

[image: image1]
The E3 Ligase PIAS1 Regulates p53 Sumoylation to Control Stress-Induced Apoptosis of Lens Epithelial Cells Through the Proapoptotic Regulator Bax
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Protein sumoylation is one of the most important post-translational modifications regulating many biological processes (Flotho A & Melchior F. 2013. Ann Rev. Biochem. 82:357–85). Our previous studies have shown that sumoylation plays a fundamental role in regulating lens differentiation (Yan et al., 2010. PNAS, 107(49):21034-9.; Gong et al., 2014. PNAS. 111(15):5574–9). Whether sumoylation is implicated in lens pathogenesis remains elusive. Here, we present evidence to show that the protein inhibitor of activated STAT-1 (PIAS1), a E3 ligase for sumoylation, is implicated in regulating stress-induced lens pathogenesis. During oxidative stress-induced cataractogenesis, expression of PIAS1 is significantly altered at both mRNA and protein levels. Upregulation and overexpression of exogenous PIAS1 significantly enhances stress-induced apoptosis. In contrast, silence of PIAS1 with CRISPR/Cas9 technology attenuates stress-induced apoptosis. Mechanistically, different from other cells, PIAS1 has little effect to activate JNK but upregulates Bax, a major proapoptotic regulator. Moreover, Bax upregulation is derived from the enhanced transcription activity of the upstream transcription factor, p53. As revealed previously in other cells by different laboratories, our data also demonstrate that PIAS1 promotes SUMO1 conjugation of p53 at K386 residue in lens epithelial cells and thus enhances p53 transcription activity to promote Bax upregulation. Silence of Bax expression largely abrogates PIAS1-mediated enhancement of stress-induced apoptosis. Thus, our results demonstrated that PIAS1 promotes oxidative stress-induced apoptosis through positive control of p53, which specifically upregulates expression of the downstream proapoptotic regulator Bax. As a result, PIAS1-promoted apoptosis induced by oxidative stress is implicated in lens pathogenesis.
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INTRODUCTION

Sumoylation is a unique class of protein post-translational modification, discovered in the past century (Boddy et al., 1996; Matunis et al., 1996; Okura et al., 1996; Shen et al., 1996). The small ubiquitin-like modifier (SUMO) proteins can interact with over 6,000 proteins, regulating their activity, interactions, localization, or stability through a reversible covalent modification (Geiss-Friedlander and Melchior, 2007; Flotho and Melchior, 2013; Sheng et al., 2019). Three major SUMO isoforms have been identified in vertebrates, which are known as SUMO1, SUMO2, and SUMO3 (Hay, 2005).

Sumoylation is an enzymatic reaction catalyzed by the E1 activating enzyme, the E2 conjugating enzyme, and several E3 ligases in the presence of ATP as energy supply, and reversed by several SUMO isopeptidases known as SENPs (Johnson, 2004; Hickey et al., 2012). Previous studies have shown that protein sumoylation plays an important role in regulating different biological processes including cell division, autophagy, transformation, aging, and apoptosis (Johnson, 2004; Hendriks and Vertegaal, 2016). Moreover, sumoylation is also implicated in various human diseases caused by gene mutation and stress response (Flotho and Melchior, 2013; Seeler and Dejean, 2017; Yang et al., 2017; Sheng et al., 2019; Princz and Tavernarakis, 2020).

During sumoylation reaction, E3 ligases have been reported to stabilize the binding between the SUMO target proteins and the E2 conjugating enzyme, controlling the transfer of SUMO from E2 to substrate proteins (Hay, 2005; Hickey et al., 2012; Flotho and Melchior, 2013). Since the E1 activating enzyme (consisting of SAE1-UBA2 heterodimer) and the E2 conjugating enzyme (UBC9) are the unique enzymes, the E3 ligases play a key role in the selection of SUMO isoforms and target proteins (Hay, 2005; Geiss-Friedlander and Melchior, 2007; Hendriks and Vertegaal, 2016; Pichler et al., 2017). In mammals, the protein inhibitor of activated STAT (PIAS) family of E3 ligases contain five subtypes, namely, PIAS1, PIAS2a, PIAS2b, PIAS3, and PIAS4, among which PIAS1 is known to promote cell apoptosis depending on its SUMO E3 ligase activity (Shuai and Liu, 2005; Palvimo, 2007; Rytinki et al., 2009; Sudharsan and Azuma, 2012; Yang et al., 2013; Rabellino et al., 2017; Li et al., 2020). PIAS1 can regulate apoptosis by mediating sumoylation of both transcription factors and kinases (Liu and Shuai, 2001; Megidish et al., 2002; Shishido et al., 2008; Alm-Kristiansen et al., 2011; Leitao et al., 2011; Sudharsan and Azuma, 2012; Li et al., 2013; Yang et al., 2013; Chiou et al., 2014; Wang et al., 2018) and thus becomes involved in various human diseases including cardiovascular diseases, neuronal disorder, and cancer development (Fatkin et al., 1999; Sternsdorf et al., 1999; Li et al., 2003; Steffan et al., 2004; Kim et al., 2006, 2007; Ballatore et al., 2007; Evdokimov et al., 2008; Subramaniam et al., 2009; Flotho and Melchior, 2013; Yang et al., 2017). One of the targets modified by PIAS1 is the tumor suppressor p53. Several laboratories have shown that p53 can be conjugated by SUMO1 through the action of PIAS1 (Gostissa et al., 1999; Rodriguez et al., 1999; Muller et al., 2000; Kahyo et al., 2001; Kwek et al., 2001; Schmidt and Muller, 2002; Okubo et al., 2004). Whether PIAS1 is implicated in ocular diseases, especially lens cataractogenesis, remains elusive.

Cataract is an aging disease that, in most cases, is derived from aging process or stress induction such as oxidative stress (Spector, 1995 and references therein). Mechanistically, we have previously demonstrated that stress-induced apoptosis is a common cellular basis for non-congenital cataractogenesis (Li et al., 1995a,b; Li and Spector, 1996). In lens epithelial cells (LECs), apoptosis is mainly mediated by endogenous and exogenous apoptotic pathways (Li, 1997; Li et al., 2001; Mao et al., 2001, 2004; Yao et al., 2003; Kim and Koh, 2011). Bcl-2 family proteins play a crucial role in mediating endogenous apoptotic pathway, and among which Bax is one of the most important pro-apoptotic proteins (Mao et al., 2004; Czabotar et al., 2014; Singh et al., 2019; Walensky, 2019; Moldoveanu and Czabotar, 2020).

In this study, we present evidence to show that during oxidative stress-induced apoptosis, PIAS1 expression is significantly changed at the mRNA and protein levels. The change in PIAS1 expression is closely related with apoptosis. PIAS1 knockout via CRISPR/Cas9 technology attenuates oxidative stress-induced apoptosis. In contrast, expression of exogenous PIAS1 enhances oxidative stress-induced apoptosis of LECs. To define the underlying mechanism, we analyzed the apoptosis-related factors in PIAS1 overexpression and knockout cells. Our results reveal that PIAS1 affects the expression level of the pro-apoptotic protein Bax. Furthermore, we demonstrate that PIAS1 regulation of Bax occurs through regulation of p53 sumoylation at the K386 residue in LECs. The sumoylation-deficient p53 K386R mutant can protect cells against the stress-induced apoptosis. Finally, in Bax knockout cells, we found that absence of Bax significantly abrogates PIAS1-mediated apoptosis under oxidative stress induction. Taken together, our results demonstrate that PIAS1 is implicated in lens cataractogenesis. Mechanistically, PIAS1 sumoylates p53 at K386 to upregulate Bax and thus promotes oxidative stress-induced apoptosis through p53-Bax pathway.



RESULTS


Oxidative Stress Induces PIAS1 Alteration in Lens Epithelial Cells

It is well established that oxidative stress plays a causing role in cataractogenesis (Giblin et al., 1995; Li et al., 1995a,b; Spector, 1995; Li and Spector, 1996; Reddy et al., 2001; Raghavan et al., 2016; Rakete and Nagaraj, 2016; Barnes and Quinlan, 2017; Fan et al., 2017; Wang et al., 2017). In our glucose oxidase (GO) treatment-induced cataract model (Supplementary Figure 1), we found that GO also regulates PIAS1 expression. As shown in Figure 1A, 40 mU GO induced time-dependent upregulation of PIAS1 mRNA in the first 2 h. As treatment time was extended, PIAS1 mRNA level became downregulated. Similar pattern of PIAS1 protein expression was observed (Figures 1B,C). As GO concentration was increased, PIAS1 expression was downregulated (Supplementary Figure 2A). Consistent with our previous studies (Sun et al., 2020; Wang et al., 2020), GO treatment generated hydrogen peroxide (Figure 1D and Supplementary Figure 2C) and caused a significant drop of the free thiol level (Figure 1E and Supplementary Figure 2D). These results indicate that PIAS1 is regulated by oxidative stress. Whether the change of PIAS1 level is linked to lens pathology remains to be further studied.
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FIGURE 1. Oxidative stress regulates PIAS1 expression in lens epithelial cells. (A) The expression of mRNA levels of PIAS1 under 40 mU GO treatment from 0 to 4 h was determined by real-time PCR. Ct values of each sample were normalized with the Ct value of β-actin. (B) Western blot analysis of PIAS1 protein level under 40 mU GO treatment from 0 to 4 h. The β-actin was used as a loading control. (C) Quantification of the Western blot results in panel (A). (D) Dynamic H2O2 concentration generated from 40 mU GO in αTN4-1 cells from 0 to 4 h. (E) Dynamic changes of free thiol content upon 40 mU GO treatment in αTN4-1 cells from 0 to 4 h. All experiments were repeated three times. Error bar represents standard deviation, N = 3.




