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Abstract

:

Background: N-retinylidene-N-retinylethanolamine (A2E) is a component of drusen that accumulates in retinal cells and induces oxidative stress through photooxidation, such as blue light (BL). We found that the heme oxygenase 1 (HMOX1) gene responds sensitively to photooxidation by the BL of A2E in retinal pigment epithelial (RPE) cells, and we sought to identify the transcription factors and coactivators involved in the upregulation of HMOX1 by A2E and BL. Methods: A2E-laden human RPE cells (ARPE-19) were exposed to BL (430 nm). RNA sequencing was performed to identify genes responsive to BL exposure. Chromatin immunoprecipitation and RT-qPCR were performed to determine the regulation of HMOX1 transcription. Clinical transcriptome data were used to evaluate HMOX1 expression in patients with age-related macular degeneration (AMD). Results: In ARPE-19 cells, the expression of HMOX1, one of the NF-κB target genes, was significantly increased by A2E and BL. The binding of RELA and RNA polymerase II to the promoter region of HMOX1 was significantly increased by A2E and BL. Lysine methyltransferase 2A (MLL1) plays an important role in H3K4me3 methylation, NF-κB recruitment, chromatin remodeling at the HMOX1 promoter, and, subsequently, HMOX1 expression. The retinal tissues of patients with late-stage AMD showed significantly increased expression of HMOX1 compared to normal retinal tissues. In addition, the expression levels of MLL1 and HMOX1 in retinal tissues were correlated. Conclusions: Taken together, our results suggest that BL induces HMOX1 expression by activating NF-κB and MLL1 in RPE cells.
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1. Introduction


Nuclear factor (NF)- κB, a transcription factor that plays a key role in inflammation and apoptosis, regulates oxidative stress and DNA damage under various in vitro and in vivo experimental conditions. Structurally, NF-κB contains p50, p52, p65 (RELA), c-Rel (REL), and RELB, and a combination of these proteins creates homodimers and heterodimers. The mechanism of NF-κB activation has been well documented [1]. In most cells, NF-κB is present in the cytoplasm in an inactive form prior to the release of inhibitory IκB protein by phosphorylation. In addition to stimulatory factors, such as tumor necrosis factor (TNF)α, continuous exposure to ultraviolet (UV) light can activate the NF-κB pathway in human keratinocytes [2,3,4,5,6]. Later, it was found that short-wavelength visible light (e.g., blue light, BL) irradiation in mammalian cells also induces cellular damage, including mitochondrial DNA damage, through reactive oxygen species (ROS), such as hydroxyl radicals, superoxide anions, and singlet oxygen [7,8,9]. The ROS-induced cellular stress mechanism crosstalks with NF-κB signaling [10,11]. BL irradiation in human keratinocytes increases the production of ROS and TNFα through increased calcium influx via transient receptor potential cation channel subfamily V member 1 (TRPV1) activation [12].



Melanin and lipofuscin are sensitizers for short-wavelength visible light in pigmented cells, such as retinal pigment epithelial (RPE) cells. When BL with a wavelength of 430 nm is irradiated to human retinal pigment epithelial cells (ARPE-19), in which pyridinium bisretinoid A2E, an aging-related fluorophore, accumulates, DNA damage occurs in the form of oxidation base modification [13]. A2E is produced in the RPE due to the abnormal formation of ethanolamine condensation products of vitamin A, a major effector of the visual cycle [14,15,16]. In normal cases, it exists at a very low level in RPE cells. However, when an abnormal accumulation of A2E continues, various side effects are observed, such as the alkalinization of lysosomes and the secretion of pro-apoptotic proteins from the mitochondria [17,18]. More importantly, A2E is a major photosensitizer for BL in RPE cells [19]. Photooxidized A2E is converted into A2E-epoxide, which produces ROS, such as singlet oxygen [20,21]. A recent study reported the effect of A2E photooxidation on autophagy. Autophagy, a type of intracellular recycling process, forms the autophagosome, which then removes intracellular components through lysosomes and fusion [22]. Photooxidation of A2E dramatically inhibits lysosome function and blocks autophagolysosome formation, thereby reducing autophagic flux [23].



