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Abstract

Age-related cataracts are a leading cause of blindness. Previously, we have demonstrated the
association of unfolded protein response with various cataractogenic stressors. However, DNA
methylation alterations leading to suppression of lenticular antioxidant protection remains unclear.
Here, we report the methylglyoxal-mediated sequential events responsible for Keapl promoter
DNA demethylation in human lens epithelial cells, because Keapl is a negative regulatory protein
that regulates the Nrf2 antioxidant protein. Methylglyoxal induces the ER stress and activates the
unfolded protein response leading to overproduction of ROS prior to human lens epithelial cells
death. Methylglyoxal also suppresses the Nrf2 and DNA methyltransferases but activates the DNA
demethylation pathway enzyme, TET1. Bisulfite genomic DNA sequencing confirms the
methylglyoxal-mediated Keapl promoter DNA demethylation leading to over-expression of
Keapl mRNA and protein. Similarly, bisulfite genomic DNA sequencing of human clear lenses
(n=15) slowly lose 5-methylcytosine in the Keapl promoter throughout life, at a rate of 1% per
year. By contrast, diabetic cataractous lenses (n=21) lose an average of 90% of the 5-
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methylcytosine regardless of the age. Over-expressed Keapl protein is responsible for decreasing
the Nrf2 by proteasomal degradation, thereby suppressing the Nrf2 dependent stress protection.
This study demonstrates for the first time about the associations of unfolded protein response
activation, Nrf2 dependent antioxidant system failure and loss of Keapl promoter methylation
because of altered active and passive DNA demethylation pathway enzymes in human lens
epithelial cells by methylglyoxal. As an outcome, cellular redox balance is altered towards lens
oxidation and cataract formation.

Keywords

cataracts; methylglyoxal; ER stress; DNA methylation; unfolded protein response; Nrf2 dependent
antioxidant protection; Keapl promoter demethylation

Introduction

Age-related cataracts (ARCs) are a leading cause of visual impairments worldwide. The
prevalence of ARCs escalates from 4% at age 52-64 to 50% at age 75-85. Diabetes is one of
the potential risk factors with five-fold increases in the incidence and progression of early
cataract formation [1, 2], influenced essentially by duration of the diabetes and the quality of
glycemic control [1, 3]. Being a non-insulin dependent tissue, the lens is incapable of down-
regulating glucose transport. The increase of extracellular glucose concentrations leads to
hyperglycemic deleterious effects [4], which include hyperosmolarity combined with
oxidation [5], increased cytosolic CaZ* [6], proteolysis [7], lens epithelial cells (LECs) death
[8], LECs migration [9], and aging [10].

Hyperglycemia results in abnormal cellular accumulation of reactive aldehydes, including
methylglyoxal (MGO), which is generated as a consequence of both non-enzymatic
reactions of glucose with proteins [11] and the enhanced formation and resultant breakdown
of triose phosphates within cells [12]. MGO reacts with arginine and lysine residues of lens
proteins, and generates protein adducts, and results in MGO-derived advanced glycation
end-products (AGEs) thereby altering the functions and conformation of lens proteins by
crystallin aggregations, a key contributor for increased light-scattering in lens opacity
[13-15]. In addition, MGO reacts with DNA, forming major DNA adducts linked to
increased DNA strand breaks and frameshift mutation [16], mitochondrial dysfunction and
reactive oxygen species (ROS) formation [5, 17, 18].

Paradoxically, improper control of glycemia has been connected with activation of both
oxidative and endoplasmic reticulum (ER) stress signaling pathways. A growing body of
evidence suggests that ER stress triggers an evolutionarily conserved adaptive program
known as the unfolded protein response (UPR), which combines the early inhibition of
protein synthesis with a later upregulation of genes that stimulate protein folding or
clearance [19, 20]. UPR is mediated by three ER transmembrane proteins: inositol-requiring
enzyme la (IREla), PKR-like endoplasmic reticulum kinase (PERK), and activating
transcription factor 6 (ATF6) thereby inducing overall gene expression changes to restore
ER homeostasis [21, 22]. Further, if ER stress is not alleviated, the prolonged UPR activates
apoptosis by up-regulating activating transcription factor 4 (ATF4), which promotes both
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the transcription of prosurvival genes and the expression of the proapoptotic transcription
factor, C/EBP-homologous protein (CHOP) and caspases [23, 24]. Also, UPR upregulates
intracellular ROS production and activates the transcriptional factor, nuclear factor-
erythroid-2-related factor 2 (Nrf2), to maintain the cellular redox homeostasis from
oxidative damage by controlling the inducible expression of many cytoprotective genes [25,
26].

Normally, Nrf2 is found in the cytosol by binding with its negative regulator, Kelch-like
ECH-associated protein 1 (Keapl). Under basal conditions, Nrf2 is constantly ubiquitinated
by the E3-ubiquitin ligase-like domain of Keapl, an oxygen free radical sensor protein [27],
followed by 26S proteasomal degradation [28]. Upon oxidative/ER stress, Nrf2 dissociates
from the Keapl, then translocates into the nucleus and activates the transcription of
antioxidant response element (ARE)-containing genes [29]. Under terminal UPR, the level
of Nrf2 decreases due to proteasomal degradation and proteolysis by m-calpain and
caspase-3 and caspase-1 [30, 31]. Nrf2 also regulates the expression of the glyoxalase 1
(Glo-1) gene [32], which is a major MGO detoxification enzyme.

In addition, ER-induced oxidative stress targets Ca2* release from ER calcium stores, which
activates m-calpain in the lens [33]. Recent findings have suggested a direct link between
the production of ROS and protein folding and oxidation, because oxidative stress and ROS
production are integral components of ER stress and are not just consequences of ER stress
induction [34]. The key enzymatic machinery of ROS production during UPR induction is
driven by a protein relay involving a protein disulfide isomerase (PDI), ER oxidoreductin 1
(Erol)-La and Erol-Lp, and molecular oxygen, a terminl electron acceptor [35, 36].

Moreover, ROS produced by oxidative/ER stress stimulates the alterations in DNA
methylation patterns, without changing the DNA base sequence. Such alterations in DNA
methylation patterns are known to strongly control the expression of several genes [37].
DNA methylation patterns are established during embryonic development and are then
accurately inherited in the cells with a “‘maintenance’ mechanism, which involves the
methylation of DNA daughter strand after replication by DNA methyltransferase 1 (Dnmt1).
Failure of this ‘maintenance’ mechanism leads to DNA demethylation, which can result
from passive demethylation in the absence of Dnmt1, or from the prevention of Dnmtl
action following DNA replication [38]. In contrast, active DNA demethylation occurs
through the enzymatic substitution of 5-methylcytosine (5mC) with cytosine [39], where the
ten-eleven-translocation 1 protein (TET1) and the activation-induced deaminase (AID)
convert 5-mC to thymine followed by base-excision repair by thymine DNA glycosylase
(TDG) in non-replicating cells [32, 40-42].