PIAS1 Promotes Oxidative Stress-Induced Apoptosis of Lens Epithelial Cells

Next, we test if GO-regulated changes in PIAS1 expression are linked to lens pathogenesis. Using CRISPR/Cas9 technology, we generated a PIAS1-knockout (KO) cell line with mouse lens epithelial cells, αTN4-1. The PIAS1 knockout strategy, as shown in Figure 2A, is conducted with the deletion of nucleotides in exon 3. The knockout result was confirmed by direct DNA sequencing and the absence of PIAS1 protein expression as verified by Western blot analysis (Figure 2B). Treatment of mock KO αTN4-1 cells (MOCK-KO) and PIAS1 KO cells with 20–200 mU GO for 3 h revealed differential apoptosis in the two types of cells. As shown in Figure 2C, cells with PIAS1 knockout displayed enhanced viability as measured by ATP loss. Next, we overexpressed PIAS1 by establishing pEGFP-C3-PIAS1 stable cell line with the vector pEGFP-C3 as control in αTN4-1 cells. The expression of EGFP or EGFP-PIAS1 fusion protein was verified by Western blot analysis using antibodies against PIAS1 and GFP (Figure 2D). We then performed flow cytometry analysis to detect possible differential apoptosis by staining with phycoerythrin annexin V (PE) and 7-amino-actinomycin (7-AAD) in EGFP expression and EGFP-PIAS1 fusion protein overexpression αTN4-1 cells. Compared with EGFP expression cells, overexpression of EGFP-PIAS1 displayed prominent sensitivity to oxidative stress by twofold under GO treatment (Figure 2E). Taken together, these results demonstrate that PIAS1 promotes oxidative stress-induced apoptosis of lens epithelial cells.
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FIGURE 2. PIAS1 promotes oxidative stress-induced apoptosis of lens epithelial cells. (A) Schematic diagram of the strategy for generating the PIAS1 knockout cells by CRISPR/Cas9 gene editing technology. Two sets of sgRNAs were used to generate the knockout cell line (top). Eight nucleotides were deleted in exon 3 and the deletion was verified by DNA sequencing (bottom). The mapping sequence of the genomic DNA with deletion in PIAS1 knockout cells was shown. PAM, protospacer adjacent motif. (B) Western blot analysis of the expression levels of PIAS1 in αTN4-1 negative-control vector (MOCK-KO) and PIAS1 knockout (PIAS1-KO) cells. Note that expression of PIAS1 was not detectable in PIAS1 knockout cells. The β-actin was used as a loading control. (C) Apoptosis rate in MOCK-KO ad PIAS1-KO cells under treatment of 20, 80, and 200 mU GO for 3 h as measured with CellTiter-Glo® Luminescent Cell Viability Assay analysis. (D) Western blot analysis of endogenous and exogenous expression of PIAS1 in pEGFP-αTN4-1 and pEGFP-PIAS1-αTN4-1 cells detected with anti-GFP and anti-PIAS1 antibodies. The β-actin was used as a loading control. (E) Apoptosis rate in pEGFP-αTN4-1 and pEGFP-PIAS1-αTN4-1 cells under treatment of 50 mU GO for 6 h measured by flow cytometry. Cells with the indicated treatment were stained with phycoerythrin annexin V (PE) and 7-amino-actinomycin (7-ADD) before flow cytometry analysis. Numbers indicate percentage of apoptotic and non-apoptotic cells in each gate. All experiments were repeated three times. Error bar represents standard deviation, N = 3. *p < 0.05; ns, statistically not significant.




PIAS1 Mediates p53 Sumoylation in Lens Epithelial Cells at the K386 Residue

To address the underlying mechanism through which PIAS1 promotes oxidative stress-induced apoptosis, we first examined if PIAS1 can activate JNK kinases since previous studies have shown that PIAS1 can activate JNK to trigger apoptosis in different human cell lines (Liu and Shuai, 2001; Leitao et al., 2011). As shown in Supplementary Figure 3, PIAS1 overexpression or knockout did not change JNK1/2 total protein levels or activity levels (as reflected by JNK1/2 phosphorylation). Next, we examined if PIAS1 can act as a sumoylation E3 ligase to promote apoptosis. In this regard, since the tumor suppressor p53 is a master regulator of apoptosis (Kruiswijk et al., 2015) and early studies from numerous laboratories have shown that PIAS1 promotes SUMO1-conjugated sumoylation of p53 at K386 residue (Gostissa et al., 1999; Rodriguez et al., 1999; Muller et al., 2000; Kahyo et al., 2001; Kwek et al., 2001; Schmidt and Muller, 2002; Okubo et al., 2004), we explored if PIAS1 can also mediate p53 sumoylation in mouse lens epithelial cells, αTN4-1. First, immunoprecipitation (Co-IP) linked Western blot analysis with both anti-p53 and anti-SUMO1 antibodies revealed the presence of a band above the p53, which can be detected by both anti-p53 and anti-SUMO1 antibodies (Supplementary Figure 4). To confirm that PIAS1 indeed mediates p53 sumoylation in lens epithelial cells, we generated a K386R mutant p53 to disrupt its sumoylation. Both wild-type and K386R mutant p53 as well as the vector Flag were transfected into αTN4-1 cells without or with PIAS1 knockout. Co-IP analysis of the total proteins extracted from these different cell lines revealed the interaction between PIAS1 and the wild-type p53 but not the K386R-p53 (Figure 3B), and the presence of sumoylated p53 in Flag-p53-WT transfected cells but not in Flag-p53-K386R-transfected cells (Figure 3D). Moreover, sumoylated p53 was only detectable when wild-type PIAS1 was present (Figure 3F). When PIAS1 was mutated into Flag-PIAS1-C351S, the sumoylated p53 was no longer detectable (lane 2 of Figure 3F). Together, these results demonstrated that in lens epithelial cells, PIAS1 can mediate p53 sumoylation at K386 residue as previously detected in other cells (Gostissa et al., 1999; Rodriguez et al., 1999; Muller et al., 2000; Kahyo et al., 2001; Kwek et al., 2001; Schmidt and Muller, 2002; Okubo et al., 2004).
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FIGURE 3. PIAS1 mediates p53 sumoylation in lens epithelial cells at the K386 residue. (A–D) MOCK-KO and PIAS1-KO cells were transfected with Flag, Flag-p53-WT, or Flag-p53-K386R as indicated. Forty-eight hours after transfection, whole-cell lysates were blotted (IB) with anti-PIAS1, anti-Flag antibodies (A), and anti-SUMO1 antibody (C). The cell lysates were immunoprecipitated (IP) with anti-Flag antibody, followed by blotting (IB) with anti-PIAS1, anti-Flag antibodies (B), and anti-SUMO1 antibody (D). The SUMO1-p53 conjugated band was detected (labeled with ∗). (E,F) MOCK-KO and PIAS1-KO cells were co-transfected with HA-p53 and Flag-PIAS1 or Flag-PIAS1-C351S plasmids as indicated. Forty-eight hours after transfection, whole-cell lysates were blotted (IB) with anti-Flag antibody (E, top). The cell lysates were immunoprecipitated (IP) with anti-p53 antibody, followed by blotting (IB) with anti-p53 (DO-1) antibody (E, bottom) and anti-SUMO1 antibody (F, top). In turn, the cell lysates were immunoprecipitated (IP) with anti-SUMO1 antibody, followed by blotting (IB) with anti-p53 (DO-1) antibody (F, bottom). The sumoylated p53 was detected (labeled with∗). The IP experiments were conducted in the presence of a desumoylation inhibitor, 20 mM NEM.




PIAS1 Regulates Expression of the Pro-apoptotic Protein Bax in Lens Epithelial Cells

To further understand how PIAS1 promotes apoptosis of lens epithelial cells, we next examined the possible regulation of the Bcl-2 family members by PIAS1. As shown in Figure 4, the expression levels of the mRNA and protein for the proapoptotic regulator Bax were significantly downregulated in PIAS1 knockout cells. In contrast, the expression level of the protein for another proapoptotic regulator, Bak, remain almost unchanged (Supplementary Figure 5). Next, we examined whether overexpression of PIAS1 could regulate the expression level of Bax. As shown in Figure 4, Bax was significantly upregulated in PIAS1 overexpression cells. Thus, in lens epithelial cells, PIAS1 promotes apoptosis through regulation of Bax, a component of the intrinsic apoptotic pathway.
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FIGURE 4. PIAS1 regulates expression of the pro-apoptotic protein Bax in lens epithelial cells. (A) qRT-PCR analysis of the mRNA expression level of Bax in MOCK-KO, PIAS1-KO, MOCK OE (pEGFP-αTN4-1), and PIAS1-OE (pEGFP-PIAS1-αTN4-1) cells. Cp values of each sample were normalized with the Cp value of β-actin. (B) Western blot analysis of the protein expression level of Bax in MOCK-KO and PIAS1-KO, MOCK OE (pEGFP-αTN4-1), and PIAS1-OE (pEGFP-PIAS1-αTN4-1) cells. The β-actin was used as a loading control. (C) Quantification of the Western blot results in panel (B). All experiments were repeated three times. Error bar represents standard deviation, N = 3. ∗∗p < 0.01.