In recent decades, the effect of photooxidation of A2E by BL on RPE cells has been studied from various perspectives. In particular, the importance of NF-κB pathway activation, as a result of genome-wide transcription analysis, was highlighted in cytotoxic levels of A2E and BL exposure [24], and in models of prolonged low, non-cytotoxic A2E and BL exposure [25]. In addition, based on the results of these recent studies, efforts have been made to reduce the cytotoxicity caused by A2E and BL in retinal cells by removing ROS or blocking the NF-κB pathway [26,27,28]. However, the detailed expression mechanisms of individual genes that can be directly involved in the oxidative stress and apoptosis of RPE cells after NF-κB activation by A2E+BL are still unclear. Moreover, our understanding of the genes identified in models in vitro, and their correlations in clinical patients, is very limited. This study identified the HMOX1 gene, which responds sensitively to the photooxidation process by the BL of A2E in RPE cells. We found that the NF-κB activation mediates the HMOX1 by BL, and that this process is assisted by the co-regulator histone lysine methyltransferase 2A (MLL1). Finally, the correlation between the expression of HMOX1 and its coactivator MLL1 in patients with age-related macular degeneration (AMD) was investigated, suggesting the possibility of future clinical applications.




2. Materials and Methods


2.1. Cell Culture and Reagents


Human retinal pigment epithelial cells (ARPE-19), purchased from the American Type Culture Collection (Manassas, VA, USA), were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 medium (DMEM F-12; WELGENE, Gyeongsan, Korea), supplemented with 10% fetal bovine serum at 37 °C in a 5% CO2 environment. A2E was purchased from Key Synthesis LLC (Philadelphia, PA, USA).




2.2. In Vitro RPE Damage Model Induced by A2E and BL


An in vitro RPE damage model induced by A2E and BL was established, as previously described [24]. ARPE-19 cells were plated in a 6-well plate at a density of 2 × 104 cells/well, and then treated with A2E (25 μM) three times at 48-h intervals. After 24 h of the last A2E treatment, the cells were irradiated with BL 3.5 cm away from the LED (430 nm, 8000 lux) for 30 min. After an additional 24 h of incubation, the total RNA and lysates were prepared, as previously described [28].




2.3. RNA-Sequencing


The isolated total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and further purified using a RNeasy Mini Kit (QIAGEN, Hilden, Germany). RNA-seq was performed as previously described [24]. Briefly, the quality of purified RNA was assessed using an Agilent 2100 bioanalyzer RNA kit (Agilent, Santa Clara, CA, USA). The mRNA-seq library was prepared using a TruSeq Stranded mRNA kit (Illumina, San Diego, CA, USA) and sequenced using a NextSeq500 sequencer (Agilent). Genes exhibiting an absolute fold change (FC) of at least 2.0 and a Q-value < 0.05 between groups were considered differentially expressed. Differential expression datasets were subjected to KEGG 2021 and MSigDB hallmark analyses using EnrichR [29,30].




2.4. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)


Total RNA from ARPE-19 cells was isolated using TRIzol reagent (Invitrogen). The mRNA was reverse transcribed using an iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). RT-qPCR was performed on a Roche LightCycler® 480 II system using SYBR Green I Master Mix (Roche, Basel, Switzerland). Primer sequences used for RT-qPCR are listed in Supplementary Table S1. All mRNA expression levels were normalized to the 18S rRNA levels.




2.5. Chromatin Immunoprecipitation


The (chromatin immunoprecipitation) ChIP assay was performed, as previously described [31]. Cells were crosslinked with 1% formaldehyde for 30 min and then sonicated to shear the chromatin fragments. Sonicated chromatin was immunoprecipitated using an antibody overnight at 4 °C. The antibodies used for the ChIP assay were anti-Pol II (Millipore, Burlington, MA, USA), anti-p65 (Abcam, San Francisco, CA, USA), anti-MLL1 (Abgent, San Diego, CA, USA), and anti-H3K4me3 (Active motif, Carlsbad, CA, USA). After reverse crosslinking by heating, RT-qPCR was performed on the purified DNA fragment using a LightCycler® 480 II system and SYBR Green I Master (Roche). The results are shown as the mean ± standard deviation (SD), expressed as a percentage of input chromatin. The primers used to amplify the HMOX1 promoter or enhancer region are listed in Supplementary Table S2.