Here, we hypothesize that the MGO might induce overproduction of ROS, ER stress
mediated activation of UPR, suppression of Nrf2 dependent antioxidant protection and
alteration of passive and active DNA demethylation pathway enzymes, leading to
reprogramming of gene expression. We further hypothesize that this sequence of events is
responsible for Keapl promoter DNA demethylation in diabetic ARC lenses. To test this
hypothesis, we have studied the cell death, ROS overproduction, Ca2* release, UPR
induction, and evaluated the levels of Nrf2/Keapl, active and passive DNA demethylation
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pathway enzymes, and promoter DNA methylation status of the Keapl gene in human lens
epithelial cells (HLECS) treated with MGO. Our findings highlight the associations between
induction of ER stress and UPR activation, ROS overproduction, Nrf2 dependent
antioxidant system failure and loss of Keapl promoter methylation because of altered active
and passive DNA demethylation pathway enzymes in HLECs by MGO.

Materials and methods

Ethical statements

Cell culture

All animal experiments were approved by the University of Nebraska Animal Care and Use
Committee and were in compliance with the Animal Welfare Act (Public Law 91-579) as
mandated by the NIH Guide for Care and Use of Laboratory Animals and the procedures
recommended by the Association for Research in Vision and Ophthalmology resolution on
the use and treatment of animals in ophthalmic and vision research were followed. Further,
the approval and oversight from the Institutional Review Board is not required to conduct
research on human lens samples for bisulfite genomic sequencing of human Keapl promoter
DNA because this study did not obtain data through intervention or interaction with the
human subjects as well as did not receive any identifiable private information from them.
Therefore, Institutional Review Board approval for research involving leftover (excess)
human biological material is not required. Human clear and diabetic cataractous lenses were
obtained from National Disease Research Interchange (NDRI), Philadelphia, PA.

HLECs (SRA 01/04) [43] were cultured overnight in DMEM, High glucose (Life
Technologies, Gaithersburg, MD) with 10% fetal bovine serum (Gemini Bio-Products,
Calabasas, CA) under 20% atmospheric oxygen at 37°C. Cells were plated 24 h prior to
experiment in DMEM, Low glucose (Life Technologies, Gaithersburg, MD) under 4%
atmospheric oxygen and cultured with 10 pmoles/L 5-Aza-2’-deoxycytidine (5-Aza; Sigma-
Aldrich, St. Louis, MO) for 7 days or with varying concentrations of MGO, a generous gift
from Dr. Keshore R. Bidasee, UNMC, for 24 h. 4% atmospheric oxygen environment was
generated in an O,/CO, incubator (Sanyo, Osaka, Japan) with an attached 50 gallon liquid
nitrogen gas tank, since human lens is located in a hypoxic environment [44]. At the end of
the experiment, the cells were harvested and used for cell death and intracellular ROS
production assays, bisulfite genomic DNA sequencing, real-time quantitative PCR (RT-
gPCR), and Western blotting.

Induction of diabetes in Nrf27- and Nrf2*/* C57BL/6 mice

Diabetes was induced in overnight fasted Nrf2”~ and Nrf2*/* mice (8 weeks old; supplied
from Jackson Laboratory, Bar Harbor, ME) by multiple i.p. injection of streptozotocin (50
mg/kg body weight; Sigma-Aldrich, St. Louis, MO) dissolved in 0.1 M cold citrate buffer,
pH 4.5 for 5 consecutive days. After a week, mice having fasting blood glucose above 250
mg/dL were considered as diabetic and selected for the experiment. All animals received
water and food ad libitum.
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Cell viability/death and ROS staining

LECs isolated from diabetic Nrf2”- and Nrf2*/* C57BL/6 mice as well as HLECs were
treated with MGO and were stained for cell viability and cell death using viability/
cytotoxicity assay kits (Biotium Inc., Hayward, CA) for 30 min. After washing twice with
PBS, they subjected to fluorescent microscopic imaging (Nikon, Eclipse TE2000-U) with a
green filter (450-490 nm) for viable cells and with a red filter (510-560 nm) for dead cells,
respectively. This viability/cytotoxicity assay kit is consisted of calcein AM and ethidium
homodimer-I11 (EthD). Calcein AM is a non-fluorescent substrate for cell-permeate esterase
and is cleaved by intracellular esterases to form highly fluorescent calcein, which is retained
in the live cells and imparts intense green color fluorescence. EthD, a membrane-
impermeable fluorescent dye, undergoes a fluorescence enhancement upon binding with
nucleic acids and imparts red color fluorescence. EthD is only able to enter into the dead
cells, because the plasma membranes of those cells are compromised. The cytosolic ROS
level in LECs treated with MGO was also determined by 2/,7’-dichlorodihydrofluorescein
diacetate (Ho-DCFH-AD) (Invitrogen, Carlsbad, CA) for 30 min at 20°C. The cells were
washed twice with PBS and subjected to fluorescent microscopic imaging (Nikon, Eclipse
TE2000-U, Tokyo, Japan) with a green filter (450-490 nm) [45, 46].

Calcium imaging
HLECs were loaded with 5 pM Fluo-3, AM with Pluronic® F-127 (Invitrogen, Carlsbad,
CA) in DMEM containing 1.8 mM CaCl, for 30 min at 37°C. Cells were then washed twice
with CaZ*-free DMEM before imaging. 25 pM MGO was added to the cells in Ca2*-free
DMEM and time-lapse confocal live imaging was conducted to assess the intracellular Ca?*
changes. Cells earlier exposed to MGO were then challenged with 10 mM caffeine to assess
ER-Ca?* content changes, if any, for 2 min. A second bolus of MGO (25 uM) was also
added to these cells to check, if any, the intracellular Ca2* changes for an additional 3 min.
Experiments were performed in line-scan mode by using a Zeiss 410 confocal microscope
(Carl Zeiss Inc., Thornwood, NY) and field-stimulating cells at 0.25 Hz (10 V for 10 ms), as
described previously [47]. Fluo-3, AM was excited by light at 488 nm, and fluorescence was
measured at wavelengths of >515 nm.