Desumoylation of p53 Protects Lens Epithelial Cells From Oxidative Stress-Induced Apoptosis

The positive regulation of PIAS1 on p53 sumoylation promotes us to further analyze the association between p53 sumoylation and oxidative stress-induced apoptosis in LECs. To do so, we first generated the p53 knockout cell line using CRISPR/Cas9 technology (Supplementary Figure 6). Then, we transfected the p53(-/-) αTN4-1 cells with Flag, Flag-p53-WT, and Flag-p53-K386R, respectively. Forty-eight hours post-transfection, the cells were treated with 40 mU GO and the apoptosis rate was examined using two methods: live/dead viability/cytotoxicity assay and ATP loss analysis. As shown in Figures 5A,B, Flag-p53-K386R-transfected cells were much more resistant against 40 mU GO-induced apoptosis than the Flag-p53-WT-transfected cells did. ATP loss analysis further confirmed that de-sumoylated p53 conferred much stronger resistance to oxidative stress-induced apoptosis than p53-WT did (Figure 5C). Interestingly, cells transfected with the Flag vector without p53 were also more sensitive to oxidative stress-induced apoptosis than the p53-K386R-transfected cells. Together, these results confirmed that PIAS1-mediated p53 sumoylation is implicated in oxidative stress-induced apoptosis of lens epithelial cells.
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FIGURE 5. Desumoylation of p53 protects lens epithelial cells from oxidative stress-induced apoptosis. p53-KO αTN4-1 cells were transfected with Flag, Flag-p53-WT, or Flag-p53-K386R as indicated. (A) Forty-eight hours after transfection, Live/Dead Viability/Cytotoxicity assay was conducted to analyze cell apoptosis under 40 mU GO treatment for 0 to 4 h. (B) The live/dead cells in panel (A) were quantified from three different experiments. (C) The cellTiter-Glo® luminescent cell viability assay was conducted to analyze cell apoptosis under 40 mU GO treatment for 0 to 4 h. All experiments were repeated three times. Error bar represents standard deviation, N = 3. ∗∗p < 0.01, ∗∗∗p < 0.005, *⁣*⁣**p < 0.0001.




PIAS1-Mediated p53 Sumoylation at K386 Enhances Expression of the Downstream Proapoptotic Regulator Bax

Since PIAS1 mediates p53 sumoylation, we next tested whether the sumoylated p53 would confer enhanced transcription activity on its downstream target genes. To do so, we transfected αTN4-1 cells with Flag vector, Flag-p53-WT, and Flag-p53-K386R plasmids separately. The endogenous p53 was knocked out in these cells (Supplementary Figure 6). As shown in Figures 6A,B, both p53-WT and p53-K386R displayed similar protein levels. Next, we examined the expression level of Bax in three different types of cells. As shown in Figure 6C, qRT-PCR revealed that overexpression of exogenous wild-type p53 enhanced 50% upregulation of Bax mRNA. Such upregulation was also detected at the protein level (Figures 6D,E). In contrast, expression of exogenous p53-K386R suppressed about 10% of Bax expression as compared with the vector Flag-transfected αTN4-1 cells with the endogenous p53 knocked out.
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FIGURE 6. PIAS1-mediated p53 sumoylation at K386 enhances expression of the downstream proapoptotic regulator Bax. p53-KO αTN4-1 cells were transfected with Flag, Flag-p53-WT, or Flag-p53-K386R as indicated. Forty-eight hours after transfection, the mRNA or protein expression levels of exogenous p53 and Bax were analyzed. (A) The protein expression of exogenous p53 in three samples were analyzed by Western blot as indicated. The GAPDH was used as a loading control. (B) Quantification of the Western blot results in panel (A). (C) The mRNA expression level of Bax in three samples was analyzed by qRT-PCR. Cp values of each sample were normalized with the Cp value of β-actin. (D) The protein expression level of Bax in three samples was analyzed by Western blot as indicated. The GAPDH was used as a loading control. (E) Quantification of the Western blot results in panel (D). All experiments were repeated three times. Error bar represents standard deviation, N = 3. NS, not significant, ∗∗p < 0.01, *⁣*⁣**p < 0.0001.


To further confirm the differential control of Bax promoter by wild-type and K386R mutant p53, we performed luciferase and ChIP assays. As shown in Figures 7A,B, the dose-dependent expression levels of WT-p53 and K386R mutant p53 with three different doses of plasmids transfected were confirmed with Western blot analysis. In the same transfected cells, significant dose-dependent upregulation of luciferase activity driven by Bax promoter was observed under overexpression of wild-type p53. Under overexpression of K386R mutant p53, however, luciferase activity from the same Bax promoter was significantly decreased with transfection of the same amount of p53 plasmids (Figure 7C). Following transfection with Flag, Flag-p53-WT, or Flag-p53-K386R in p53-KO cells, cross-linked DNA fragments were immunoprecipitated using specific anti-p53 antibody or IgG as control for ChIP assay. The resulting PCR products were quantified to determine level of p53 bound to the Bax promoter by fluorescence real-time quantitative PCR. We found that p53 level was relatively high within the Bax promoter region in wild-type p53-transfected cells but much lower when cells were transfected with p53-K386R mutant (Figure 7D). Since K386R mutant p53 was still bound to the Bax promoter with a lower affinity, we reasoned that p53 desumoylation targets the Bax promoter region to restrain Bax transcription, thus inhibiting Bax expression. Taken together, p53 sumoylation enhances expression of Bax through its direct binding to the Bax promoter region.
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FIGURE 7. p53 sumoylation at K386 enhances the binding with Bax promoter. (A–C) p53-KO αTN4-1 cells were co-transfected with 1 μg of pGL3-Bax, 50 ng of pRL-TK, and empty vector (CTL), Flag-p53-WT, or Flag-p53-K386R at three different doses, 50 ng/well (+), 100 ng/well (++), and 200 ng/well (+++). (A) The Western blot analysis was conducted to detect exogenous p53 expression levels. The GAPDH was used as a loading control. (B) Quantification of the Western blot results in panel (A). (C) Dual-luciferase activity was measured 36 h after transfection. (D) p53 sumoylation deficiency decreased the occupancy of p53 on the Bax promoter as measured by ChIP assay. ChIP was performed using an anti-p53 antibody and IgG as a negative control in p53-KO cells transfected with Flag, Flag-p53-WT, or Flag-p53-K386R. The occupancy was normalized to 2% DNA input and calculated in comparison with IgG control. All experiments were repeated three times. Error bar represents standard deviation, N = 3. NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.005.




Knockout of Endogenous Bax Partially Inhibited the Stress-Induced Apoptosis in Lens Epithelial Cells Expressing Exogenous PIAS1

To further confirm that PIAS1-induced upregulation of Bax was indeed the main reason for the enhanced apoptosis of the PIAS1 overexpression cells under GO treatment, we next analyzed the effect of PIAS1 overexpression on oxidative stress-induced apoptosis in MOCK-KO and Bax-KO cells. First, we established a Bax knockout (Bax-KO) cell line using CRISPR/Cas9 technology (Figure 8A). The complete lack of Bax protein expression was verified by Western blot analysis (Figure 8B). Furthermore, the Flag vector or the Flag-PIAS1 plasmid was transfected into MOCK-KO and Bax-KO cells, and their expression in MOCK-KO and Bax-KO cells were verified (Figures 8C,D). When these cells were treated with 40 mU GO for 0, 2 and 4 h, cellTiter-Glo® luminescent cell viability assays revealed that lack of Bax led to much increased levels of survival in Bax-KO cells than those in MOCK-KO cells (Figure 8E). Taken together, PIAS1 regulates stress-induced apoptosis in LECs through control of p53-sumoylation and upregulation of its target, Bax.
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FIGURE 8. Knockout of endogenous Bax partially inhibited the stress-induced apoptosis in lens epithelial cells expressing exogenous PIAS1. (A) Schematic diagram of the strategy for generating the Bax knockout cells by CRISPR/Cas9 gene editing technology. (B) Western blot analysis of the expression levels of Bax in αTN4-1 MOCK-KO and Bax knockout (Bax-KO) cells. Note that Bax was not detectable in Bax-KO cells. The β-actin was used as a loading control. (C) MOCK-KO and Bax-KO cells were transfected with Flag or Flag-PIAS1 as indicated. Forty-eight hours after transfection, Western blot analysis of the expression levels of exogenous PIAS1 was conducted in MOCK-KO and Bax-KO cells. (D) Quantification of the Western blot results in panel (C). (E) The transfected cells were then induced to apoptosis under 40 mU GO for 2 or 4 h and cell viability was measured by CellTiter-Glo® Luminescent Cell Viability Assay. (F) Diagram shows how PIAS1 regulates oxidative stress-induced apoptosis of lens epithelial cells, leading to cataractogenesis. All experiments were repeated three times. Error bar represents standard deviation, N = 3. NS, not significant, ∗∗p < 0.01.