2.6. Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE)-qPCR


FAIRE-qPCR was performed, as previously described [31]. ARPE-19 cells were cross-linked with 1% formaldehyde, and then sonicated, to shear the chromatin fragments. Results are shown as the mean ± SD. Input DNA is expressed as a percentage of input chromatin. The sequences of the FAIRE-qPCR primers were identical to those used for the ChIP-qPCR analysis.




2.7. RNA Interference and Transfection


ARPE-19 cells (2 × 104 cells/well in a 6-well plate) were transfected with siRNA (siMLL1 or siMLL2), or non-specific siRNA (siNS), targeting the mRNA of MLL1 and MLL2, according to the manufacturer’s protocol, using Oligofectamine (Invitrogen, Carlsbad, CA, USA). Additionally, independent siRNAs (siMLL1(1) and siMLL1(2)) acting on different sites of the MLL1 mRNA were used to rule out the possibility of off-target effects. The siRNA sequences used in the experiments are listed in Supplementary Table S2.




2.8. Western Blotting


Western blot analysis was performed using anti-MLL1 (Abcam) and anti-β-actin (Santa Cruz, CA, USA) antibodies. Cell lysates were prepared using radioimmunoprecipitation assay buffer (RIPA) (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid, 1% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate, and 1% NP- 40). Total cell lysates were ultrasonically dispersed for 10 min and centrifuged at 10,000× g for 20 min at 4 °C. The proteins were transferred to Immun-Blot polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). Primary antibodies were used at a dilution of 1:1000 and then further incubated at 4 °C overnight. The membranes were then incubated with horseradish peroxidase (HRP)-labeled anti-rabbit second antibodies for 2 h at 1:5000 diluting in blocking solution. Expression levels were quantified by densitometry, followed by normalization to the β-actin.




2.9. Statistical Analysis


All statistical data were analyzed using GraphPad Prism 8.0.2 (GraphPad, San Diego, CA, USA), and are expressed as mean ± standard deviation (SD). Statistically significant differences between groups were determined using one-way analysis of variance (ANOVA), and were considered statistically significant at p < 0.05.





3. Results


3.1. Activation of TNFα Signaling Pathway by A2E and Blue Light in ARPE-19 Cells


ARPE-19 cells were treated thrice with A2E (25 µM) at 2-day intervals to induce intracellular A2E accumulation, followed by exposure to BL. RNA-seq was performed using the above cells, and differentially expressed genes were identified. Compared to the untreated control group, 172 (129 upregulated and 43 downregulated) genes were differentially expressed (|FC| ≥ 2.0, Q < 0.05) by A2E and BL (Figure 1A). No genes exhibited statistically significant expression changes after treatment with A2E alone or BL alone. Notably, the expression of cytokines and chemokine genes was significantly increased by A2E and BL (Figure 1B). Two different pathway analysis methods (KEGG and MSigDB) were performed to identify the biological pathway influenced by A2E and BL in ARPE-19 cells [29,30]. KEGG analysis revealed that differentially expressed genes (DEGs) by A2E and BL were enriched in the TNFα (p = 1.08 × 10−7) and NF-κB signaling pathways (p = 1.89 × 10−7, Figure 1C, upper panel). Similarly, in the MSigDB analysis, DEGs were enriched in TNFα signaling via the NF-κB pathway (p = 8.95 × 10−42, Figure 1C, lower panel). These results suggest that A2E and BL characteristically and remarkably activate the TNFα signaling pathway in ARPE-19 cells.




