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Abstract

The JmjC-domain-containing histone demethylases (JHDMs) can remove histone lysine-
methylation and thereby regulate gene expression. The JmjC-domain uses iron Fe (11) and a-
ketoglutarate (aKG) as cofactors in an oxidative demethylation reaction via hydroxymethyl-
lysine. We hypothesize that reactive oxygen species will oxidize Fe (1) to Fe (l11), thereby
attenuating the activity of JmjC-domain-containing histone demethylases. To minimize secondary
responses from cells, extremely short periods of oxidative stress (3 hours) were used to investigate
this question. Cells that were exposed to hydrogen peroxide (H,0,) for 3 hours, exhibited
increases in several histone methylation marks including H3K4me3 and decreases of histone
acetylation marks including H3K9ac and H4K8ac; pre-incubation with ascorbate attenuated these
changes. The oxidative stress level was measured by generation of 2/, 7/-dichlorofluorescein
(DCF), GSH/GSSG ratio and protein carbonyl content. A cell free system indicated H,O»,
inhibited histone demethylase activity where increased Fe (I1) rescued this inhibition. TET protein
also showed a decreased activity under oxidative stress. Cells exposed to a low dose and long term
(3 weeks) oxidative stress also showed increased global levels of H3K4me3 and H3K27me3.
However, these global methylation changes did not persist after washout. The cells exposed to
short term oxidative stress also appeared to have higher activity of class I/l histone deacetylase
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(HDAC) but not class 111 HDAC. In conclusion, we have found that oxidative stress transiently
alters epigenetic program process through modulating the activity of enzymes responsible for
demethylation and deacetylation of histones.
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Introduction

Reactive oxygen species (ROS) such as superoxide anion radical, hydrogen peroxide (H,05)
and hydroxyl radical are generated endogenously through mitochondria respiration as well
as through exogenous oxidizing agents including ionizing radiation, heavy metals, and
hypoxia. ROS affects a wide range of biological process through a variety of mechanisms.
Different hypotheses have been proposed regarding the responses of the epigenetic
machinery components such as histone modifying enzymes based on the availability of a-
ketoglutarate (aKG) and ascorbate [1,2], but studies that directly investigate the effect of
oxidative stress on such epigenetic modifying enzymes are rare in the literature.

Histone methylation is one of important epigenetic modification that can occur on several
lysine or arginine residues, primarily on histone H3 and histone H4 [3]. Soon after it was
first discovered, histone methylation was thought to be a stable modification, as no enzymes
were known that could remove this mark [2]. Now, it is known that methylation of histone
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lysines can be removed by oxidative histone demethylase, including flavin adenine
dinucleotide (FAD) dependent amine oxidase, and Fe (I1) and aKG dependent dioxygenase
[4, 5]. The JmjC-domain of Fe (I1) and aKG dependent dioxygenase utilizes Fe (II) and
aKG as co-factors in an oxidative demethylation reaction that produces hydroxymethyl-
lysine [6]. In vitro studies have revealed that while some JmjC have quite particular
selectivity for histone residues, such as KDM3A that is specific to mono- and di-methylation
on histone H3 lysine 9 (H3K9); others have a broader range of targets [7].

Another pivotal epigenetic enzyme utilizing Fe (1) and aKG as co-factors is ten-eleven
translocation (TET) family of hydroxylases. TET oxidizes 5-methylcytosine (5-mC) to 5-
hydroxymethylcytosine (5-hmC), which has been recognized as “the sixth DNA base” [8].
5-hmC can be further converted into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)
serving as intermediates in an active demethylation pathway that ultimately replaces 5mC
with cytosine in non-dividing cells [9]. In addition DMT1 that replicates DNA methylation
patterns during S phase does not recognize 5-hmC and this leads to passive demethylation of
DNA. Currently, the generation of 5-hmC in mammalian cells is primarily attributed to
enzymatic oxidation of 5mC by three isoforms of the TET protein (TET1-3) [8]. Since the
oxidation of 5mC catalyzed by TET proteins requires several co-factors [Fe (1), aKG, and
ascorbate] [8, 10], the catalytic activity of TET proteins should be affected by changes in the
levels of these co-factors in mammalian cells.