DISCUSSION

In the present study, we have demonstrated the following: (1) oxidative stress induces dose-dependent changes of both mRNA and protein of the sumoylation E3 ligase PIAS1 during oxidative stress-induced apoptosis and pathogenesis; (2) knockout of PIAS1 promotes survival during oxidative stress-induced apoptosis; in contrast, overexpression of the exogenous PIAS1 enhances stress-induced apoptosis; (3) PIAS1 overexpression upregulates expression level of the proapoptotic regulator Bax; on the other hand, PIAS1 knockout attenuates expression of Bax but shows no effect on Bak; (4) Co-IP linked Western blot analysis reveals that PIAS1 also mediates p53 sumoylation at K386 in lens epithelial cells; (5) while wild-type p53 promotes Bax expression to enhance apoptosis of lens epithelial cells, p53 K386R mutant downregulates Bax expression and thus attenuates oxidative stress-induced apoptosis; and (6) knockout of Bax significantly attenuates PIAS1 promotion of apoptosis under treatment by oxidative stress. Together, our results demonstrate that PIAS1 promotes stress-induced apoptosis, leading to the observed stress-induced cataractogenesis (Supplementary Figure 1), which is consistent with our previous studies (Li et al., 1995a,b; Li and Spector, 1996). Mechanistically, PIAS1 mediates p53 sumoylation to upregulate expression of the proapoptotic regulator Bax. Thus, our study provides novel evidence to show that sumoylation is linked to lens cataractogenesis (Figure 8F).


Protein Sumoylation Regulates Both Ocular Development and Pathogenesis

During ocular development, previous studies from different laboratories including ours have demonstrated that sumoylation plays critical roles in retina differentiation (Onishi et al., 2010; Roger et al., 2010) and lens formation (Yan et al., 2010; Gong et al., 2014). Sumoylation determines the differentiation direction of cone and rod cells in the retina (Onishi et al., 2010; Roger et al., 2010). SUMO1-conjugated sumoylation is necessary to activate the function of the p32 Pax6 (Yan et al., 2010), which plays a fundamental role in establishing the lens placode and vesicle (Cvekl and Ashery-Padan, 2014). Moreover, we demonstrated that different SUMOs can act on the same transcription factor to display contrast functions in regulating lens differentiation (Gong et al., 2014). Since sumoylation provides an indispensable function in ocular development, we speculate that sumoylation may also be implicated in ocular pathogenesis, especially during stress-induced cataract formation.

Cataract is defined as the opacity in the ocular lens, which is derived from genetic mutations (Shiels and Hejtmancik, 2019), environmental stresses, and aging (Spector, 1995; Li, 1997). At the cellular level, our previous studies have shown that various stress conditions such as oxidative stress (Li et al., 1995a), UV irradiation (Li and Spector, 1996), and abnormal calcium (Li et al., 1995b) can all induce apoptosis of lens epithelial cells followed by cataractogenesis. At the molecular level, our recent study of the sumoylation patterns in different age groups of cataract patients revealed that sumoylation of total proteins in the capsular epithelial cells of cataractous lenses are significantly enhanced from 50 to 70 s (Liu et al., 2020), indicating that sumoylation is linked to cataractogenesis. In the present study, we demonstrated that during oxidative stress-induced cataractogenesis, the sumoylation E3 ligase PIAS1 is upregulated in the first 120 min (Figure 1). The upregulated PIAS1 is capable to promote p53 sumoylation at K386 residue (Figure 3 and Supplementary Figure 4). As a result, expression of the p53 downstream target Bax becomes upregulated, which triggers stress-induced apoptosis (Figures 5–8), leading to observed cataractogenesis (Supplementary Figure 1 and Figure 8F). Thus, our results further confirm that sumoylation promotes cataractogenesis.

In retina, we have recently revealed that during oxidative stress-induced age-related macular degeneration (AMD), de-sumoylation of p53 is essential to mediate heterochromatin protection of retinal pigmental epithelial cells under the oxidative stress insult (Gong et al., 2018). Taken together, sumoylation regulates both ocular development and pathogenesis.



PIAS1 Regulates Different Targets to Promote or Attenuate Apoptosis

The proapoptotic function of PIAS1 was initially demonstrated in human 293T cells and human osteosarcoma U2OS cells. It was found that ectopic expression of PIAS1 in U2OS cells activated JNK1 and triggered apoptosis (Liu and Shuai, 2001). Subsequently, in H1299 cells, it was found that PIAS1 can activate p53-mediated gene expression such as p21 independent of its ligase activity (Megidish et al., 2002). More recently, Yang et al. (2013) found that exposure to zinc induced apoptosis of prostate cancer cells and resulted in transactivation of p21 (WAF1/Cip1) in a Smad-dependent and p53-independent manner. During this process, it was found that PIAS1-modulated Smad2/4 complex activation plays an important role (Yang et al., 2013).

In the present study, we did not observe PIAS1 activation of JNK under PIAS1 overexpression or knockout (Supplementary Figure 3). Therefore, we sought after other mechanisms mediating PIAS1 promotion of apoptosis. Since the tumor suppressor p53 is a master regulator of apoptosis (Kruiswijk et al., 2015), we next considered if PIAS1 regulates p53.

Previous studies have shown that p53 is SUMO-1 conjugated at K386 residue (Gostissa et al., 1999; Rodriguez et al., 1999; Muller et al., 2000; Kahyo et al., 2001; Kwek et al., 2001; Schmidt and Muller, 2002; Okubo et al., 2004). Moreover, regarding the ligase mediating p53 sumoylation, Kahyo et al. (2001) revealed that PIAS1 can interact with p53 and catalyze its sumoylation in U2OS cells (Kahyo et al., 2001). In the present study, we confirmed the results of these earlier studies in mouse lens epithelial cells. In vitro mutagenesis and Co-IP linked Western blot analysis revealed that PIAS1 mediates p53 sumoylation at K386 residue (Figure 3 and Supplementary Figure 4). Furthermore, we demonstrated that sumoylated p53 promotes expression of its downstream proapoptotic regulator, Bax (Figures 6, 7). Bax upregulation plays a crucial role in mediating PIAS1 induction of apoptosis of lens epithelial cells under stress condition since Bax knockout through CRISPR/Cas9 technology significantly attenuates PIAS1-mediated apoptosis (Figure 8). Together, here we demonstrate that Bax but not Bak is a novel key target to mediate PIAS1-promoted apoptosis in mouse lens epithelial cells.

Besides its role to promote apoptosis, PIAS1 can modulate different targets to promote survival. AKT is an important kinase to promote survival (Xiao et al., 2010). PIAS1-mediated AKT sumoylation at K276 by SUMO1 is crucial for its activation. Both K276R and E278A mutations reduce AKT sumoylation, completely abolish AKT kinase activity, but do not affect its ubiquitination (Li et al., 2013). More recently, Xie et al. (2018) demonstrated that PIAS1 can protect against myocardial ischemia–reperfusion injury by stimulating PPARγ sumoylation (Xie et al., 2018). Thus, PIAS1 can promote both apoptosis and survival depending on environmental conditions, tissue specificity, and the targets modified.

In summary, our present study confirms that sumoylation plays an important role in lens pathogenesis. Specifically, we demonstrate that PIAS1, an important E3 ligase for sumoylation, is subjected to regulation by oxidative stress. Oxidative stress-induced PIAS1 expression promotes p53 sumoylation and, therefore, upregulates expression of the proapoptotic regulator Bax. Together, we have shown that Bax is a novel target to mediate PIAS1 induction of apoptosis. PIAS1 promotes oxidative stress-induced apoptosis through the p53-Bax pathway, leading to cataractogenesis.



MATERIALS AND METHODS


Materials

Various molecular biology reagents were purchased from MP Biomedicals Ltd., CA, and Invitrogen Life Technologies, Gaithersburg, MD. All the oligos were purchased from Sangon Biotech (Shanghai) Co., Ltd. Protein size markers were purchased from GenStar (Beijing) Co., Ltd. Various antibodies were obtained from Cell Signaling Technology, Boston, MA; abCam Inc., Cambridge, MA; Santa Cruz Biotechnology, Inc., Dallas, TX; Sigma-Aldrich, St. Louis, MO; Proteintech (Wuhan) Co., Ltd; and Ray Biotech (Beijing) Co., Ltd.



Animals

Four-week-old C57BL/6J mice were used to induce an in vitro cataract model (Supplementary Figure 1). Mice were housed in standard cages in a specific pathogen-free facility of Sun Yat-sen University. The room was maintained on a 12-h light–dark cycle at a constant temperature of 25°C and 50% humidity and the animals were fed with commercial laboratory food and sterilized water. In all the cases, animal protocols to use mice were approved by the IACUC of Zhongshan Ophthalmic Center of Sun Yat-sen University.