3.2. Blue Light Activates RELA-Mediated Transcription in ARPE-19 Cells


Next, we predicted the regulatory factors of these DEGs using in silico analysis. RELA (p65) was predicted as the most statistically significant upstream transcriptional regulator (Figure 2A). The NF-κB transcription factor exhibits various functions depending on the combination of various homo- and heterodimers. In particular, a heterodimer containing RELA (p65) and c-Rel acts as a transcriptional activator [32]. Indeed, in addition to the genes in the TNFα signaling pathway presented in Figure 1B, the expression levels of many previously reported RELA target genes were upregulated by A2E and BL treatment (Figure 2B). To verify the results of the in silico analysis, the effect of A2E+BL on a representative RELA target gene was confirmed using RT-qPCR in ARPE-19 cells. All six genes (HMOX1, HSP90AA1, DUSP5, INHBA, CXCL8, and TRIB1) confirmed in the experiment showed no change in their expression levels after A2E or BL treatment, but they did show a significant increase in expression with A2E+BL treatment (Figure 2C). These results suggest that photooxidation of A2E by BL activates NF-κB-mediated transcription in ARPE-19 cells.




3.3. Involvement of MLL1 in HMOX1 Gene Expression Induced by A2E and Blue Light


Among the RELA target genes identified earlier, HMOX1 drew our attention because HMOX1 is a representative oxidative stress response gene [33], RPE cells are one of the representative cells continuously exposed to various light sources including BL [34], and BL induces oxidative stress that can potentially induce apoptosis of retinal cells [35]. Therefore, we conducted an in-depth study on the expression mechanism of HMOX1 in response to oxidative stress induced by A2E and BL in retinal cells. Chromatin immunoprecipitation was performed to confirm that A2E and BL regulate the expression of HMOX1 at the transcriptional level. The HMOX1 gene contains a NF-κB binding site in the promoter region, and the binding of RELA protein to the promoter region was significantly increased by A2E+BL (Figure 3A,B). Concomitantly, the binding of RNA Pol II to the promoter region was also significantly increased. In contrast, no significant change in the binding of RELA was observed in the enhancer region of HMOX1, which was used as a negative control.



Although BL belongs to the visible light region, it has a short wavelength and high energy; therefore, it has photoactivity comparable to that of UV, supported by reports of BL-induced DNA damage in RPE cells [13,36,37]. The activated DNA damage response (DDR) induces inflammation by secreting a series of cytokines known as senescence-associated secretory phenotype (SASP) [38]. SASP expression is dependent on various transcription factors (e.g., NF-κB and C/EBPβ) [39,40], kinases (e.g., p38 MAPK and protein kinase D1) [41,42]. In particular, it is known that MLL1, a transcriptional regulator and histone H3K4 methyltransferase, is linked to DDR and plays an important role in SASP expression. In addition, the role of MLL1 in NF-κB target gene expression by TNFα stimulation in MEF cells has been reported [43]. siRNA was prepared to examine whether MLL1 is involved in HMOX1 expression by A2E+BL, an ARPE-19 cell line in which MLL1 was depleted. In ARPE-19 cells treated with non-specific siRNA, HMOX1 expression by A2E+BL was significantly increased. In contrast, MLL1-depleted ARPE-19 cells showed significantly reduced HMOX1 expression. MLL2, another SET domain family histone H3K4 methyltransferase similar to MLL1, had no significant effect on the expression of HMOX1 induced by A2E+BL (Figure 3C,D).



These results suggest that NF-κB binds to the HMOX1 gene promoter region upon A2E and BL stimuli to regulate the expression of the HMOX1 at the transcriptional level, and that MLL1 plays an important role in this process.




3.4. MLL1 co-Activates NF-κB-Mediated HMOX1 Gene Expression in ARPE-19 Cells


MLL1 histone methylases contribute to the formation of chromatin structures suitable for transcriptional activation [44]. Therefore, we aimed to investigate the role of MLL1 in binding transcription factors and changes in chromatin structure during BL-induced HMOX1 gene expression in ARPE-19 cells. First, two types of siRNAs (siMLL1 and siMLL1(2)), acting on different regions of MLL1 mRNA, were used to reduce the level of MLL1 expression in ARPE-19 cells (Figure 4A). Compared to cells treated with siNS, the occupancy of RELA in the promoter region of the HMOX1 gene, which was increased by BL irradiation, was slightly suppressed in MLL1-depleted cells, but it was not statistically significant (Figure 4B). MLL1 histone methylase contributes to the formation of an open chromatin structure required for transcriptional activation by methylating the H3K4 residue [44]. Correspondingly, the level of H3K4me3 and the binding of RNA Pol II to the HMOX1 promoter region were also significantly reduced by depletion of MLL1. Finally, we monitored changes in chromatin structure in the HMOX1 promoter region following BL irradiation. BL irradiation significantly increased chromatin accessibility of the HMOX1 promoter region, as expected. These changes are consistent with an increase in promoter recruitment of transcription factors, including NF-κB, and co-regulators, including MLL1. In contrast, depletion of MLL1 significantly inhibited the increase in chromatin accessibility induced by BL (Figure 4B,C). These results are consistent and show that MLL1 depletion significantly suppressed the induction of HMOX1 expression by BL (Figure 3C,D). These results suggest that MLL1 plays an important role in H3K4me3 methylation in the HMOX1 promoter region, NF-κB recruitment, and chromatin remodeling.