ROS can be catalyzed by metals [11] and hypoxia [12] resulting in increases in histone
methylation marks that were attributable to the inhibition of histone demethylase activity
[13-15]. These global alterations include H3K4me2, H3K4me3, H3K79me3, H3K27me3
and H3K9me2 [13-15]. As an important ROS, H,0, is produced in various physiological
and pathological conditions. Normal human plasma typically contains 1-8 uM H,0,
[16,17]. Higher concentrations have been observed in activated macrophages, up to a local
concentration as high as 1mM [18]. Elevations in H,O, have been detected in numerous
pathological conditions, including ischemia and reperfusion where an extracellular H,0,
concentration of 75-170 pM has been observed in the affected brain [19]. Respiratory lining
cells in subjects with inflammatory lung disease typically experience 2-20uM H,0, [20].
An important consideration is that the subcellular concentration of H,O, can vary
immensely and be much higher in an individual cell or subcellular compartment compared
to a cell-wide average concentration [21].

In this study, we hypothesized that oxidative stress would cause a loss of reduced ascorbate,
which was required to reduce Fe (111) back to Fe (1) and regenerate the active dioxygenase
enzyme, after molecular oxygen is split during catalysis. The entire epigenetic program of
the cell can be altered albeit temporarily, if these enzymes are inhibited. Three
concentrations of HoO5 were chosen to mimic local high concentration within activated
macrophage (250 puM, 3 hours), short-term ischemia and reperfusion (150 pM, 3 days) as
well as long-term inflammation (25 pM, 3 weeks). Ascorbate was employed as a reactive
oxidative species scavenger in the current study.
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Material and Methods

Cell lines and antibodies

Immortalized human bronchial epithelial cells (BEAS-2B) were obtained from the American
Type Culture Collection (Manassas, VA). Cells were cultured in DMEM supplemented with
10% fetal bovine serum (FBS) at 5% CO,. Transgenic V79 Chinese hamster G12 cells were
grown in F-12 medium. Antibodies against total histone H3 and modified histones were
purchased from Abcam (Cambridge, MA). Antibodies against 5-mC or 5-hmC were
purchased from Zymo Research (Irvine, CA)

Western blotting

ROS assays

After defined treatments, cells were extracted by colorless protein boiling buffer (62.5 mM
Tris-HCI, pH 6.8, 4% w/v SDS, 10% glycerol, 50 mM DTT) immediately and boiled at
95°C for 5 minutes. Total protein was quantified with a DC protein assay kit (Bio-Rad).
Proteins (20pg/lane) fractionated over 15% SDS denaturing gels (Bio-Rad) were transferred
to PVDF membranes (Fisher) followed by immunoblotting. Proteins were transferred to
PVDF membranes that were blocked with PBS +0.1% Tween 20 containing 5% nonfat dry
milk. The membranes were then incubated overnight with primary antibodies using dilutions
suggested by the manufacturers. The membranes were then incubated with secondary
antibodies for 1 h at room temperature. After thorough washing with PBST buffer, signals
on membranes were developed with an ECL system (Bio-Red). The intensity of the stained
bands was then quantified by imageJ (Image Processing and Analysis in Java, NIH) and the
relative quantifications were shown as numbers below the bands in the figures.

Oxidative stress levels were measured by dichlorodihydrofluorescein (DCF) imaging, the
ratio of reduced glutathione (GSH)/glutathione disulfide (GSSG) and protein carbonyl
content assay. For DCF imaging, cells were incubated with 25uM 5-and-6-carboxy-2/,7’-
dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) at 37°C for 30 minutes. Hoechst
33342 was added at a final concentration of 1.0 uM to the carboxy-H2DCFDA staining
solution during the last 5 minutes of the incubation. The cells were then imaged by Leica
TCS SP5 (Leica Microsystems, IL). For GSH/GSSG ratio, GSH/GSSG-Glo assay from
promega (Madison, WI) was used according to manufacturer’s guide. Five thousand live
cells were seeded in triplicates in white wall 96-well plates 8 hours before the treatment to
allow the cells to attach, right after the treatment, cells were washed and lysed in the plate
and GSH/GSSG ratio was measured by luminescence signal. Protein carbonyl content assay
kit was purchased from Sigma Aldrich (St. Louis, MO), Carbonyl content was determined
by the derivatization of protein carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH)
leading to the formation of stable dinitrophenyl (DNP) hydrazone adducts, which was then
detected spectrophotometrically at 375 nm, proportional to the carbonyls present. The
measurements were carried out in duplicates.
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H3K4 demethylation assay