Cell Culture, Plasmid Construction, and Establishment of Gene Overexpression or Knockout Stable Cell Lines

Mouse lens epithelial cell line αTN4-1 was cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals) and 1% penicillin/streptomycin in 5% CO2 at 37°C.

The CRISPR/Cas9-based gene KO vector pSp Cas9(BB)-2A-Puro (PX459) is a gift from Dr. Mengqing Xiang in Zhongshan Ophthalmic Center of Sun Yat-sen University. The sgRNA sequences used for PIAS1, p53, and Bax gene KO are shown in Supplementary Table 1. These sgRNAs were inserted into PX459 using the BbsI restriction sites. For expression vector, the construction of full-length cDNA of PIAS1 or p53 was cloned by PCR. The PIAS1 cDNA was first subcloned into an enhanced green fluorescence protein expression vector, pEGFP-C3, at the EcoRI and BamHI sites, and subsequently was subcloned into a Flag expression vector, p3 × FLAG-CMV-10, at the HindIII and KpnI sites. The p53 cDNA was subcloned into a Flag expression vector, p3 × FLAG-CMV-10, at the EcoRI and XbaI sites. The point mutation of p53 (K386R) and PIAS1(C351S) primers were designed according to the QuikChange Site-Directed Mutagenesis. The primers used for gene overexpression and point mutation are listed in Supplementary Table 1.

For establishment of stable cell lines, αTN4-1 cells were transfected with the above plasmids using Lipofectamine 3000 (Life Technologies) according to the manufacturer’s instructions. Forty-eight hours after transfection, cells stably expressing the plasmids were selected by 1.0 μg/ml puromycin for PX459 and 500 μg/ml G418 for pEGFP-C3 and p3 × FLAG-CMV-10. After about 4 weeks, individual clones for the stable cell lines were established and confirmed by Western blot analysis and DNA sequencing.



Protein Extraction and Western Blot

Total proteins were extracted by RIPA buffer (1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8.0, and 150 mM NaCl) supplemented with the Protease Inhibitor Cocktail and then cell lysates were sonicated and centrifuged at 13,000 rpm for 10 min at 4°C. The supernatants were transferred to new tubes. Fifty micrograms of total proteins in each sample were separated by 10 or 12% SDS-polyacrylamide gel and transferred to PVDF membranes. The protein blots were blocked with 5% non-fat milk in TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.05% Tween-20) and further incubated with primary antibodies overnight at 4°C. Primary antibodies used in Western blot are shown in Supplementary Table 2. The horseradish peroxidase-conjugated secondary antibodies (CST; #7077 and #7074) were then applied for 1 h at room temperature. Immunoreactivity was detected with a chemiluminescence detection kit (ECL Ultra; New cell & Molecular Biotech Co., Ltd.), and the blots were visualized using a Tanon chemiluminescence system (China).



Free Thiol Content Assay

The Free Thiol Content Assay was performed as previously described (Sun et al., 2020; Wang et al., 2020) and using the fluorometric thiol quantitation kit (Sigma-Aldrich, #MAK151). Briefly, αTN4-1 cells were treated with GO and then washed with PBS three times, lysed in 150 μl of the assay buffer, and 20 μl of the cell lysates were used for each assay reaction. The reaction was allowed for 10–60 min at room temperature in the dark (with foil to wrap the plate). The fluorescence intensity was measured by Synergy H4 Hybrid Microplate Reader (BioTek, Winooski, VT, United States) at 490 nm (ex) and 535 nm (em).



Apoptosis Assays

Cell apoptosis was determined by cellTiter-Glo® luminescent cell viability assay, flow cytometry, and Live/Dead Viability/Cytotoxicity. The cellTiter-Glo ® luminescent cell viability assay was conducted as previously described (Wang et al., 2020). The flow cytometry was performed with the PE Annexin V Apoptosis Detection Kit I (559763; BD Pharmingen). Cells were seeded into six-well plates about 70% confluence and then treated with 40 mU GO for different times as indicated in the figures to induce cell apoptosis. After stimulation, cells were collected and washed with cold PBS, finally suspended in binding buffer, and 5 μl each of annexin V (PE) and 7-amino-actinomycin (7-AAD) were added into suspended cells and incubated at room temperature for 20 min. The stained cells were analyzed with a BD LSRFortessa Cell analyzer (649225; BD). The Live/Dead Viability/Cytotoxicity Kit (L3224; Thermo Fisher Scientific) was used to distinguish live and dead cells. Live cells are characterized by the presence of ubiquitous intracellular esterase activity and revealed by calcein AM. The polyanionic dye calcein is well retained within live cells, producing an intense uniform green fluorescence in live cells. EthD-1 enters cells with damaged membranes and displays red fluorescence upon binding to nucleic acids, thereby producing a bright red color in dead cells and EthD-1 is excluded by the membrane of live cells. The images were captured with a Zeiss microscope.



Immunoprecipitation

Whole-cell extracts were prepared with lysis buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5% glycerol, 1% Non-idetP-40, and 1 mM EDTA) and precleared with Protein A/G PLUS-agarose beads (sc-2003; Santa Cruz Biotechnology). Pre-cleared lysates were then incubated with anti-p53 antibody (sc-126; Santa Cruz Biotechnology and #2524, CST) or anti-FLAG antibody (F1804; Sigma-Aldrich) overnight, followed by incubation with Protein A/G PLUS-agarose beads for 2 h at 4°C. The eluted proteins were analyzed by Western blots. For detection of sumoylated p53, freshly prepared 20 mM SENP inhibitor, NEM, was added during cell lysis and washing steps.



RNA Extraction and qRT-PCR

Total RNAs from αTN4-1 cells were isolated using TRIzol Reagent (Invitrogen). One microgram of total RNA was transcribed (RT) into 20 μl of cDNA using the HiScript II Q RT SuperMix for qPCR kit (R223-01; Vazyme) in which the genomic DNA was removed by DNase I digestion. Fluorescence real-time quantitative PCR was performed on the LightCycler 480 qPCR system (Roche) with ChamQ SYBR Color qPCR Master Mix (Q411-02; Vazyme) according to the manufacturer’s procedures. The assays were performed in triplicate, and the Ct values were normalized to β-actin. The primers used are listed in Supplementary Table 1.



Luciferase Assay

The DNA fragment containing mouse Bax promoter region was amplified by PCR using the primers listed in Supplementary Table 1. Next, the fragment was cloned into the pGL3 promoter vector containing a luciferase reporter gene at the KpnI and HindIII sites. Renilla luciferase pRL-TK (Promega) vector was used to normalize the background in these experiments. For our luciferase assays, approximately 80% confluent p53-KO αTN4-1 cells were co-transfected with 1 μg of pGL3-Bax, 50 ng of pRL-TK, and varied amounts (50, 100, or 200 ng/well) of empty vector (CTL) or Flag-p53, Flag-p53-K386R, and then incubated for 36 h. The Dual-Luciferase Reporter Assay System (#RG027, Beyotime) was used to quantify luminescence from transfected cells, and the Firefly and Renilla luciferase signals were measured by the Synergy H4 Hybrid Microplate Reader (BioTek, Winooski, United States). Relative luciferase activity (Luc) was calculated by the ratio of Firefly and Renilla luciferase signals.



ChIP Assay

The ChIP assay was performed using the ChIP chromatin immunoprecipitation kit (CST, 9003) according to the manufacturer’s instruction. P53 KO cells were transfected with Flag, Flag-p53-WT, or Flag-p53-K386R. Forty-eight hours later, the transfected cells were fixed in 20 ml of DMEM with 1% formaldehyde at room temperature for 10 min. The cells were washed with PBS, and the harvested cells were sonicated 45 times for 2 s each at power 60% to produce chromatin DNA fragments between 150 and 900 bp in size. Supernatants were collected for IP with 5 μg of p53 antibody (CST; #2524) or 5 μg of normal IgG through overnight incubation at 4°C. Next, 30 μl of magnetic protein A/G beads was added into the mixtures and allowed incubation for 2 h at 4°C. Protein–DNA complexes were washed with low salt buffer three times and high salt buffer one time, and eluted from magnetic protein A/G beads with elution buffer at 65°C for 30 min. Crosslinks were reversed by adding 6 μl of 5 M NaCl and 2 μl of proteinase K into the mixture, and the reaction mixture was incubated for an additional 2 h at 65°C. Finally, DNA fragments were purified on Spin columns and subsequently used for qPCR. The primers used for ChIP-qPCR are listed in Supplementary Table 1.



Statistics

All results shown are reported as the mean ± standard deviation (SD). Significance was calculated using the unpaired two-tailed t-test. Differences were considered statistically significant at p < 0.05.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by The IACUC of Zhongshan Ophthalmic Center of Sun Yat-sen University.



AUTHOR CONTRIBUTIONS

QN and DWL designed the research and wrote the manuscript. QN, HC, MZ, LW, MH, J-WX, ZL, X-DG, J-LF, YW, S-YZ, YX, Y-WG, QG, Y-YB, and J-MW performed the experiments. QN, LZ, X-CT, XH, LG, YL, and DWL analyzed the data. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported in part by grants from the National Natural Science Foundation of China (Nos. 81970787, 82000876, 81770910, 81970784, and 81900842), the joint key project grant from the Natural Science Foundation of Guangdong province–Guangzhou City (2019B1515120014), and the Fundamental Research Funds of the State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University (3030901010111 and 3030901010110).