Western blotting

Cells were lysed with RIPA buffer (Cell Signaling Technology, Inc. Beverly, MA). Western
blotting was performed with antibodies specific to immunoglobulin heavy-chain binding
protein (BiP; BD Biosciences, Franklin Lakes, NJ), p-actin, PERK, p-PERK, eukaryotic
translation initiation factor 2a (elF2a), p-elF2a, IRE1la, ATF4, ATF6, CHOP, Erol-a,
Erol-Lp, Nrf2, glutathione reductase (GR), catalase, Glo-1, Dnmtl, Dnmt3a, Dnmt3b, TET1
(Santa Cruz Biotechnology, Santa Cruz, CA), and GAPDH (Novus Biological, Littleton,
CO) as described elsewhere [45, 46]. The specificity of each antibodies were validated in
HLECs and specificity of Nrf2 was validated in LECs isolated from Nrf2- and Nrf2+/*
mice prior to conduct experiments. The intensity of each band was normalized to that of
GAPDH, or p-actin and the data were presented as a relative intensity using the ImageJ
analysis software [48].
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Total RNA was isolated from the HLECs with Quick-RNA™ MicroPrep solution (Zymo
Research Corporation, Orange, CA). The column purified total RNA was reverse transcribed
by iScript™ Reverse Transcription Supermix for real-time PCR (Bio-Rad, Hercules, CA)
and was analyzed by MiniOpticon™ Real-Time PCR Detection System (Bio-Rad, Hercules,
CA) using the SsoFast™ EvaGreen® supermix (Bio-Rad, Hercules, CA) as described
elsewhere [45, 46]. The primer sequences were designed using the ProbeFinder software
(Roche, Indianapolis, IN) and were synthesized commercially. Primers used for RT-qPCR
are listed in Table S1. In addition, the Validated All-in-One™ gPCR primers for Nrf2 target
genes were purchased from GeneCopoeia and catalogs numbers were listed in the Table S2.
Each reaction was carried out in triplicate and three independent experiments were run.
Standard curves were prepared to determine individual PCR amplification efficiencies by
using a serial dilution of a reference sample and was included in each real-time run to
correct for possible variations in product amplification. The relative copy numbers were
obtained from the standard curve and were normalized to the values obtained for Gapdh or
factin, the internal control. Data acquisition, analysis and PCR efficiencies were done using
Bio-Rad CFX manager software (version 3.1).

Bisulfite genomic DNA sequencing

The genomic DNA from LECs of human clear and diabetic cataractous lenses as well as
HLECs treated with 100 uM MGO, 1 pg/uL tunicamycin, 1 uM thapsigargin, and 10
umoles/L 5-Aza were subjected to bisulfite conversion by EZ DNA Methylation-Direct™ kit
(Zymo Research Corporation, Orange, CA). The bisulfite-modified DNA was amplified by
bisulfite sequencing PCR using Platinum® PCR SuperMix High Fidelity (Invitrogen,
Carlsbad, CA) with primers specific to human Keapl promoter (Table S3). Then, the
amplified PCR products were cleaned by gel extraction with Zymoclean™ Gel DNA
recovery kit (Zymo Research Corporation, Orange, CA), then cloned into pCR®4-TOPO
vector using TOPO TA Cloning® kit (Invitrogen, Carlsbad, CA). The recombinant plasmids
were transformed into One Shot® TOP10 chemically competent E. coli (Invitrogen,
Carlsbad, CA) using the regular chemical transformation method. Plasmid DNA were
isolated from about 10 independent clones of each amplicon with PureLink™ Quick Plasmid
Miniprep kit (Invitrogen, Carlsbad, CA) and then sequenced (High-Throughput DNA
Sequencing and Genotyping Core Facility, University of Nebraska Medical Center, Omaha,
NE) to determine the status of CpG methylation. Clones with an insert with >99.5% bisulfite
conversion, i.e., non-methylated cytosine residues to thymine were included in this study,
and the remaining was excluded. Then the sequenced data of each clone was analyzed for
DNA methylation in the Keapl promoter by BISMA software (http://biochem.jacobs-
university.de/BDPC/BISMAV) using default filtering threshold settings [49].

Proteasomal degradation studies

HLECs were precultured with 2.5 uM and 5 uM MG-132 (Selleck Chemicals, Houston,
TX), a proteasome protease inhibitor for 4 h, then, followed by a washout in regular
medium, with or without 100 uM MGO for 24 h. The harvested cells were lysed using RIPA
buffer (Cell Signaling Technology, Inc. Beverly, MA) and the proteins were analyzed by
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Western blotting using the antibodies specific to Nrf2, Dnmt1, Dnmt3a and Dnmt3b (Santa
Cruz Biotechnology, Santa Cruz, CA).

Statistical analysis

The results were expressed as mean + SD. Statistical significance between two groups were
determined by student's t test and comparisons among multiple groups were determined by
one-way ANOVA followed by post hoc least significant difference test using the SPSS
(version 15.0) software (SPSS Inc., Chicago, IL). Values were considered statistically
significant when p < 0.05.

Results

MGO mobilizes Ca2* from ER of HLECs

First, we examined the Ca2* mobilization from the ER of HLECs treated with MGO by
time-lapse confocal laser scanning microscopy, because disturbances in the regulation of ER
Ca2* in parallel disturb the cellular events that are vitally associated with cell life and death
through ER stress mediated activation of UPR. The spontaneous release of Ca2* at random
locations within the HLECS is significantly increased 21 sec after the addition of 25 uM
MGO (Fig. 1). The elevation in spontaneous Ca2* release continues for 42 to 65 sec. A
second dose of 25 pM MGO added after the first dose is incapable of eliciting Ca* release
from the ER. Further, removal of Ca2* from the culture medium did not alter the ability of
MGO to change spontaneous Ca2* release, which confirms that MGO is eliciting Ca2*
release from the ER.

MGO induces cell death through ROS production in HLECs

We next investigated the toxic nature of MGO by studying the cell death and ROS
production in HLECs. The HLECs cultured with varying concentrations of MGO for 16 h
shows increased cell death (Fig. 2A) with significant ROS production (Fig. 2B). In addition,
the LECs isolated from Nrf27- mice as well as Nrf2*/* mice cultured with 1 pM MGO for 20
h shows greater ROS production in Nrf2”- mouse LECs than that of Nrf2*/* mouse LECs
(Fig. 3A). Further, the cultured LECs of the Nrf27- mouse treated with varying
concentrations of MGO for 20 h shows more enhanced cell death than cultured LECs of the
Nrf2*/* mouse. These results confirm that MGO is nearly 10 times more able to induce cell
death in cultured LECs of Nrf27- mouse than the cell death induced by MGO in cultured
LECs of Nrf2*/* mouse (Fig. 3A-B). Similarly, diabetic Nrf2”- mice shows significant cell
death with limited viable cells than diabetic Nrf2*/* mice (Fig. 3C-D). Diabetic Nrf2”- mice
developed cataract 3 weeks earlier than diabetic Nrf2*/* mice, but more than 60% of Nrf27-
mice died prior to develop cataract (Fig. 3E-F). In addition, the lens enucleated from these
animals exhibited superficial lens opacity on the lens surface and showed significant death
of LECs.

MGO induces ER stress and activates the chronic UPR pathway in HLECs

We next investigated MGO mediated induction of ER stress and activation of UPR in
HLECs. The expression levels of UPR specific proteins were analyzed in cultured HLECs
treated with 100 uM MGO for different times (Fig. 4A). MGO activates ER stress by
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phosphorylating PERK and elF2a, and the ratios between p-PERK/PERK and p-elF2a/
elF2a are significantly increased in HLECs treated with 100 pM MGO for 2-8 h and then
decreased after 12 to 24 h. The level of IRE1a is also increased at 4-8 h, but the level of
ATF6 is not changed (Fig. 4A). These results confirm that MGO activates UPR by
phosphorylating PERK in HLECS.