Nuclear extracts were prepared using a CelLytic NUCLEAR extraction kit purchased from
Sigma (St. Louis, MO). Freshly prepared nuclear extracts (50 ug) from BEAS-2B cells were
incubated with 5 g of histones purchased from Santa Cruz (Santa Cruz, CA) in histone
demethylation buffer [50 mmol/L HEPES (pH 8.0), 2 pg/mL bovine serum albumin, 0.1
mmol/L DL-DTT, 100 umol/L FeSQO,4, 2 mmol/L ascorbate, 1 mmol/L a-ketoglutarate, and
protease inhibitors] in a final volume of 50 pL at 37°C. Following 1 hour incubation, the
demethylation reaction was terminated by the addition of EDTA to a final concentration of 1
mmol/L(or 6 X protein loading buffer to stop reaction). The reaction mixture was analyzed
by Western blotting using H3K4me3 antibody. The intensity of the stained bands was then
quantified by imageJ and the relative quantifications were shown as numbers below the
bands in the figures.

Histone deacetylase (HDAC) activity assay

Class I/l1 HDAC activity was determined by Active Motif (Carlsbad, CA) colorimetric
HDAC assay kit. nicotinamide was present in each reaction at 10uM to suppress potential
Class 111 HDAC activity in nuclear extracts. Class 111 HDAC activity was determined by
Promega (Madison, WI) SIRT-Glo assay system, trichostatin A (TSA) was present in each
reaction at 1uM to suppress potential Class I/l HDAC activity. Linear range was first
determined according to manufacturer’s guide, then 10ug of nuclear extract using CelLytic
NuCLEAR extraction kit (Sigma) was used for Class I/ll HDAC activity and 50ug was used
for activity measurement.

DNA ELISA assays

DNA methylation level was examined by 5-mC and 5-hmC DNA ELISA kit purchased from
Zymo Research (Irvine, CA). TET protein activity was measured by epigenase 5mC-
hydroxylase TET activity kit purchased from Epigentek (Farmingdale, NY). For DNA
methylation level, the genomic DNA was first extracted utilizing QlAamp DNA kit
purchased from Qiagen (Germantown, MD), 100ng DNA from each sample was then
examined by 5-mC and 5-hmC DNA ELISA kit in triplicates according to manufacturer’s
guide. For epigenase 5mC-hydroxylase TET activity, 10ug of nuclear extracts from each
sample was examined in triplicates according to manufacturer’s guide.

Methylation (5-hmC) dependant DNA immunoprecipitation

Genomic DNA was first extracted utilizing QlAamp DNA kit purchased from Qiagen
(Germantown, MD), 500ng DNA from each sample was then diluted in DNA denaturing
buffer (Zymo) fragmented into 200-400bp by sonication and denatured at 98°C for 5
minutes. In each immunoprecipitation (IP), 15ul protein A magnetic beads and 1.6 ug 5-
hmC antibody was incubated immediately with the denatured DNA for 1 hour. After proper
wash steps, the immunoprecipitated DNA was eluted into DNA elution buffer (Zymo) and
subject to quantitative real-time PCR by ABI 7900 HT fast real-time PCR system (Life
technology). Primers for gpt genes are as follows: B-fwd 5’-3' GCACGTAAACTC, B-rev
5-3' TGGAAAGGCATTATTGCGCTAAGC; F-fwd 5-3
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TTGCGATTCGTGAAATGTATCC, F-rev 5-3' AAACCGGCTGGTCGTCC; A-fwd 5-3
TGGGATATGGGCGTCGTATT, A-rev 5-3' AATCTTTCAACGCCTGGCA.

Results

Oxidative stress affects global histone modification levels

To elucidate the potential effects of oxidative stress on histone demethylase, global histone
methylation levels in BEAS-2B cells exposed to hydrogen peroxide (H205) with or without
ascorbate pre-incubation (3 hours or 16 hours followed by thorough wash out right before
the H,O, exposure) were examined by western blot. The histone modification levels were
evaluated in three independent experiments, a representative result with an estimation of
band intensity by imageJ is shown in Figure 1. Global histone methylation of histone H3K4,
K27 and K9 increased after cells exposed to H,O,, while a pre-incubation with ascorbate
reduced this effect. (Figure 1A) The pretreatment of ascorbate alone followed by a sham
exposure reduced global methylation of H3K9me2 (Figure 1A). In addition, global H3K9%ac
and H3K8ac acetylation levels were decreased by H,0, (Figure 1B).