3.5. Correlation of HMOX1 and MLL1 Expression Levels in AMD Patients


In patients with dry macular degeneration, retinal drusen deposition is a clinical feature [45]. In addition, concerns regarding retinal damage caused by BL are increasing regardless of age because of the explosive increase in the use of smart devices. Therefore, we aimed to determine the clinical relevance of HMOX1 expression in patients with dry AMD. AMD is classified into early-, intermediate-, and late-stage AMD, according to the pattern of drusen accumulation, and the formation of exudative neovascularization in the retina. To compare gene expression levels in the RPE cells of patients with dry AMD, a published transcriptome database (GSE115828) was used [46]. The expression of HMOX1 in RPE cells showed a tendency to increase with symptom severity gradually. RPE cells from patients with late-stage AMD showed a statistically significant (p = 0.0048) increase in HMOX1 expression compared to normal retinal tissues (Figure 5A). In addition, the expression levels of MLL1 and HMOX1 in retinal tissues showed a statistically significant correlation (Figure 5B). These results support our in vitro findings demonstrating that MLL1 regulates HMOX1 expression in RPE cells.





4. Discussion


HMOX1 catalyzes oxidative degradation of heme groups. HMOX1 catalyzes the conversion of hemoglobin, heme, and myoglobin to bilirubin, and produces carbon monoxide (CO) and biliverdin as byproducts [47]. HMOX1 is generally expressed at a low level in all tissues and is remarkably induced in various stress environments, such as UV radiation, hydrogen peroxide, cytokines, hypoxia, and glutathione (GSH) consumption, which is thought to be a cellular defense mechanism [33]. Among the reaction byproducts, biliverdin is converted to bilirubin by biliverdin reductase. Bilirubin has strong antioxidant action and is responsible for the cellular protection mechanism of HMOX1 against oxidative stress.



Consistently, our results showed that HMOX1 is an important response factor for oxidative stress caused by A2E photooxidation in RPE cells. Through genome-wide transcriptome analysis, we showed that the photooxidation of A2E by BL activates the NF-κB pathway in ARPE-19 cells. Subsequent in silico analysis predicted RELA (p65) to be an upstream regulator of these genes. In addition, it was found that the expression of HMOX1 was significantly increased by A2E photooxidation.



Among the major regulators of HMOX1 transcription known to date, the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) and inducible repressor BTB domain and CNC homolog 1 (Bach1) appear to play the most important roles [48,49]. NRF2 is a basic leucine zipper protein that regulates the expression of antioxidant proteins in response to oxidative stress [50]. When cells are exposed to oxidative stress, activation of the NRF2/HMOX1 axis is induced through the c-Jun N-terminal kinase (JNK) and phosphoinositide-3 kinase (PI3K)-AKT pathways, resulting in the expression of various antioxidant proteins [51]. In addition to oxidative stress, stimulation of cytokines, such as IL-10 and IL-6 in immune cells, also induces the expression of HMOX1, which involves a signal transducer and transcription 3 activator (STAT3) [52,53]. In contrast to NRF2, which is recruited to the enhancer site located 4 and 10 kilobases upstream of the HMOX1 gene [54,55], redox-sensitive transcription factors such as activator protein-1 (AP-1) and NF-κB bind to the promoter region of HMOX1 to regulate transcription [56]. Under oxidative stress conditions, IκBα phosphorylated by IKK is released from the NF-κB dimer (p50/p65); as a result, NF-κB that migrates to the nucleus is recruited to the promoter site and induces HMOX1 transcription [56].