The activation of UPR solely depends on the concentration and exposure duration of the ER
stressors. It is well known that low levels or short exposure of ER stressors result in adaptive
UPR by decreasing the level of unfolded proteins in the ER. However, chronic UPR
ultimately results in the inability to restore cellular homeostasis, eventually triggering
apoptosis [21]. To determine the type of UPR activation, HLECs were cultured with varying
concentrations of MGO for 24 h. The protein blot analyses of HLECs treated with 1, 3, and
10 uM MGO for 24 h do not show any significant changes in the levels of phosphorylation
of PERK, and elF2a, whereas, the HLECs treated with 30 and 100 uM MGO for 24 h reveal
increased levels of phosphorylation of PERK and elF2a when compared with control
HLECs (Fig. 4B). In addition, HLECs treated with 100 aM MGO for 24 h show a higher
ATF4 protein expression level than that at lower concentrations of MGO (Fig. 4B). By
contrast, the protein expression levels of BiP and CHOP are notably decreased in HLECs
treated with MGO for 24 h (Fig. 4B). These results confirm the induction of ER stress and
strong activation of UPR within 24 h by MGO in HLECs.

MGO acts on ER localized oxidative enzymes and suppresses the Nrf2 dependent
antioxidant protection in HLECs

Next, we set to study the ER localized oxidative enzyme levels and suppression of Nrf2
dependent stress/antioxidant protection in HLECS treated with varying concentrations of
MGO for 24 h. The ER redox homeostasis is routinely accomplished by a protein relay
between ER localized oxidative enzymes Erol-La, and Erol-Lj, and PDI [35, 36]. The level
of Erol-La is increased in HLECs treated with 1, 3, 10, and 30 pM MGO for 24 h compared
to that of control HLECSs (Fig. 4C). However, the Erol-La is notably decreased in HLECs
treated with 100 uM MGO for 24 h (Fig. 4C). By contrast, the level of Erol-Lp in HLECs
treated with 100 UM MGO is decreased, whereas those levels remain the same in HLECs
treated with 1, 3, 10, and 30 pM MGO as in control HLECs (Fig. 4C). The level of PDI is
not changed in HLECs treated with MGO for 24 h (Fig. 4C). Further, Erol-La and Erol-LJ
exert their function by forming complexes as Erol-La/PDI or Erol-LB/PDI.

Subsequently, the protein expression levels of the stress/antioxidant proteins such as, Nrf2,
and its target gene product, GR, are decreased significantly in HLECs treated with 1, 3, 10,
30, and 100 uM MGO for 24h than that of control HLECs (Fig. 4C). But the level of
catalase is significantly decreased in HLECs treated with 100 uM MGO compared with that
of control HLECs as well as HLECs treated with 1, 3, 10, and 30 uM MGO for 24 h (Fig.
4C). By contrast, the Keapl, a negative regulator for Nrf2, protein level is increased
significantly in HLECs treated with 30 and 100 pM MGO (Fig. 4C). The protein level of
Glo-1 in HLECs treated with varying concentrations of MGO for 24 h is same as in control
HLECs (Fig. 4C), because the half-life of Glo-1 is more than 6 days [50].
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MGO decreases passive DNA demethylation pathway enzymes and increases active DNA
demethylation pathway enzymes in HLECs

Because, overproduction of ROS from oxidative/ER stress triggers the changes in DNA
methylation patterns [51, 52], we assessed the status of passive and active DNA
demethylation pathway enzymes in HLECs treated with 100 pM MGO for 24 h and the
results obtained were comparable with the standard ER stressors, such as tunicamycin and
thapsigargin. The RT-gPCR reveals significant upregulation of passive DNA demethylation
pathway enzymes, such as Dnmt1 (2.1 fold), Dnmt3a (1.1 fold), and Dnmt3b (1.7 fold), as
well as active DNA demethylation pathway enzyme, Tet1 (2.3 fold), in HLECs treated with
100 uM MGO for 24 h (Fig. 5A). Similarly, the mRNA expression levels of Dnmt1,
Dnmt3a, Dnmt3b and Tet1 are significantly upregulated in HLECSs treated with the well-
known ER stressors such as, tunicamycin (Fig. 5C), and thapsigargin (Fig. 5E), respectively.

However, the protein blot analyses of the expression profiles for passive DNA
demethylation pathway enzymes, such as Dnmt1, Dnmt3a, and Dnmt3b show significant
decreases whereas the active DNA demethylation pathway enzymes, such as TET1 shows
notable increases in HLECs cultured with 100 uM for 24 h (Fig. 5B). Similar results were
obtained for the standard ER stressor, tunicamycin (Fig. 5D). However, another ER stressor,
thapsigargin treated HLECs shows significantly decreased levels of Dnmt1, and Dnmt3a
with notable increase in Dnmt3b, the TET1 protein level is not significantly altered (Fig.
5F). Hence, the decreased levels of passive DNA demethylation pathway enzymes and
increased or constant levels of the active DNA demethylation pathway enzymes in HLECs
by MGO could effect on the methylation status of a gene leading to loss of DNA
methylation.

MGO induces loss of Keapl promoter DNA methylation in HLECs

To further explore the relationship between ER stress-mediated suppression of Nrf2
dependent antioxidant protection and altered expressions of active and passive DNA
demethylation pathway enzymes, we examined the promoter DNA methylation status of
Keapl in HLECS treated with 100 uM MGO for 24 h. The reason for studying the promoter
DNA methylation status of the Keapl gene is that Keapl is a negative regulator of Nrf2
protein and also, the promoter of Keapl gene has a predominant CpG island (between -460
and +341) with a total number of 68 CpG dinucleotides. Any changes occurring in the
Keapl promoter DNA methylation ultimately affect the expression profiles of Nrf2
dependent antioxidant protection. It has been previously shown that the CpG dinucleotides
found in the Keapl promoter region (20 CpGs between -433 and -96) have primarily
undergone loss of methylation [45].

Similarly, we investigated the loss of Keapl promoter DNA methylation in the HLECs
treated with MGO. Surprisingly, bisulfite genomic DNA sequencing studies confirm 28%
loss of 5-mC in the Keapl promoter (between -433 and -96) of HLECs treated with 100 uM
MGO for 24 h (Fig. 6B) compared to control HLECs (Fig. 6A). Interestingly, the well-
known ER stressors, tunicamycin (1 pg/uL; 1 day) and thapsigargin (1 uM; 3 days) lose 22
and 10% of 5-mC in the Keapl promoter of HLECs, respectively (Fig. 6C-D). Likewise,
HLECSs treated with 10 pmoles/L 5-Aza, an inhibitor of Dnmt1 for 7 days shows a 65% loss
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of 5-mC in the same region of the Keapl promoter (Fig. 6E). These results further confirm
that MGO induces loss of Keapl promoter DNA methylation in HLECs by altered
expressions of either passive [38] or active DNA demethylation pathway enzymes [39].
Being an inhibitor of Dnmt1 [53], 5-Aza induces loss of Keapl promoter DNA methylation
by the replication dependent, passive DNA demethylation pathway. However, we could not
find any notable methylation/demethylation patterns in the Nrf2 promoter in HLECs treated
with these chemicals as well as in clear and diabetic cataractous lenses (Results not shown).