The oxidative stress level was measured by cell generation of dichlorodihydrofluorescein
(DCF) fluorescence. As shown in Figure 2A, exposure to H,O» induced copious amounts of
intracellular hydrogen peroxide compared to controls. The pretreatment of ascorbate
prevented the induction, albeit the intracellular hydrogen peroxide level was still higher than
the control cells (Figure 2B). It is worth noting that the generation of DCF fluorescence
relies on *OH production from H,0, via Fenton reaction in the presence of Fe (1) [22],
raising the concern that direct oxidation of Fe (I1) to Fe (111) may reduce the precision of
DCF fluorescence signal. Another classical method to study the consequences of oxidative
stress is to measure the thiol-based redox couples such as reduced glutathione (GSH)/
glutathione disulfide (GSSG) which is close linked to free radical status in cells [23]. To
confirm the effect of oxidative stress, GSH/GSSG ratio was measured in cells immediately
following the exposure. The HoO-, exposed cells showed a reduced ratio when compared to
control cells, ascorbate pretreated cells and H,O, exposed cells with ascorbate pretreatment,
suggesting that HoO, exposure introduced sufficient oxidative stress to oxidize GSH and
ascorbate pretreatment attenuated this effect. The carbonylated protein content
measurements also indicated the treatment induced sufficient oxidative stress to increase
protein carbonyl content in the exposed cells compared to controls (Table 1).

Oxidative stress modulates the activity of histone modifiers

To determine factors that compromised histone demethylase activity under oxidative stress
(other than protein oxidation), a cell free system was employed. Since the global level of tri-
methylation on H3K4 was increased to the greatest extent, this mark was used as a readout
for the histone demethylase activity assay. HoO, indeed inhibited histone demethylase
activity and excessive amounts of Fe (I1) and ascorbate rescued this inhibition while
increased aKG did not, indicating oxidized iron was one of the factors that lead to lowered
activity of histone demethylase. (Figure 2A)
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Given that class I/l and 111 HDAC require different co-factors in their reaction, their activity
was examined separately and an appropriate inhibitor was added to exclude cross-reaction.
The class I/l HDAC showed an increased activity in the cells exposed to H,O, with or
without ascorbate pretreatment, while class 11 HDAC showed no significant change of its
activity (Figure 2B-C).

Global histone modification levels and their sustainability following long-term oxidative

stress

To address the question of whether these phenomena observed during short term H,O5»
exposure were also present following long term oxidative stress, cells were exposed to lower
doses (25uM H,0,, which yielded a survival rate of more than 50% following 3 weeks of
exposure). Whole cell lysate was collected after the treatment and also after a 3-day or 6-day
wash out time interval. Global histone modification levels were assessed by western blot and
the intensities of these western blots were quantified (Figure 3A and 3B). Although several
histone methylation marks showed increases after long-term oxidative stress, the alteration
did not persist after wash out (Figure 4A). The global histone acetylation level did not
appear to be altered following 3 weeks of incubation with 25uM H,0, (Figure 4B). The
oxidative stress level was reflected in a reduced GSH/GSSG ratio rather than intracellular
hydrogen peroxide level (Figure 3C-D). The protein carbonyl content was slightly increased
but not significant when compared to controls (Table 1). It is likely that long term oxidative
stress leads to cellular adaptation to this stressor resulting in small changes in epigenetic
parameters compared to the acute situation.

TET activity and DNA methylation under oxidative stress

The activity of TET protein, another member of the family of Fe (1) and aKG dependant
dioxygenase was also compromised by oxidative stress. Initially global DNA methylation
level was investigated in BEAS-2B cells that were exposed to 150uM H,05 for 3 days that
yielded a 50% cell survival rate. Global genomic DNA 5-mC and 5-hmC level was then
subjected to a DNA ELISA assay to assess the relative levels of these two marks. The global
5-mC level increased from 5.5 percent (control) to 7 percent in HoO5 exposed cells (Figure
4A) and this increase was statistically significant. The cellular oxidative stress level was
again measured by DCF imaging, GSH/GSSG ratio and protein carbonyl content (Figure
4B-C, Table 1). Unfortunately, 5-hmC levels were below detection limit of the DNA ELISA
assay. To study the direct effect of oxidative stress on TET protein, transgenic V79 Chinese
hamster lung epithelial cell line (G12) with a single copy of Escherichia coli guanine-
hypoxanthine phosphoribosyltransferase (gpt) gene was utilized as a model system. Primer
sets were designed to cover the entire gpt gene and they were named B, F, A from 5’ to 3.
Each primer set covers about a 70bp region that contains 6 to 8 CpG sites. Antibody specific
to 5-hmC was used to immunoprecipitate fragmented DNA containing 5-hmC bases.
Quantitative real-time PCR revealed a decrease of 5-hmC base in gpt DNA in H,0, exposed
cells when compared to that in control DNA (Figure 4D) which was consistent with the
lowered activity of TET protein in H,O, exposed cells when compared to that in control
(Figure 4E).
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Discussion

