68 3
49 male unknown 3
50 male 71 3
51 male 66 3
52 female 79 3
53 female 76 3
54 female 64 3
55 male 73 3
56 female 63 3
57 female 80 3
58 female 49 3
59 female 66 3
60 female 75 3
61 female 59 3
62 unknown unknown 3
63 female 78 3
64 female 75 3
65 male 76 3
66 female 63 3
67 female 77 3
68 male 53 3
69 male 87 3
70 female 78 3
71 male 77 3
72 male 59 3
73 female 86 4
74 female 84 4
75 male 78 4
76 female 78 4
77 female 76 4
78 female 73 4
79 female 71 4
80 male 69 4
81 male 64 4
82 unknown unknown 4
83 male 61 4
84 unknown unknown 4
85 female 65 4
86 female 84 4
87 female 60 4
88 female 79 4
89 male 50 4
90 female 65 4
91 female unknown 4
92 female 82 4
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