Our ChIP assay results clearly showed a marked increase in the binding of RELA to the promoter region of HMOX1 under BL. Notably, A2E itself did not affect HMOX1 expression or the binding of RELA in the promoter region. Although there is likely a difference between the A2E concentration used in our study and the one present in vivo, BL significantly affected the physiological action of A2E in cells. These results suggest that exposure to blue light in daily life, and the degree of exposure to blue light, may act as more decisive factors in the damage of retinal cells than the accumulation of A2E with aging.



Next, we attempted to elucidate the function of MLL1 as a coactivator involved in the NF-κB-induced activation of HMOX1 expression in ARPE-19 cells. NF-κB regulates gene expression through various post-translational modifications or modifications of histone molecules at target gene sites. For example, when Ser-276 of p65 (RELA) is phosphorylated by protein kinase A (PKA), a conformational change occurs in p65. Consequently, it promotes the binding of the cofactor cAMP response element binding protein (p300/CBP) at the target gene site [57]. CBP/P300 acetylates the N-terminus of histone molecules in chromatin and facilitates chromatin formation to increase transcriptional activity. In addition, the acetylation of Lys221 and Lys218 enhances the DNA binding of NF-κB (RELA), upregulating the expression of marker genes [58,59]



SET domain family proteins composed of SETD1A, SETD1B, and MLL1-MLL4 activate transcription by methylating histone H3K4 at the promoter or enhancer region of the gene [44]. In a previous report, the role of MLL1 in NF-κB target gene expression by TNFα stimulation in MEF cells was reported [43]. The functions of MLL1 in NF-κB activation in cancer cells are complex. In MLL-fused leukemia cells, the RELA-p50 complex binds to MLL1 and induces trimethylation of histone H3K4 residues in the promoter regions of HOXA9 and MEIS1. In addition, the RELA-p50 complex recruits the MLL-fusion protein and the DOT1L protein that induces H3K79me2 functions in this process [60,61]. Our findings show, for the first time, the involvement of MLL1 in NF-κB activation by photooxidation stimulation of A2E in RPE cells. MLL1 helps trimethylation and chromatin accessibility of histone H3K4 in the promoter region of the HMOX1, and consequently facilitates the recruitment of RNA Pol II in RPE cells. In contrast, MLL2, which has a similar action as MLL1 on histone H3K4 methylation, does not have the same action as MLL1 on the expression of the HMOX1.