The discovery of Fe (I1) and aKG dependent dioxygenases including histone demethylases
and TET proteins has provided insight into the mechanisms of how oxidative stress could
transiently affect the epigenetic program in cells. Oxidative stress blocked the reduction Fe
(111) back to Fe (I1) causing less regeneration of active enzyme. We provided evidence to
support this notion in the current study, where H,O, impaired histone demethylase activity
and excessive Fe (I1) or ascorbate (Figure 2) can rescue this impairment.

Reducing agents (such as ascorbate) readily donate electrons to another substance and
thereby fill up unoccupied electron levels of oxidants [24]. Iron as an electropositive
elemental metal, is also a good reducing agent and thus plays an important role in enzyme
mediated reactions [24]. The enzyme reaction directly leads to a transition of Fe (1) to Fe
(111) that deactivates the enzyme. ROS competes with Fe (I11) as additional electron
acceptors leading to reduced regeneration of active enzyme [24], which is Fe (I1) and aKG
dependent dioxygenases.

H3K4me3 appeared to be affected most by oxidative stress in our in vitro tissue culture
system. This may be due to the fact that this is a rather small modification present in cellular
H3 (< 1%) and thus is more dynamically altered by various stressors [25-27]. The large
changes in H3K4me3 have been reproducible not only in this study but also in our previous
studies [28].

The current work emphasizes the importance of reduced ascorbate in attenuating transient
changes in histone demethylase activity and epigenetic marks that depend on these enzymes.
Most commonly employed tissue culture systems do not mimic the physiological oxygen
tension or physiological ascorbate level (ambient oxygen level and minimum ascorbate
supplied by serum added into culture media), rendering the dioxygenases very susceptible to
oxidative stress [2]. A constant supplement of ascorbate or other ROS scavengers such as
vitamin E or epigallocatechin gallate (EGCG) is not favorable because these scavengers can
become pro-oxidant inducing very high levels of oxidative stress resulting in senescence or
apoptosis [29]. Unfortunately, we don’t have an ideal alternative in vitro system available
which allows ascorbate to constantly be present at physiological levels. Some of the
epigenetic effects observed in tissue culture following oxidative stress might not occur in
vivo given the protective effect of high levels of ascorbate.

Another interesting phenomenon observed in this study is the temporary decrease in global
acetylation level which returned to normal levels in the case of long term oxidative stress
(Figure 1 and 3). The reduction of global histone acetylation in short term oxidative stress
might be due to an immediate increase of class I/1l HDAC activity. Increase of class I/11
HDAC activity under oxidative stress, especially HDAC3 that is responsible for global
histone deacetylation [30], has been reported previously [31, 32], the mechanism remains
unknown. On the other hand, other HDAC such as HDAC4 have been reported to be
susceptible to oxidation and loss of their activity [33], which might contribute to a loss of
total class I/11 HDAC activity in the chronic exposure scenario. Class 111 HDAC (Sirtuin
NAD-+-dependent family of protein deacetylases) has been hypothesized to be up regulated
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under oxidative stress because NAD+ levels increase in the mitochondria under oxidative
stress conditions [1], however, no direct evidence supporting this notion has been reported
thus far. Only SIRT3 has been found required for the calorie restriction-mediated prevention
of oxidative stress via deacetylating IDH2 [33]. The activation of SIRT3 was rather through
calorie restriction but not oxidative stress, and the activation was due to increased protein
level of SIRT3 rather than enzyme activities [34]. Here in this study, we found no direct
evidence of increased activity of class 1l HDAC under oxidative stress, which is consistent
with previous reports.

Conclusion

Fe (I1) and aKG dependent dioxygenases activity is reduced in the presence of oxidative
stress where addition of Fe (I1) or ascorbate can prevent this effect. Class I/1l HDAC instead
of class 11l HDAC activity was elevated under short-term oxidative stress, which led to a
reduction of global histone acetylation.