MGO activates Keapl overexpression by loss of Keapl promoter DNA methylation,
thereby suppressing the Nrf2 and its downstream target genes

To further confirm that the loss of Keapl promoter DNA methylation results in the
overexpression of Keapl, which eventually leads to the suppression of Nrf2 dependent
antioxidant protection, we studied the mRNA expression profiles of Keapl and Nrf2 in
HLECs treated with 100 uM MGO for 24 h by RT-qPCR. Interestingly, the mRNA
expression of Keapl is increased 5 fold and Nrf2 is increased 2 fold in HLECs treated with
100 pM MGO for 24 h (Fig. 7A). Similarly, the mRNA expression of Keapl and Nrf2 is
increased in HLECs treated with the well-known ER stressors, tunicamycin (Fig. 7C) as well
as thapsigargin (Fig. 7E), respectively. In the same way, the DNA demethylation agent, 5-
Aza shows the increased expressions of Keapl and Nrf2 mRNA in HLECs (Fig. 7G).

We also examined the protein expression profiles of Keapl and Nrf2 in HLECSs treated with
100 pM MGO for 24 h as well as in HLECs treated with 1 pg/pL tunicamycin for 1 day, 1
UM thapsigargin for 3 days, and 10 umoles/L 5-Aza for 7 days. The protein expression level
of Keapl is increased 1.8 fold and that of Nrf2 is decreased 0.4 fold in HLECS treated with
MGO (Fig. 7B). Likewise, the protein expression level of Keapl is increased and that of
Nrf2 is decreased in HLECs treated with tunicamycin (Fig. 7D), thapsigargin (Fig. 7F), and
5-Aza (Fig. 7H). These results confirm that MGO mediated loss of Keapl promoter DNA
methylation significantly upregulates the transcription in HLECs. By contrast, the protein
expression profile of Keapl is increased, and Nrf2 is decreased in MGO as well as
tunicamycin, thapsigargin, and 5-Aza treated HLECs. Assuming the rates of transcription
and translation are approximately equal, the increased Keapl protein must be responsible for
decreasing the Nrf2 level by ubiquitin-mediated proteasomal degradation. Therefore, Nrf2 is
degraded constantly and Keap1 is recycled or in part, taken up by autophagic clearance [54].
Further, decreased Nrf2 significantly downregulated mRNAs of its downstream target genes
such as Gclc, Gelm, Ngol, Sxnl, and TxrR1 in HLECS treated with 100 uM MGO for 24 h.
But the mRNA expression of Glo-1 is unchanged (Fig. 8). This eventually results in the
altered cellular redox balance, which ultimately causes lens oxidation and cataract
formation.

MGO augments the proteasomal degradation of Nrf2 protein and passive DNA
demethylation pathway enzymes in HLECs

Similar to the binding of Nrf2 with Keapl and Dnmt1 with acetylated histone, which result
in ubiquitin-mediated proteasomal degradation, we expect that the protein degradation of
Nrf2 (Fig. 7B), Dnmtl, Dnmt3a, and Dnmt3b (Fig. 5B) are due to proteasomal degradation,
even though their mRNA levels are relatively high. To explore this, HLECs treated with 100
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UM MGO for 24 h were pretreated with 2.5 and 5 puM MG-132, an inhibitor of proteasome
protease, for 4 h. The protein expression profiles reveal that MGO treatment of HLECs
enhances significant proteasomal degradation of Nrf2, Dnmt1, Dnmt3a, and Dnmt3b, but
not the Keapl and TET1 proteins (Fig. 9). However, MG-132 pretreated HLECs then
cultured with 100 uM MGO for 24 h show significantly greater increases in the protein
expressions of Nrf2, Keapl, Dnmtl, Dnmt3a, Dnmt3b, and TET1 than that of HLECs
treated with MGO alone. These results further confirm that MGO stimulates degradation of
Nrf2, Keapl, Dnmtl, Dnmt3a, and Dnmt3b proteins through activation of proteasomal
degradation. Furthermore, MG-132 is reported to block the 5-Aza mediated promoter DNA
demethylation by preventing the Dnmtl degradation [55].

ER stress not aging induces age-related cataract formation

Recently, we reported the loss of promoter DNA methylation in the Keapl gene of human
clear (n=15) and diabetic ARC (n=21) lenses [45]. Further, to analyze the methylation status
of those promoter DNA sequences, we examined the association between the percentages of
5-mCs in the promoter of the Keapl gene of human clear and diabetic ARC lenses as
obtained from bisulfite genomic DNA sequencing with age (Fig. 10). This clearly shows
linear age-related demethylation in the clear lenses, but drastic, clustered demethylation in
the diabetic ARC lenses (Fig. 10). The Keapl promoter DNA in clear lenses loses 5-mC at a
rate of 1% per year i.e., the 99.5% of 5-mC in the Keapl promoter at 17 years old is reduced
to 60% at 86 years (Fig. 10). By contrast, the DNA of the Keapl promoter in the diabetic
ARC lenses has lost an average of 90% of the 5-mC methylation independent of age. These
results suggest a notion that stressors are play a notable role in ARC formation, in addition
with aging.

Discussion

ARCs are multifactorial diseases induced by a variety of cataractogenic stresses with
different pathogenesis. The consensus among lens researchers is that ARCs are closely
associated with oxidation and aging of the lens [5, 17, 18]. Our studies have identified a
general basic mechanism, which may be common among all types of cataract. We have
previously reported that many cataractogenic stressors induce the ER stress mediated UPR
in HLECs [46, 56]. In this report, we show that MGO mediated ER stress activates UPR,
aggravates ROS production and cell death, suppresses the Nrf2 dependent antioxidant
protection, and alters the active and passive DNA demethylation pathway enzymes. As an
outcome, the Keapl promoter DNA is demethylated in HLECs.

The concentration of MGO in the lenses is nearly 20-fold higher than that of blood samples
from normal human subjects. Also, lenses are the prime site for protein modification by
MGO. Further, the lenses of aged subjects have notably reduced capacity to detoxify MGO
and are expected to be susceptible to the formation of MGO-maodified proteins, especially
lens crystallins and other proteins leading to formation of diabetic and senile cataract [57].
Moreover, the estimated rate of formation of methylglyoxal in the tissues of healthy
individuals is 125 pM/day, whereas the serum MGO concentration is reported to be elevated
up to several folds [58]. There are several reports about using supraphysiological
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concentrations of MGO to study its deleterious effects on various cells and tissues [59].
Further, ER stress is induced by a sum of concentration as well as duration of the stress. In
our experiments, we used 100 uM MGO (supraphysiological level) with short duration (24
h), which is sufficient to induce deleterious effects. Further, the supraphysiological level of
MGO (100 uM in HLECS) that we used in this study is significantly higher than that of
MGO concentration (100nM) in the human lens [57]. Thus, the observed findings may be
due to high concentration of MGO.