Functional impairment due to damage in RPE cells is one of the leading causes of AMD. In patients with early and intermediate AMD, called dry AMD, excessive accumulation of drusen components is characteristically observed in the retina. In contrast, some patients with late-stage AMD show the formation of new blood vessels called wet AMD [62]. The molecular biological pathogenesis of the dry AMD is not yet known, which limits the development of therapeutic agents. Recently, attempts have been made to protect RPE cells from oxidative stress by using natural products or low-molecular-weight compounds [26,27,28]. Another approach is to remove drusen accumulated in the retina using an intracellular degradation mechanism, such as autophagy [63]. Due to these efforts, the possibility of developing a therapeutic agent is gradually increasing. In any case, the need for a biomarker that correlates with the results of in vitro studies and AMD patients is becoming more important to predict desirable clinical outcomes. In this sense, our research results provide relevant alternatives. Our results suggest an important function of HMOX1, a well-known stress response gene, and MLL1, a coactivator, as novel biomarkers for AMD. The limitation of this study is the lack of experiments using primary RPE cells or animals. In order to overcome this and ensure in vivo correlation, we performed transcriptome analysis of clinical patients. Additionally, although our study suggested the differential function of MLL1 and MLL2 on HMOX1 gene expression, further investigation of the differential contribution of other H3K4 histone methyltransferases, such as SETD1A and SETD1B, is also needed.
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Figure 1. Activation of TNFα signaling by A2E and BL in ARPE-19 cells. (A) RNA-seq of in AREP-19 cells treated with A2E and BL (A2E+BL). The number of DEGs (129 upregulated and 43 downregulated) were shown in the pie chart (|FC| ≥ 2.0, Q < 0.05). (B) Heat map of genes responsible for cytokines and chemokines, transcription factors, and regulation of TNFα signaling. (C) Bar charts of potential signaling pathways generated using DEGs by A2E+BL in ARPE-19 cells. Pathway analyses were performed using KEGG and MSigDB. 
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Figure 2. Blue light (BL) activates the NF-κB signaling pathway in ARPE-19 cells. (A) In silico analysis of upstream transcription factors regulating the expression of DEGs by A2E+BL in ARPE-19 cells. The length of the bars represents the combined score from the Fisher exact test. The adjusted p-value represents the statistical significance for specific terms. (B) The effect of A2E+BL on the expression of a set of RELA target genes in ARPE-19 cells. (C) Validation of RNA-seq results by RT-qPCR (reverse transcript-quantitative polymerase chain reaction) analysis showing the mRNA levels of RELA target genes in ARPE-19 cells treated (+marked) with A2E, BL, or A2E+BL vs. non-treated control. The mRNA levels were normalized to that of 18S rRNA. Each value represents mean ± SD (n = 3), *** p < 0.001. HMOX1, Heme Oxygenase 1; HSP90AA1, heat shock protein 90 alpha family class A member 1; DUSP5, dual specificity phosphatase 5; INHBA, inhibin subunit beta A; CXCL8, C-X-C motif chemokine ligand 8; TRIB1, tribbles pseudokinase 1. 
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Figure 3. Recruitment of NF-κB and effect of MLL1 in HMOX1 gene expression induced by A2E and blue light (BL). (A) The location of NF-κB binding sites in the HMOX1 promoter region. (B) ChIP (chromatin immunoprecipitation) assay showing the recruitment of RELA (p65) and RNA Pol II to the HMOX1 promoter region after the treatment (+ marked) of A2E, BL, or A2E+BL. The enhancer region lacking an NF-κB binding site was used as a negative control. The occupancies of RELA and Pol II were calculated as a percentage of input. Each value represents mean ± SD, ** p < 0.01). (C) ARPE-19 cells were transfected with siNS (non-specific siRNA), siRNA targeting MLL1 (siMLL1), or siRNA targeting MLL2 mRNA (siMLL2). After 72 h of transfection, total RNA was extracted by TRIzol and analyzed by RT-qPCR, and the mRNA levels of HMOX1 were normalized to that of 18S rRNA. Each value represents mean ± SD (n = 3), ** p < 0.01. (D) Protein levels of HMOX1 in MLL1 or MLL2-depleted ARPE-19 cells measured by Western blotting. 
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Figure 4. Effect of MLL1 on NF-κB-mediated HMOX1 gene expression in ARPE-19 cells. (A) Depletion of MLL1 in ARPE-19 cells. Cells were transfected with siNS (non-specific siRNA) or siRNA targeting MLL1 mRNA (siMLL1 or siMLL1(2)). After 72 h of transfection, total RNA was extracted by TRIzol and analyzed by RT-qPCR, and the mRNA levels were normalized to that of 18S rRNA. Each value represents mean ± SD (n = 3), * p < 0.05. The total cell lysate was used to compare the protein level of MLL1 and β-actin by Western blot. (B) Enrichment of MLL1, RELA, H3K4me3, and Pol II at HMOX1 promoter region determined by ChIP in ARPE-19 cells treated (+ marked) with A2E, BL, or A2E+BL. (C) Chromatin accessibility of HMOX1 promoter. Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE)-qPCR (quantitative polymerase chain reaction) analysis was performed for the promoter region of HMOX1. Data were calculated as a percentage of input. Each value represents mean ± SD (n = 3), * p < 0.05. 
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Figure 5. Correlation of HMOX1 and MLL1 expression levels in RPE cells of patients with dry AMD. (A) The mRNA levels of HMOX1 in patients at different stages of dry AMD (GSE115828). Normal (n = 127), early (n = 197), intermediate (n = 126), and late (n = 67) stage AMD. (B) Correlation between HMOX1 and MLL1 mRNA levels in RPE cells from the patients with dry AMD (n = 47). Pearson correlation analysis of MLL1 and HMOX1 levels was conducted using the GraphPad Software Prism V.8.0.2. 
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