Acknowledgments

This work was supported by National Institute of Health (NIH) grants, ES010344, ES014454, ES000260 ES
022935, ES023174 and ES005512

References

1. Chia N, Wang L, Lu X, Senut MC, Brenner C, Ruden DM. Hypothesis: Environmental regulation of
5-hydroxymethyl-cytosine by oxidative stress. Epigenetics. 2011; 6:7.

2. Costa M. Dioxygenases as targets of metals, hypoxia and oxidative stress during carcinogenesis.
Molecular and genetic medicine. 2013; 7:3.

3. Berger SL. The complex language of chromatin regulation during transcription. Nature. 2007;
447:407-412. [PubMed: 17522673]

4. Whetstine JR, Nottke A, Lan F, Huarte M, Smolikov S, Chen Z, Spooner E, Li E, Zhang G,
Colaiacovo M, Shi Y. Reversal of histone lysine trimethylation by the IMJD2 family of histone
demethylases. Cell. 2006; 125:467-481. [PubMed: 16603238]

5. Wang J, Hevi S, Kurash JK, Lei H, Gay F, Bajko J, Su H, Sun W, Chang H, Xu G, Gaudet F, Li E,
Chen T. The lysine demethylase LSD1 (KDM1) is required for maintenance of global DNA
methylation. Nature genetics. 2009; 41:125-129. [PubMed: 19098913]

6. Metallo CM, Vander Heiden MG. Understanding metabolic regulation and its influence on cell
physiology. Molecular cell. 2013; 49:388-398. [PubMed: 23395269]

7. Shmakova A, Batie M, Druker J, Rocha S. Chromatin and oxygen sensing in the context of JmjC
histone demethylases. The Biochemical journal. 2014; 462:385-395. [PubMed: 25145438]

8. Ponnaluri VK, Maciejewski JP, Mukherji M. A mechanistic overview of TET-mediated 5-
methylcytosine oxidation. Biochemical and biophysical research communications. 2013; 436:115—
120. [PubMed: 23727577]

9. de la Rica L, Rodriguez-Ubreva J, Garcia M, Islam AB, Urquiza JM, Hernando H, Christensen J,
Helin K, Gomez-Vaquero C, Ballestar E. PU.1 target genes undergo Tet2-coupled demethylation
and DNMT3b-mediated methylation in monocyte-to-osteoclast differentiation. Genome biology.
2013; 14:R99. [PubMed: 24028770]

10. Dickson KM, Gustafson CB, Young JI, Zuchner S, Wang G. Ascorbate-induced generation of 5-

hydroxymethylcytosine is unaffected by varying levels of iron and 2-oxoglutarate. Biochemical
and biophysical research communications. 2013; 439:522-527. [PubMed: 24021282]

Free Radic Biol Med. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Niu et al.

Page 10

11. Salnikow K, Su W, Blagosklonny MV, Costa M. Carcinogenic metals induce hypoxia-inducible
factor-stimulated transcription by reactive oxygen species-independent mechanism. Cancer
research. 2000; 60:3375-3378. [PubMed: 10910041]

12. Cervellati F, Cervellati C, Romani A, Cremonini E, Sticozzi C, Belmonte G, Pessina F, Valacchi
G. Hypoxia induces cell damage via oxidative stress in retinal epithelial cells. Free radical
research. 2014; 48:303-312. [PubMed: 24286355]

13. Zhou X, Sun H, Chen H, Zavadil J, Kluz T, Arita A, Costa M. Hypoxia induces trimethylated H3
lysine 4 by inhibition of JARID1A demethylase. Cancer research. 2010; 70:4214-4221. [PubMed:
20406991]

14. Zhou X, Sun H, Ellen TP, Chen H, Costa M. Arsenite alters global histone H3 methylation.
Carcinogenesis. 2008; 29:1831-1836. [PubMed: 18321869]

15. Chen H, Ke Q, Kluz T, Yan Y, Costa M. Nickel ions increase histone H3 lysine 9 dimethylation
and induce transgene silencing. Molecular and cellular biology. 2006; 26:3728-3737. [PubMed:
16648469]

16. Lacy F, Kailasam MT, O’Connor DT, Schmid-Schonbein GW, Parmer RJ. Plasma hydrogen
peroxide production in human essential hypertension: Role of heredity gender and ethnicity.
Hypertension. 2000; 36:878-884. [PubMed: 11082160]

17. Lacy F, O’Connor DT, Schmid-Schonbein GW. Plasma hydrogen peroxide production in
hypertensives and nor- motensive subjects at genetic risk of hypertension. J Hypertension. 1998;
16:291-303.