ER stress mediated activation of UPR by MGO

Hyperglycemia augments the generation of MGO in the lens, because the lens is located in a
hypoxic environment [60-62]. This leads to accelerated formation and accumulation of
MGO in the lens compared to other tissues and results in protein modification by
glycoxidation. The MGO-maodified proteins ultimately accumulate inside the cell thereby
inducing ER stress in HLECs. Culturing the HLECs with 30 uM MGO for 24 h is sufficient
to induce the ER stress, but 100 UM MGO is more optimal for studying the ER stress
mediated activation of UPR and its consequent signalling relay. We found that MGO
induces the ER stress by phosphorylating the ER transmembrane protein, PERK, into p-
PERK, which is one of the strongest activations. Then, p-PERK phosphorylates elF2a to
form p-elF2a as well as phosphorylating Nrf2 to p-Nrf2 [25, 26]. MGO also activates one of
three unfolded protein sensors such as IRE-1a within 4 h, but these decreases-within 24 h.
MGO does not activate the ATF6 protein, but induces Ca?* release from the ER of HLECs

Loss of Nrf2 dependent antioxidant protection by MGO

Next, the p-Nrf2 dissociates from its negative regulatory protein, Keapl, and translocates
into the nucleus, where it binds with the ARE elements in the promoter region of several
antioxidant and stress associated genes to activate their transcription [29]. MGO also
intensifies ROS production and cell death in HLECs, augmenting the Keap1l level. As a
result, Nrf2, GR, and catalase levels are significantly decreased. Interestingly, the levels of
ROS production associated enzymes, PDI, and Erol-Lf are constant in HLECSs treated with
varying concentrations of MGO for 24 h. This suggests that MGO mediated ROS production
must be constant. However, the continued ROS production swamps the Nrf2 dependent
antioxidant protection.

Further, lower doses of MGO significantly degrade the Nrf2 than those required to increase
Keapl protein expression or to induce PERK phosphorylation. However, this degradation is
prevented by the presence of a proteasomal protease inhibitor, MG-132. These results
strongly suggest that methylglyoxal induces the Nrf2 degradation. Currently, we don't know
whether this degradation is induced by the modification of Nrf2 by MGO or translational
suppression due to toxicity of MGO to the translational machinery. However, these effects
appears likely that at least at lower doses of MGO is having either effects on Nrf2
degradation by the proteasome or Nrf2 translation, independent of either the ER stress or
Keapl protein.
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ER-Ca?* release and proteasomal degradation of Nrf2, Dnmt1, Dnmt3a, and Dnmt3b by

MGO

The activation of UPR by MGO also induces Ca2* release from the ER to the cytoplasm of
HLECs, thereby increasing the cytosolic Ca2* and up-regulating the m-calpain activity [63,
64]. These changes consecutively activate the multiple caspases including caspase-3 and
caspase-1. m-calpain and caspases also known to cleave crystallin proteins [33, 46] leading
to the formation of cataracts [65]. Nrf2 is one of the substrates for caspase-3 and has two
caspase-3 cleavage consensus sites at D208 and D366 of its amino acid sequence [66]. This
cleavage generates 30 and 50 kDa peptides, which are detected in HLECs treated with an
ER stressor, homocysteine [46].

Increased accumulation of Ca2* in the lens, and the influx of Ca2* from the vitreous fluid
due to the activation of CaZ* dependent proteinases including m-calpain are reported in the
majority of ARCs [63, 64]. Our results suggest that the cataractogenic stress induced ER
stress activates the UPR, thereby increasing the release of Ca2* from the ER, which is
sufficient to activate m-calpain to cleave the lenticular proteins [46]. Further, Ca?* release
from the ER must be the initial event in the cascade, and repeated ER stress/UPR further
releases the Ca2* and induces damage in the lenses. These changes further upset the Ca2*
homeostasis and result in higher levels of Ca2* and protein degradation in the lens. It is
possible that high concentrations of MGO interact with N-terminal cysteines, which are
contributing to ion channel activation as well as to the kinetic properties of ion channel
responses [67].

Extensive studies on MGO-mediated modification of lens proteins in clear and cataractous
lenses have revealed the formation of MGO adducts and AGEs, crystallin aggregation,
functional alterations of chaperone proteins, and functional and conformational alterations of
cellular proteins by proteasomal proteases [13, 14, 68]. Hyperglycemia-induced MGO
formation also causes covalent modification of the 20S proteasome, which results in
decreased chymotrypsin-like proteasome activity and reduced levels of the polyubiquitin
receptor 19S-S5a [69]. Our results confirm that the proteasome protease inhibitor, MG-132,
suppresses the MGO-induced loss of Keapl, Nrf2, Dnmt1, Dnmt3a, and Dnmt3b in HLECs
by blocking their proteasomal degradation.

Altered levels of active and passive DNA demethylation pathway enzymes by MGO and
Keapl promoter DNA demethylation

DNA methylation in replicating LECs of the germinative zone can occur during lens
differentiation under the action of DNA methyltransferases, Dnmt3a and Dnmt3b through de
novo DNA methylation. This paternal methylation pattern in the daughter strand of hemi-
methylated DNA is maintained by Dnmt1 [38]. Accordingly, the promoter CpG island of the
Keapl gene, that spans the region between -433 bp and -96 bp, is completely methylated in
the HLEC line (SRA 01/04) as well as in a 17 year old clear human lens [45]. Being more
susceptible to ER stressors, passive DNA demethylation in the Keapl promoter can be
initially induced in these replicating LECs by suppressing the Dnmts. Consequently, the lens
fiber cells and LECs differentiated from these replicating LECs lose Keapl promoter DNA
methylation leading to lower levels of Nrf2. This is confirmed by culturing HLECs with 5-
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Aza, an inhibitor of Dnmt1, which significantly activates the Keapl mRNA and protein by
loss of Keapl promoter DNA methylation. However, MGO suppresses the Dnmts and
activates the TET1 and TDG in HLECSs suggesting the involvement of active and passive
DNA demethylation pathways in Keapl promoter demethylation. These results further
support an idea that loss of Keapl promoter DNA methylation appears to be a primary event
and then either translational arrest through UPR or proteasomal degradation can occur to
lower the Nrf2 level. Consistent with our results, there is lot of literature correlating
overexpression of Keapl protein with decreased Nrf2. However, we are planning to conduct
experiments using tagged Nrf2 and Keapl in cell culture that MGO-mediated
overexpression of Keapl prevents Nrf2 from translocating to the nucleus in near future.