ACKNOWLEDGMENTS

We thank Dr. Mengqing Xiang for the CRISPR/Cas9-based gene KO vector pSp Cas9(BB)-2A-Puro (PX459). We also thank Dr. Paul Russel for the αTN4-1 mouse lens epithelial cell line. We also thank all members of David Li’s Laboratory in the State Key Laboratory of Ophthalmology in Zhongshan Ophthalmic Center of Sun Yat-sen University.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.660494/full#supplementary-material



REFERENCES

Alm-Kristiansen, A. H., Lorenzo, P. I., Molvaersmyr, A. K., Matre, V., Ledsaak, M., Saether, T., et al. (2011). PIAS1 interacts with FLASH and enhances its co-activation of c-Myb. Mol. Cancer 10:21. doi: 10.1186/1476-4598-10-21

Ballatore, C., Lee, V. M., and Trojanowski, J. Q. (2007). Tau-mediated neurodegeneration in Alzheimer’s disease and related disorders. Nat. Rev. Neurosci. 8, 663–672. doi: 10.1038/nrn2194

Barnes, S., and Quinlan, R. A. (2017). Small molecules, both dietary and endogenous, influence the onset of lens cataracts. Exp. Eye Res. 156, 87–94. doi: 10.1016/j.exer.2016.03.024

Boddy, M. N., Howe, K., Etkin, L. D., Solomon, E., and Freemont, P. S. (1996). PIC 1, a novel ubiquitin-like protein which interacts with the PML component of a multiprotein complex that is disrupted in acute promyelocytic leukaemia. Oncogene 13, 971–982.

Chiou, H. Y., Liu, S. Y., Lin, C. H., and Lee, E. H. (2014). Hes-1 SUMOylation by protein inhibitor of activated STAT1 enhances the suppressing effect of Hes-1 on GADD45alpha expression to increase cell survival. J. Biomed. Sci. 21:53. doi: 10.1186/1423-0127-21-53

Cvekl, A., and Ashery-Padan, R. (2014). The cellular and molecular mechanisms of vertebrate lens development. Development 141, 4432–4447. doi: 10.1242/dev.107953

Czabotar, P. E., Lessene, G., Strasser, A., and Adams, J. M. (2014). Control of apoptosis by the BCL-2 protein family: implications for physiology and therapy. Nat. Rev. Mol. Cell Biol. 15, 49–63. doi: 10.1038/nrm3722

Evdokimov, E., Sharma, P., Lockett, S. J., Lualdi, M., and Kuehn, M. R. (2008). Loss of SUMO1 in mice affects RanGAP1 localization and formation of PML nuclear bodies, but is not lethal as it can be compensated by SUMO2 or SUMO3. J. Cell Sci. 121, 4106–4113. doi: 10.1242/jcs.038570

Fan, X., Monnier, V. M., and Whitson, J. (2017). Lens glutathione homeostasis: discrepancies and gaps in knowledge standing in the way of novel therapeutic approaches. Exp. Eye Res. 156, 103–111. doi: 10.1016/j.exer.2016.06.018

Fatkin, D., MacRae, C., Sasaki, T., Wolff, M. R., Porcu, M., Frenneaux, M., et al. (1999). Missense mutations in the rod domain of the lamin A/C gene as causes of dilated cardiomyopathy and conduction-system disease. N. Engl. J. Med. 341, 1715–1724. doi: 10.1056/NEJM199912023412302

Flotho, A., and Melchior, F. (2013). Sumoylation: a regulatory protein modification in health and disease. Annu. Rev. Biochem. 82, 357–385. doi: 10.1146/annurev-biochem-061909-093311

Geiss-Friedlander, R., and Melchior, F. (2007). Concepts in sumoylation: a decade on. Nat. Rev. Mol. Cell Biol. 8, 947–956. doi: 10.1038/nrm2293

Giblin, F. J., Padgaonkar, V. A., Leverenz, V. R., Lin, L. R., Lou, M. F., Unakar, N. J., et al. (1995). Nuclear light scattering, disulfide formation and membrane damage in lenses of older guinea pigs treated with hyperbaric oxygen. Exp. Eye Res. 60, 219–235. doi: 10.1016/s0014-4835(05)80105-8

Gong, L., Ji, W. K., Hu, X. H., Hu, W. F., Tang, X. C., Huang, Z. X., et al. (2014). Sumoylation differentially regulates Sp1 to control cell differentiation. Proc. Natl. Acad. Sci. U.S.A. 111, 5574–5579. doi: 10.1073/pnas.1315034111

Gong, L., Liu, F., Xiong, Z., Qi, R., Luo, Z., Gong, X., et al. (2018). Heterochromatin protects retinal pigment epithelium cells from oxidative damage by silencing p53 target genes. Proc. Natl. Acad. Sci. U.S.A. 115, E3987–E3995. doi: 10.1073/pnas.1715237115

Gostissa, M., Hengstermann, A., Fogal, V., Sandy, P., Schwarz, S. E., Scheffner, M., et al. (1999). Activation of p53 by conjugation to the ubiquitin-like protein SUMO-1. EMBO J. 18, 6462–6471. doi: 10.1093/emboj/18.22.6462

Hay, R. T. (2005). SUMO: a history of modification. Mol. Cell 18, 1–12. doi: 10.1016/j.molcel.2005.03.012

Hendriks, I. A., and Vertegaal, A. C. (2016). A comprehensive compilation of SUMO proteomics. Nat. Rev. Mol. Cell Biol. 17, 581–595. doi: 10.1038/nrm.2016.81

Hickey, C. M., Wilson, N. R., and Hochstrasser, M. (2012). Function and regulation of SUMO proteases. Nat. Rev. Mol. Cell Biol. 13, 755–766. doi: 10.1038/nrm3478

Johnson, E. S. (2004). Protein modification by SUMO. Annu. Rev. Biochem. 73, 355–382. doi: 10.1146/annurev.biochem.73.011303.074118

Kahyo, T., Nishida, T., and Yasuda, H. (2001). Involvement of PIAS1 in the sumoylation of tumor suppressor p53. Mol. Cell 8, 713–718. doi: 10.1016/s1097-2765(01)00349-5

Kim, J. H., Choi, H. J., Kim, B., Kim, M. H., Lee, J. M., Kim, I. S., et al. (2006). Roles of sumoylation of a reptin chromatin-remodelling complex in cancer metastasis. Nat. Cell Biol. 8, 631–639. doi: 10.1038/ncb1415

Kim, J. H., Lee, J. M., Nam, H. J., Choi, H. J., Yang, J. W., Lee, J. S., et al. (2007). SUMOylation of pontin chromatin-remodeling complex reveals a signal integration code in prostate cancer cells. Proc. Natl. Acad. Sci. U.S.A. 104, 20793–20798. doi: 10.1073/pnas.0710343105

Kim, S. T., and Koh, J. W. (2011). Mechanisms of apoptosis on human lens epithelium after ultraviolet light exposure. Korean J. Ophthalmol. 25, 196–201. doi: 10.3341/kjo.2011.25.3.196

Kruiswijk, F., Labuschagne, C. F., and Vousden, K. H. (2015). p53 in survival, death and metabolic health: a lifeguard with a licence to kill. Nat. Rev. Mol. Cell Biol. 16, 393–405. doi: 10.1038/nrm4007

Kwek, S. S., Derry, J., Tyner, A. L., Shen, Z., and Gudkov, A. V. (2001). Functional analysis and intracellular localization of p53 modified by SUMO-1. Oncogene 20, 2587–2599. doi: 10.1038/sj.onc.1204362

Leitao, B. B., Jones, M. C., and Brosens, J. J. (2011). The SUMO E3-ligase PIAS1 couples reactive oxygen species-dependent JNK activation to oxidative cell death. FASEB J. 25, 3416–3425. doi: 10.1096/fj.11-186346

Li, C., McManus, F. P., Plutoni, C., Pascariu, C. M., Nelson, T., Alberici, D. L., et al. (2020). Quantitative SUMO proteomics identifies PIAS1 substrates involved in cell migration and motility. Nat. Commun. 11:834. doi: 10.1038/s41467-020-14581-w

Li, D. W., Xiang, H., Mao, Y. W., Wang, J., Fass, U., Zhang, X. Y., et al. (2001). Caspase-3 is actively involved in okadaic acid-induced lens epithelial cell apoptosis. Exp. Cell Res. 266, 279–291. doi: 10.1006/excr.2001.5223

Li, D. W. (1997). “The lens epithelium, apoptosis and cataract formation,” in Eye Lens Epithelium: Damaging Mechanisms and Lens Transparency, eds G. Glaesser, O. Hockwin, and G. F. J. M. Vrensen (Halle: German Academy of Natural Sciences), 81–108.