18. Droge W. Free radicals in the physiological control of cell function. Physiol Rev. 2002; 82:47-95.
[PubMed: 11773609]

19. Hyslop PA, Zhang Z, Pearson DV, Phebus LA. Measurement of striatal HoO» by microdialysis
following global forebrain ischemia and reperfusion in the rat: correlation with the cytotoxic
potential of H>O» in vitro. Brain Res. 1995; 67:181-186. [PubMed: 7743206]

20. Dick DJ, Harrison FG, Okane PD, Halliwell OT. Pre- conditioning of mechanically induced
premature ventricular beats in the isolated rabbit heart. J Physiol-London. 1993; 459:509.

21. Burgoyne JR, Oka S, Ale-Agha N, Eaton P. Hydrogen peroxide sensing and signaling by protein
kinases in the cardiovascular system. Antioxidants & Reodox Signaling. 2013; 18:9.

22. Keller A, Mohamed A, Drose S, Brandt U, Fleming I, Brandes RP. Analysis of
dichlorodihydroflurorescein and dihydrocalcein as probes for the detection of intracellular reactive
oxygen species. Free radical Research. 2004; 38(12):1257-1267. [PubMed: 15763950]

23. Harris C, Hansen JM. Oxidative stress, thiols, and redox profiles. Methods Mol Biol. 2012;
889:325-46. [PubMed: 22669675]

24. Grillet L, Ouerdane L, Flis P, Hoang MTT, Isaure M, Lobinski R, Curie C, Mari S. Ascorbate
efflux as a new strategy for iron reduction and transport in plants. The Journal of biological
chemistry. 2014; 289:2515-2525. [PubMed: 24347170]

25. Voigt P, LeRoy G, Drury WJ, Zee BM, Son J, Beck DB, Young NL, Garcia BA, Reinberg D.
Asymmetrically Modified Nucleosomes. Cell. 2012; 151:181-193. [PubMed: 23021224]

26. Tchou-Wong K, Kiok K, Tang Z, Kluz T, Arita A, Smith PR, Brown S, Costa M. Effects of nickel
treatment on H3K4 trimethylation and gene expression. PLos One. 2012; 6:e17728. [PubMed:
21455298]

27. Mellor J, Dudek P, Clynes D. A glimpse into the epigenetic landscape of gene regulation. Current
Opinion of Genetics & Development. 18:116-122. 2.

28. Arita A, Niu J, Qu Q, Zhao N, Ruan Y, Nadas A, Chervona Y, Wu F, Sun H, Hayes BR, Costa M.
Global levels of histone modifications in peripheral blood mononuclear cells of subjects with
exposure to nickel. Environ Health Perspectives. 2008; 120:198-203. 201.

29. Long LH, Kirkland D, Whitwell J, Halliwell B. Different cytotoxic and clastogenic effects of
epigallocatechin gallate in various cell-culture media due to variable rates of its oxidation in the
culture medium. Mutation research. 2007; 634:177-183. [PubMed: 17851114]

30. Li Y, Kao GD, Garcia BA, Shabanowitz J, Hunt DF, Qin J, Phelan C, Lazar MA. A novel histone
deacetylase pathway regulates mitosis by modulating Aurora B kinase activity. Genes &
development. 2006; 20:2566-2579. [PubMed: 16980585]

Free Radic Biol Med. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Niu et al.

31.

32.

33.

34.

Page 11

Miura K, Taura K, Kodama Y, Schnabl B, Brenner DA. Hepatitis C virus-induced oxidative stress
suppresses hepcidin expression through increased histone deacetylase activity. Hepatology. 2008;
48:1420-1429. [PubMed: 18671304]

Zhu H, Shan L, Schiller PW, Mai A, Peng T. Histone deacetylase-3 activation promotes tumor
necrosis factor-alpha (TNF-alpha) expression in cardiomyocytes during lipopolysaccharide
stimulation. The Journal of biological chemistry. 2010; 285:9429-9436. [PubMed: 20097764]
Matsushima S, Kuroda J, Ago T, Zhai P, Park JY, Xie LH, Tian B, Sadoshima J. Increased
oxidative stress in the nucleus caused by Nox4 mediates oxidation of HDAC4 and cardiac
hypertrophy. Circulation research. 2013; 112:651-663. [PubMed: 23271793]

Someya S, Yu W, Hallows WC, Xu J, Vann JM, Leeuwenburgh C, Tanokura M, Denu JM, Prolla
TA. Sirt3 Mediates Reduction of Oxidative Damage and Prevention of Age-related Hearing Loss
under Caloric Restriction. Cell. 2010; 143(5):802-812. [PubMed: 21094524]

Free Radic Biol Med. Author manuscript; available in PMC 2016 May 01.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Niuetal.