Loss of Keapl promoter DNA methylation in human diabetic cataractous lenses

Our results demonstrate a unique feature in the loss of Keapl promoter DNA methylation,
which tends to be acquired in a gradual manner, i.e. loss of 1 % 5-mC per year, rather than
an abrupt process in human clear lenses. By contrast, we found abrupt changes in the loss of
Keapl promoter DNA methylation, i.e. an average loss of 90% 5-mC in human diabetic
cataractous lenses regardless of age, which results is aberrant gene modifications [37].
Similarly, cultured HLECSs treated with MGO lose about 28% of the Keapl promoter DNA
methylation within 24 h. Persistent exposure of diabetic patients to MGO might also result
in a loss of 5-mC in the Keapl promoter within a short time. This may be associated with
the severity of diabetic stress or the extent of tight control of the glycemic levels in each
individual diabetic patient. Consequently, this may result in aberrant activation of Keapl
gene, which ultimately ends up with suppression of Nrf2 dependent cellular protection.

We found nearly 90% loss of Keapl promoter DNA methylation in diabetic patients with all
types of ARCs, which includes cortical, nuclear and posterior sub-capsular (PSC) cataracts.
Diabetic ARCs are reported to be both cortical and PSC, however our results reveal that
mixed types of cataracts are the most abundant with age above 70. Even though, these types
of cataracts are thought to have different etiologies with different mechanism, our results
reveal the same pattern of loss of Keapl promoter DNA methylation (Table 1).

There are some reports demonstrating the promoter DNA hypermethylation of Keapl gene
in various cancerous cells and tissues [70-76], however, we found notable promoter DNA
demethylation of Keapl gene in human diabetic ARCs as well as HLECs treated with
various ER stressors, including MGO. In addition, the human lens is the only organ in which
cancer is never reported. Also, HLECs is considered to be a tumor cell line, because it is
generated by transfection with plasmid vector DNA containing a large T antigen of S\V40
[43]. Suitably, the promoter DNA of Keapl gene in the HLECs is highly methylated, which
is comparable to DNA methylation in various cancers [70-76]. Our next interest is to
investigate how Keapl promoter DNA methylation is induced in tumor cells and
demethylation in diabetic cataractous lenses.

ARCs can be preventable

Currently ophthalmic researchers have little or no idea about the causes of ARCs in some
individuals as young as age 40 while others have transparent lenses at their age 90. The
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prevalence of ARCs is most likely similar to our Keapl promoter DNA demethylation
results with human diabetic cataractous lenses. This suggests that lifestyle changes, systemic
diseases, nutritional deficiencies, drugs, toxins aging may play a bigger role in the
epigenetic changes through ROS production and UPR activation. The effort to prevent ARC
formation has drifted towards prevention of secondary cataract.

Our bisulfite genomic DNA sequencing data on the human Keapl gene suggest that if
promoter DNA demethylation is avoided, ARCs can be preventable up to ages over 100. In
addition, the Keap1”- mouse dies postnatally [77], but the lung tissue specific Keapl”-
mouse has significantly enhanced antioxidant protection [78] suggesting that suppression of
the Keapl is potentially an excellent therapeutic approach for prevention of ARCs. In
addition, avoidance of any cataractogenic stressors can be the best way of preventing ARCs
in later life.

Overall, our studies suggest that MGO induces ER stress mediated activation of UPR, Ca2*
release from ER, overproduction of ROS and cell death, and loss of Keapl promoter DNA
methylation through altered levels of active and passive DNA demethylation pathway
enzymes leading to failure of Nrf2 dependent antioxidant protection. These conditions result
in a redox imbalance in the HLECs towards lens oxidation and cataract formation (Fig. 11).
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Fig. 1.

Mobilization of Ca?* from ER in HLECs treated with MGO. Time-lapse confocal images of
HLECs showing the mobilization of Ca2* from ER, when challenged with 25 M MGO for
about 5 min. Red arrows indicate spontaneous release of Ca2* from ER. Three independent
experiments were performed and all of which were exhibited similar pattern of CaZ* release
from ER when challenged with MGO. In the graph, “a” denotes the 15! dose of MGO and
“b” denotes the 2"d dose of MGO.
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Fig. 2.
Cell death and ROS production in HLECSs treated with MGO. A. Photomicrographs of

Ethidium homodimer-111 staining for cell death in HLECs treated with 0, 25, 50, 100 and
200 uM MGO for 16 h. Graph shows the percentage of cell death measured from the images
of the HLECSs treated with varying concentrations of MGO. The data are presented as mean
+ SD from three independent experiments. *p<0.05, vs control group. B. The representative
fluorescent photomicrographs of H,-DCFH-AD staining for ROS production in HLECs
treated with 0, 25, 50, 100 and 200 uM MGO for 16 h. Graph shows the total fluorescence
intensity measured from the images of the HLECs (n = 30 in each group) treated with
varying concentrations of MGO. Background fluorescence level was corrected. The data are
presented as mean + SD from three independent experiments. *p<0.05, vs control group.
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Fig. 3.

Rgs production and cell death in Nrf2”- and Nrf2*/*+ mouse LECs treated with MGO for 20
h as well as in the lenses of diabetic Nrf2”~ and diabetic Nrf2*/* mice. A. Photomicrographs
of Hy,-DCFH-AD staining for ROS production, and Ethidium homodimer-I11 staining for
cell death in Nrf2”- mouse LECs treated with 1 uM MGO for 20 h. B. Comparison of cell
death between Nrf27- and Nrf2*/* mouse LECs treated with 1, 3, 10, 30, and 100 pM MGO
for 20 h. The data are presented as mean + SD from three independent experiments.
*p<0.05, vs control group. C. Photomicrographs of Calcein AM staining for viable live cells
in the lenses of diabetic Nrf2*/* mice and diabetic Nrf2”- mice. D. Photomicrographs of
Ethidium homodimer-I11 staining for cell death in the lenses of diabetic Nrf2*/* mice and
diabetic Nrf2”- mice. E. Photograph of diabetic Nrf2*/* mouse showing clear eye. F.
Photograph of diabetic Nrf2”- mouse showing cataractous eye. Diabetic Nrf2”- mice
developed cataract 3 weeks earlier than diabetic Nrf2*/* mice, but more than 60% of Nrf2-
mice died prior to develop cataract.
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Fig. 4.
Activation of ER stress mediated UPR and suppression of Nrf2 dependent antioxidant

protection in HLECs treated with MGO. A. Immunoblot of p-PERK, PERK, p-elF2a, elF2a,
IREla, and ATF6 in HLECs treated with 100 uM MGO for 2, 4, 8, 12, and 24 h. GAPDH
was probed as a loading control. The data are presented as mean + SD from three
independent experiments. *p<0.05, vs control group. B. Immunoblot of p-PERK, PERK, p-
elF2a, elF2a, ATF6, BiP, ATF4, and CHOP in HLECS treated with varying concentrations
of MGO for 24 h. The data are presented as mean = SD from three independent experiments.
*p<0.05, vs control group. C. Immunoblot of Keapl, Nrf2, GR, catalase, Glo-1, Erol-La,
Erol-LB, and PDI in HLECsS treated with varying concentrations of MGO for 24 h. GAPDH
was probed as a loading control. GAPDH shown in Fig. 4C is common to Fig. 4B, because
both experiments are same grouping. The data are presented as mean + SD from three
independent experiments. *p<0.05, vs control group.
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Fig. 5.