Li, R., Wei, J., Jiang, C., Liu, D., Deng, L., Zhang, K., et al. (2013). Akt SUMOylation regulates cell proliferation and tumorigenesis. Cancer Res. 73, 5742–5753. doi: 10.1158/0008-5472.CAN-13-0538

Li, W. C., Kuszak, J. R., Dunn, K., Wang, R. R., Ma, W., Wang, G. M., et al. (1995a). Lens epithelial cell apoptosis appears to be a common cellular basis for non-congenital cataract development in humans and animals. J. Cell Biol. 130, 169–181. doi: 10.1083/jcb.130.1.169

Li, W. C., Kuszak, J. R., Wang, G. M., Wu, Z. Q., and Spector, A. (1995b). Calcimycin-induced lens epithelial cell apoptosis contributes to cataract formation. Exp. Eye Res. 61, 91–98. doi: 10.1016/s0014-4835(95)80062-x

Li, W. C., and Spector, A. (1996). Lens epithelial cell apoptosis is an early event in the development of UVB-induced cataract. Free Radic. Biol. Med. 20, 301–311. doi: 10.1016/0891-5849(96)02050-3

Li, Y., Wang, H., Wang, S., Quon, D., Liu, Y. W., and Cordell, B. (2003). Positive and negative regulation of APP amyloidogenesis by sumoylation. Proc. Natl. Acad. Sci. U.S.A. 100, 259–264. doi: 10.1073/pnas.0235361100

Liu, B., and Shuai, K. (2001). Induction of apoptosis by protein inhibitor of activated Stat1 through c-Jun NH2-terminal kinase activation. J. Biol. Chem. 276, 36624–36631. doi: 10.1074/jbc.M101085200

Liu, F. Y., Fu, J. L., Wang, L., Nie, Q., Luo, Z., Hou, M., et al. (2020). Molecular signature for senile and complicated cataracts derived from analysis of sumoylation enzymes and their substrates in human cataract lenses. Aging Cell 19:e13222. doi: 10.1111/acel.13222

Mao, Y. W., Liu, J. P., Xiang, H., and Li, D. W. (2004). Human alphaA- and alphaB-crystallins bind to Bax and Bcl-X(S) to sequester their translocation during staurosporine-induced apoptosis. Cell Death Differ. 11, 512–526. doi: 10.1038/sj.cdd.4401384

Mao, Y.-W., Xiang, H., Wang, J., Korsmeyer, S., Reddan, J., and Li, D. W. (2001). Human bcl-2 gene attenuates the ability of rabbit lens epithelial cells against H2O2-induced apoptosis through down-regulation of the α B-crystallin gene. J. Biol. Chem. 276, 43435–43445. doi: 10.1074/jbc.M102195200

Matunis, M. J., Coutavas, E., and Blobel, G. (1996). A novel ubiquitin-like modification modulates the partitioning of the Ran-GTPase-activating protein RanGAP1 between the cytosol and the nuclear pore complex. J. Cell Biol. 135, 1457–1470. doi: 10.1083/jcb.135.6.1457

Megidish, T., Xu, J. H., and Xu, C. W. (2002). Activation of p53 by protein inhibitor of activated Stat1 (PIAS1). J. Biol. Chem. 277, 8255–8259. doi: 10.1074/jbc.C200001200

Moldoveanu, T., and Czabotar, P. E. (2020). BAX, BAK, and BOK: a coming of age for the BCL-2 family effector proteins. Cold Spring Harb. Perspect. Biol. 12:a036319. doi: 10.1101/cshperspect.a036319

Muller, S., Berger, M., Lehembre, F., Seeler, J. S., Haupt, Y., and Dejean, A. (2000). c-Jun and p53 activity is modulated by SUMO-1 modification. J. Biol. Chem. 275, 13321–13329. doi: 10.1074/jbc.275.18.13321

Okubo, S., Hara, F., Tsuchida, Y., Shimotakahara, S., Suzuki, S., Hatanaka, H., et al. (2004). NMR structure of the N-terminal domain of SUMO ligase PIAS1 and its interaction with tumor suppressor p53 and A/T-rich DNA oligomers. J. Biol. Chem. 279, 31455–31461. doi: 10.1074/jbc.M403561200

Okura, T., Gong, L., Kamitani, T., Wada, T., Okura, I., Wei, C. F., et al. (1996). Protection against Fas/APO-1- and tumor necrosis factor-mediated cell death by a novel protein, sentrin. J. Immunol. 157, 4277–4281.

Onishi, A., Peng, G. H., Chen, S., and Blackshaw, S. (2010). Pias3-dependent SUMOylation controls mammalian cone photoreceptor differentiation. Nat. Neurosci. 13, 1059–1065. doi: 10.1038/nn.2618

Palvimo, J. J. (2007). PIAS proteins as regulators of small ubiquitin-related modifier (SUMO) modifications and transcription. Biochem. Soc. Trans. 35, 1405–1408. doi: 10.1042/BST0351405

Pichler, A., Fatouros, C., Lee, H., and Eisenhardt, N. (2017). SUMO conjugation - a mechanistic view. Biomol. Concepts 8, 13–36. doi: 10.1515/bmc-2016-0030

Princz, A., and Tavernarakis, N. (2020). SUMOylation in neurodegenerative diseases. Gerontology 66, 122–130. doi: 10.1159/000502142

Rabellino, A., Andreani, C., and Scaglioni, P. P. (2017). The role of PIAS SUMO E3-ligases in cancer. Cancer Res. 77, 1542–1547. doi: 10.1158/0008-5472.CAN-16-2958

Raghavan, C. T., Smuda, M., Smith, A. J., Howell, S., Smith, D. G., Singh, A., et al. (2016). AGEs in human lens capsule promote the TGFbeta2-mediated EMT of lens epithelial cells: implications for age-associated fibrosis. Aging Cell 15, 465–476. doi: 10.1111/acel.12450

Rakete, S., and Nagaraj, R. H. (2016). Identification of Kynoxazine, a Novel fluorescent product of the reaction between 3-hydroxykynurenine and Erythrulose in the human lens, and its role in protein modification. J. Biol. Chem. 291, 9596–9609. doi: 10.1074/jbc.M116.716621

Reddy, V. N., Giblin, F. J., Lin, L. R., Dang, L., Unakar, N. J., Musch, D. C., et al. (2001). Glutathione peroxidase-1 deficiency leads to increased nuclear light scattering, membrane damage, and cataract formation in gene-knockout mice. Invest. Ophthalmol. Vis. Sci. 42, 3247–3255.

Rodriguez, M. S., Desterro, J. M., Lain, S., Midgley, C. A., Lane, D. P., and Hay, R. T. (1999). SUMO-1 modification activates the transcriptional response of p53. EMBO J. 18, 6455–6461. doi: 10.1093/emboj/18.22.6455

Roger, J. E., Nellissery, J., Kim, D. S., and Swaroop, A. (2010). Sumoylation of bZIP transcription factor NRL modulates target gene expression during photoreceptor differentiation. J. Biol. Chem. 285, 25637–25644. doi: 10.1074/jbc.M110.142810

Rytinki, M. M., Kaikkonen, S., Pehkonen, P., Jaaskelainen, T., and Palvimo, J. J. (2009). PIAS proteins: pleiotropic interactors associated with SUMO. Cell. Mol. Life Sci. 66, 3029–3041. doi: 10.1007/s00018-009-0061-z

Schmidt, D., and Muller, S. (2002). Members of the PIAS family act as SUMO ligases for c-Jun and p53 and repress p53 activity. Proc. Natl. Acad. Sci. U.S.A. 99, 2872–2877. doi: 10.1073/pnas.052559499

Seeler, J. S., and Dejean, A. (2017). SUMO and the robustness of cancer. Nat. Rev. Cancer 17, 184–197. doi: 10.1038/nrc.2016.143

Shen, Z., Pardington-Purtymun, P. E., Comeaux, J. C., Moyzis, R. K., and Chen, D. J. (1996). UBL1, a human ubiquitin-like protein associating with human RAD51/RAD52 proteins. Genomics 36, 271–279. doi: 10.1006/geno.1996.0462

Sheng, Z., Wang, X., Ma, Y., Zhang, D., Yang, Y., Zhang, P., et al. (2019). MS-based strategies for identification of protein SUMOylation modification. Electrophoresis 40, 2877–2887. doi: 10.1002/elps.201900100

Shiels, A., and Hejtmancik, J. F. (2019). Biology of inherited cataracts and opportunities for treatment. Annu. Rev. Vis. Sci. 5, 123–149. doi: 10.1146/annurev-vision-091517-034346

Shishido, T., Woo, C. H., Ding, B., McClain, C., Molina, C. A., Yan, C., et al. (2008). Effects of MEK5/ERK5 association on small ubiquitin-related modification of ERK5: implications for diabetic ventricular dysfunction after myocardial infarction. Circ. Res. 102, 1416–1425. doi: 10.1161/CIRCRESAHA.107.168138

Shuai, K., and Liu, B. (2005). Regulation of gene-activation pathways by PIAS proteins in the immune system. Nat. Rev. Immunol. 5, 593–605. doi: 10.1038/nri1667

Singh, R., Letai, A., and Sarosiek, K. (2019). Regulation of apoptosis in health and disease: the balancing act of BCL-2 family proteins. Nat. Rev. Mol. Cell Biol. 20, 175–193. doi: 10.1038/s41580-018-0089-8

Spector, A. (1995). Oxidative stress-induced cataract: mechanism of action. FASEB J. 9, 1173–1182.