Free Radic Biol Med. Author manuscript; available in PMC 2016 May 01.

Page 12




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Niu et al.

Page 13

A
ascorbate -~ =~ pro pre ascorbate - ~ Pre pre
peroxide - 3n 3h - peroxide - 3n 3n -
H3K4me3 === e —= == H3K9ac == o
1 150 062120 1 004 027 150
H3K27me3 = e H4K12ac e
1 1.17 093068 ! 096092083
HIKBme2 SRR H4KBac @ = o= e
1 1.14 036 0.32 1 021 0.72 095
HIKgmMay S [ ] G- T R ——
1 115080 0.6 1 084 070 0.71
H3 — — — —
1 1.03 050 0.89
B
ascorbate - - pre pre
peroxide 3h
HoeChS[- .
c GSH/GSSG
8
7
¥ .
5
K
3
0
ascorbate = = pre pre
peroxide - 3h 3h -

Figure 1.
Global histone modification level in cells exposed to H,O5 for 3 hours with or without

ascorbate pretreatment. (A)The ascorbate pretreatment was conducted at 250uM, 3 hours
before sham or H,0, was introduced to the BEAS-2B cell culture at 250uM for 3 hours.
Histone H3 serves as a loading control. Band intensity relative to control band in each panel
has been quantified and relative intensities are shown by the numbers below each panel. (B)
Microscopy images of cells stained by carboxy-H2DCFDA. The cells were treated with 250
UM H,0, for 3 hours, stained with carboxy-H2DCFDA (green) and Hoechst (blue); and
observed using a confocal microscope. (C) GSH/GSSG ratio in cells exposed to H,0, for 3
hours with or without ascorbate pretreatment.
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the activity of histone H3K4 demethylase in vitro. The histone H3K4 demethylation assay

was performed as described in

Materials and Methods. The reaction mixture was incubated

at 37°C for 1 hour. The intensity of the bands was quantified, and relative values relative to

control condition were shown.

+ denotes 250uM for H,05, 100uM for Fe(ll), ImM for

ascorbate and 2mM for aKG; ++ denotes 200uM for Fe(11), 2mM for ascorbate and 4mM

for aKG. *p<0.05 The lower p

anel shows stained protein gel image as a loading control.(B),

(C) HDAC activity in cells exposed to H,0, for 3 hours with or without ascorbate

pretreatment.
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Figure 3.
Global histone modification level in long term oxidative stress and sustainability. (A) Global

histone modification level in cells exposed to HoO, for 3 weeks. (B) GSH/GSSG ratio in
cells exposed to H,O, for 3 weeks, *p<0.05. (C) Microscopy images of cells stained by
carboxy-H2DCFDA. The cells were treated with 25 uM H,0O, for 3 weeks, stained with
carboxy-H2DCFDA (green) and Hoechst (blue); and observed using a confocal microscope.
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TET activity and DNA methylation under oxidative stress. (A)Global 5-mC level of
BEAS-2B cells exposed to 150 uM H»0,, for 3 days. (B) Microscopy images of BEAS-2B
cells stained by carboxy-H2DCFDA. The cells were treated with 150 uM H,O, for 3 days,
stained with carboxy-H2DCFDA (green) and Hoechst (blue). (C) GSH/GSSG ratio in
BEAS-2B cells exposed to H,O for 3 days. (D). Fold enrichment of different areas of gpt
gene after 5-hmC dependent DNA IP in G12 cells exposed to 150 uM H,0O, for 3 days when
compared to control G12 cells. (E)TET activity in G12 cells. *p<0.05
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Table 1

carbonylated protein concentration in hydrogen peroxide exposed cells

H,O, (UM)  Exposure time  carbonylated protein (nmole/mg protein) *

0 6.10£0.12
250 3 hours 9.24+0.32
150 3 days 8.32+0.65
25 3 weeks 6.40+0.51

*
average + standard deviation
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