Altered expressions of passive and active DNA demethylation pathway enzymes in HLECs
treated with MGO, tunicamycin and thapsigargin. RT-qPCR analysis of HLECs treated with
100 pM MGO for 1 day (A), 1 pg/pL tunicamycin for 1 day (C), 1 uM thapsigargin for 3
days (E), showing the fold change in the mRNA expressions of passive DNA demethylation
pathway enzymes, Dnmt1, Dnmt3a, and Dnmt3b, and active DNA demethylation pathway
enzyme, Tetl. Fold change in the gene expressions were normalized with the internal
control, Gapdh and the data are presented as mean + SD from three independent
experiments. *p<0.05, vs control group. Immunoblot of passive DNA demethylation
pathway enzymes, Dnmt1, Dnmt3a, and Dnmt3b, and active DNA demethylation pathway
enzyme, TET1 in HLECs treated with 100 uM MGO for 1 day (B), 1 pug/uL tunicamycin for
1 day (D), 1 uM thapsigargin for 3 days (F). GAPDH was probed as a loading control. The
data are presented as mean = SD from three independent experiments. *p<0.05, vs control

group.

Free Radic Biol Med. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Palsamy et al. Page 27

A Control B Methylglyoxal c Tunicamycin

B 06 IR K B W R 34847y BUHBUMBERIPBEN 1L I3 sEETEN B 10 A3 N3 BB AT M B 3

nnnnnnn [ TR L OO LN T

Fig. 6.

Lc?ss of Keapl promoter DNA methylation in HLECs treated with MGO, tunicamycin,
thapsigargin, and 5-Aza. Bisulphite genomic DNA sequencing of control HLECs (A)
showing highly methylated CpG dinucleotides whereas HLECs treated with 100 yM MGO
for 1 day (B), 1 pg/uL tunicamycin for 1 day (C), 1 uM thapsigargin for 3 days (D), and 10
pumoles/L 5-Aza for 7 days (E) showing notably demethylated CpG dinucleotides in the
region between -433 and -96 of Keapl promoter. Each column represents a CpG
dinucleotide site (1-20; there are 20 CpG dinucleotides) and each square indicates a CpG
dinucleotide. Red squares represent methylated CpG dinucleotides. Blue squares represent
unmethylated CpG dinucleotides, and white-square represents CpG status not determined.
The color gradient bar (1-20) represents that red region contains more methylated CpG
dinucleotides and blue region contains more unmethylated CpG dinucleotides.
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Fig. 7.

Over-expressed Keapl protein suppresses the Nrf2 level in HLECs treated with MGO,
tunicamycin, thapsigargin, and 5-Aza. RT-gPCR analyses of HLECs treated with 100 uM
MGO for 1 day (A), 1 ug/uL tunicamycin for 1 day (C), 1 uM thapsigargin for 3 days (E),
and 10 pmoles/L 5-Aza for 7 days (G) showing the increased expressions of Keapl and Nrf2
mRNAs. Fold change in the gene expressions were normalized with the internal control, /-
actin. The data are presented as mean + SD from three independent experiments. *p<0.05,
vs control group. Immunoblot of Keapl and Nrf2 in HLECs treated with 100 uM MGO for 1
day (B), 1 pg/uL tunicamycin for 1 day (D), 1 uM thapsigargin for 3 days (F), and 10
pumoles/L 5-Aza for 7 days (H) showing the increased level of Keapl and decreased level of
Nrf2. B-actin was probed as a loading control. The data are presented as mean = SD from
three independent experiments. *p<0.05, vs control group.
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Fig. 8.

Dgwnregulation of Nrf2-target genes in HLECS treated with MGO. RT-qPCR analyses of
HLECs treated with 100 uM MGO for 24 h showing the decreased expression of Nrf2-target
genes, such as Gclc, Gelm, Ngol, Sxnl, TxrR1, and Glo-1 mRNAs. Fold change in the gene
expressions were normalized with the internal control, Gapdh. The data are presented as
mean £ SD from three independent experiments. *p<0.05, vs control group.
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Prevention of MGO mediated protein degradation in HLECs by MG-132, a proteasome
protease inhibitor. Immunoblot of Nrf2, Keapl, Dnmtl, Dnmt3a, Dnmt3b, and TET1 in
HLECs precultured with 2.5 and 5 uM MG-132 for 4 h, followed by a washout in regular
medium, with or without 100 uM MGO for 24 h. GAPDH was probed as a loading control.
The data are presented as mean + SD from three independent experiments. *p<0.05, vs
control group.
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Fig. 10.

Association between age and Keapl promoter DNA demethylation in human clear and
diabetic cataractous lenses. The association between the percentages of methylated cytosines
in the Keapl gene of human clear (n=15) and diabetic cataractous (n=21) lenses as obtained
from bisulfite genomic DNA sequencing (y-axis) with age (x-axis) is clearly showing linear
age-related demethylation in the clear lenses, whereas drastic, clustered demethylation in the
diabetic cataractous lenses. The diamond symbol indicates the clear lenses and the square
symbol indicates the diabetic cataractous lenses. Horizontal black line is a borderline

between clear and diabetic cataractous lenses.
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Fig. 11.
Schematic diagram for MGO mediated activation of ER stress, suppression of Nrf2

dependent antioxidant protection, demethylation of Keapl promoter in LECs, and formation
of cataract. VVarious age-dependent and environmental stresses induce ER stress. MGO is
one of the diabetic stresses also induce ER stress. Severe or prolonged ER stress triggers an
adaptive response known as UPR, which includes the early inhibition of protein synthesis
with a later upregulation of genes that promote protein folding or disposal. Chronic UPR
generates overproduction of ROS and results in oxidative stress. In response to oxidation,
the Dnmts and Nrf2 are degraded by proteasomal degradation. Therefore, the decreased
level of Dnmts can no longer methylate the DNA by maintenance mechanism and result in
loss of DNA methylation. In addition, ER stressors stimulate the active DNA demethylation,
by increasing the levels of TET1, AID, and TDG proteins, which further induce the loss of
DNA methylation in the Keapl promoter. Demethylated Keapl promoter results in
overexpression of the Keapl gene and produces higher levels of Keapl protein, which
induces degradation of Nrf2 by ubiquitin-mediated proteasomal degradation. As a result,
Nrf2 dependent stress protection is declined and the redox balance is altered towards lens
oxidation leading to cataract formation. Our proven evidences are highlighted with blue
color letters.
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