Steffan, J. S., Agrawal, N., Pallos, J., Rockabrand, E., Trotman, L. C., Slepko, N., et al. (2004). SUMO modification of Huntingtin and Huntington’s disease pathology. Science 304, 100–104. doi: 10.1126/science.1092194

Sternsdorf, T., Puccetti, E., Jensen, K., Hoelzer, D., Will, H., Ottmann, O. G., et al. (1999). PIC-1/SUMO-1-modified PML-retinoic acid receptor alpha mediates arsenic trioxide-induced apoptosis in acute promyelocytic leukemia. Mol. Cell. Biol. 19, 5170–5178. doi: 10.1128/mcb.19.7.5170

Subramaniam, S., Sixt, K. M., Barrow, R., and Snyder, S. H. (2009). Rhes, a striatal specific protein, mediates mutant-huntingtin cytotoxicity. Science 324, 1327–1330. doi: 10.1126/science.1172871

Sudharsan, R., and Azuma, Y. (2012). The SUMO ligase PIAS1 regulates UV-induced apoptosis by recruiting Daxx to SUMOylated foci. J. Cell Sci. 125, 5819–5829. doi: 10.1242/jcs.110825

Sun, Q., Gong, L., Qi, R., Qing, W., Zou, M., Ke, Q., et al. (2020). Oxidative stress-induced KLF4 activates inflammatory response through IL17RA and its downstream targets in retinal pigment epithelial cells. Free Radic. Biol. Med. 147, 271–281. doi: 10.1016/j.freeradbiomed.2019.12.029

Walensky, L. D. (2019). Targeting BAX to drug death directly. Nat. Chem. Biol. 15, 657–665. doi: 10.1038/s41589-019-0306-6

Wang, B., Hom, G., Zhou, S., Guo, M., Li, B., Yang, J., et al. (2017). The oxidized thiol proteome in aging and cataractous mouse and human lens revealed by ICAT labeling. Aging Cell 16, 244–261. doi: 10.1111/acel.12548

Wang, J., Nasser, M. I., Adlat, S., Ming, J. M., Jiang, N., and Gao, L. (2018). Atractylenolide II induces apoptosis of prostate cancer cells through regulation of AR and JAK2/STAT3 signaling pathways. Molecules 23:3298. doi: 10.3390/molecules23123298

Wang, L., Nie, Q., Gao, M., Yang, L., Xiang, J. W., Xiao, Y., et al. (2020). The transcription factor CREB acts as an important regulator mediating oxidative stress-induced apoptosis by suppressing alphaB-crystallin expression. Aging 12, 13594–13617. doi: 10.18632/aging.103474

Xiao, L., Gong, L. L., Yuan, D., Deng, M., Zeng, X. M., Chen, L. L., et al. (2010). Protein phosphatase-1 regulates Akt1 signal transduction pathway to control gene expression, cell survival and differentiation. Cell Death Differ. 17, 1448–1462. doi: 10.1038/cdd.2010.16

Xie, B., Liu, X., Yang, J., Cheng, J., Gu, J., and Xue, S. (2018). PIAS1 protects against myocardial ischemia-reperfusion injury by stimulating PPARgamma SUMOylation. BMC Cell Biol. 19:24. doi: 10.1186/s12860-018-0176-x

Yan, Q., Gong, L., Deng, M., Zhang, L., Sun, S., Liu, J., et al. (2010). Sumoylation activates the transcriptional activity of Pax-6, an important transcription factor for eye and brain development. Proc. Natl. Acad. Sci. U.S.A. 107, 21034–21039. doi: 10.1073/pnas.1007866107

Yang, N., Zhao, B., Rasul, A., Qin, H., Li, J., and Li, X. (2013). PIAS1-modulated Smad2/4 complex activation is involved in zinc-induced cancer cell apoptosis. Cell Death Dis. 4:e811. doi: 10.1038/cddis.2013.333

Yang, Y., He, Y., Wang, X., Liang, Z., He, G., Zhang, P., et al. (2017). Protein SUMOylation modification and its associations with disease. Open Biol. 7:170167. doi: 10.1098/rsob.170167

Yao, K., Wang, K., Xu, W., Sun, Z., Shentu, X., and Qiu, P. (2003). Caspase-3 and its inhibitor Ac-DEVD-CHO in rat lens epithelial cell apoptosis induced by hydrogen peroxide in vitro. Chin. Med. J. 116, 1034–1038.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Nie, Chen, Zou, Wang, Hou, Xiang, Luo, Gong, Fu, Wang, Zheng, Xiao, Gan, Gao, Bai, Wang, Zhang, Tang, Hu, Gong, Liu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-660494-g008.jpg
A A TR TG &

e e .
£ e
1 § &
J—u v e
P T =

OGRS OOKKD PSR FASLID
o gy g magnast

e £ PIASY
— woctrons
S, V
o
o iemms P53 Sumoylation

¥

Bax Upregulation

¥

Apoptosis

J

40my GoTreatment (1) Lens Pathogenesis





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The E3 Ligase PIAS1 Regulates p53 Sumoylation to Control Stress-Induced Apoptosis of Lens Epithelial Cells Through the Proapoptotic Regulator Bax



		INTRODUCTION



		RESULTS



		Oxidative Stress Induces PIAS1 Alteration in Lens Epithelial Cells



		PIAS1 Promotes Oxidative Stress-Induced Apoptosis of Lens Epithelial Cells



		PIAS1 Mediates p53 Sumoylation in Lens Epithelial Cells at the K386 Residue



		PIAS1 Regulates Expression of the Pro-apoptotic Protein Bax in Lens Epithelial Cells



		Desumoylation of p53 Protects Lens Epithelial Cells From Oxidative Stress-Induced Apoptosis



		PIAS1-Mediated p53 Sumoylation at K386 Enhances Expression of the Downstream Proapoptotic Regulator Bax



		Knockout of Endogenous Bax Partially Inhibited the Stress-Induced Apoptosis in Lens Epithelial Cells Expressing Exogenous PIAS1







		DISCUSSION



		Protein Sumoylation Regulates Both Ocular Development and Pathogenesis



		PIAS1 Regulates Different Targets to Promote or Attenuate Apoptosis







		MATERIALS AND METHODS



		Materials



		Animals



		Cell Culture, Plasmid Construction, and Establishment of Gene Overexpression or Knockout Stable Cell Lines



		Protein Extraction and Western Blot



		Free Thiol Content Assay



		Apoptosis Assays



		Immunoprecipitation



		RNA Extraction and qRT-PCR



		Luciferase Assay



		ChIP Assay



		Statistics







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

The ES3 Ligase PIAS1 Regulates
p53 Sumoylation to Control
Stress-Induced Apoptosis

of Lens Epithelial Cells Through

the Proapoptotic Regulator Bax









OPS/images/fcell-09-660494-g005.jpg
S8

30 mu GO

3

& —
. 5
£,

:
fe
i
e
b ; T a
PR —
g s
g ,
=)
3
g » I I
i Ll
P

40 mU GO Treatment Time (Hrs)

(HRS)





OPS/images/fcell-09-660494-g004.jpg
& B o
<& 2

30 [ Bax mANA

(pio) yNHw xeg jo
jon®7 uoIssaIdx3 SAeIo
@ .

H Mu.....» 7 :«o..a

1t 20,7
it "
T S
Uil H e,
T o & o K
23 Rl

(PIod) ureloxd xeg Jo
lena" uoissaidxa el






OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-660494-g007.jpg
(p103 umioig ot
o IomI vos ey

¢
|
I
i

S e ————— PV

i
s
€
3
t
E

PSIKIBER

2=

‘uosex-e5d pue esd-Lm
49 uenq o

- -

Flag-pS3 Flag.ps3-K386R.

o





OPS/images/fcell-09-660494-g006.jpg
(p10:) suo101d €5 L/LI J0
S1or uorsoudca onmerou

ns
Flag  Flag-ps3 Flag-ps3
~K386R
Flag-p53 Flag-p53
-K386R
Bax
Flag  Flag-p53 Flag-ps3
K386R

la

Fi

§e8%33°
(PIo3) yNHu xeg jo
97 uoss1dX3 SAREISH 4,

36k | s———] GAPDH






OPS/images/fcell-09-660494-g001.jpg
o] ol
$51s
3=
12
giw
2dos
£
i,
o 1 2 s e
a0mu GO Treatment )
3 co_
§320
wmuGoo 1 2 3 4 (Hm S8
. Bzus
rove [ s £5 0
42K —————(-Actin 5%“
i 111
i3 YT e Ty
e 40mU GO Treatment (Hrs)
- e
5w -
it H -
Ew 2 =g
H
& 5"
g H
‘o i@ 5 & F % s s s
40 mU Treatment (Hrs) ‘40 mU Treatment (Hrs)





OPS/images/fcell-09-660494-g003.jpg
!lll

Lo:souor

< swwosss

BEee--- s

: i

el
o R
e

i
an® L
s L






OPS/images/fcell-09-660494-g002.jpg
Yo
=

JPiast

e






