Journal of

Journal of Radiation Research, Vol. 57, No. 6, 2016, pp. 646-654
doi: 10.1093/jrr/rrw077
Advance Access Publication: 16 August 2016

Radiation
~esearch

Characterization of histone modifications associated
with DNA damage repair genes upon exposure to
gamma rays in Arabidopsis seedlings

Suvendu Mondal"?, Young Sam Go, Seung Sik Lee’, Byung Yeoup Chungl*
and Jin-Hong Kim"**

! Advanced Radiation Technology Institute, Korea Atomic Energy Research Institute, 29 Geumgu-gil, Jeongeup-si, Jeollabuk-do 56212, Republic of Korea
*Nuclear Agriculture and Biotechnology Division, Bhabha Atomic Research Centre, Mumbai 400085, India
*Department of Radiation Biotechnology and Applied Radioisotope Science, University of Science and Technology, 217 Gajeong-ro,
Yuseong-gu, Daejeon 34113, Republic of Korea
*Corresponding author. Advanced Radiation Technology Institute, Korea Atomic Energy Research Institute, 29 Geumgu-gil, Jeongeup-si,
Jeollabuk-do 56212, Korea. Tel: +82-63-570-3333; Fax: +82-63-570-3390; Email: jhongkim@kaeri.re.kr/jhongkim71@gmail.com
Received January 29, 2016; Revised May 3, 2016; Accepted June 12, 2016

ABSTRACT

Dynamic histone modifications play an important role in controlling gene expression in response to various
environmental cues. This mechanism of regulation of gene expression is important for sessile organisms, like
land plants. We have previously reported consistent upregulation of various marker genes in response to gamma
rays at various post-irradiation times. In the present study, we performed various chromatin modification ana-
lyses at selected loci using the standard chromatin immunoprecipitation procedure, and demonstrate that upre-
gulation of these genes is associated with histone H3 lysine 4 tri-methylation (H3K4me3) at the gene body or
transcription start sites of these loci. Further, at specific AtAgo2 loci, both H3K4me3 and histone H3 lysine 9
acetylation (H3K9ac) are important in controlling gene expression in response to gamma irradiation. There was
no change in DNA methylation in these selected loci. We conclude that specific histone modification such as
H3K4me3 and H3K9ac may be more important in activating gene expression in these selected loci in response
to gamma irradiation than a change in DNA methylation.

KEYWORDS: chromatin immunoprecipitation, DNA repair genes, epigenetics, gamma rays, histone
modification
INTRODUCTION damage repair process occurs in vivo in chromatin context. Thus the

Exposure of plants to ionizing radiation generates both oxidative
stress and genomic stress. The most commonly used ionizing radi-
ation in plant mutation breeding is gamma ray irradiation, which
acts directly on DNA, inducing single- and double-strand breaks
(DSBs). It also generates reactive oxygen species (ROS) through
radiolysis of water within cells. ROS oxidize nucleotide bases, caus-
ing base substitutions and deletions. DSBs are the most lethal of the
changes induced in DNA. DSBs are repaired by homologous recom-
bination (HR) during S or G, phase and/or by non-homologous
end joining (NHEJ) during the cell cycle [1]. The repair mechan-
isms are regulated by ataxia-telangiectasia mutated (ATM) and
ATM and Rad3-related (ATR) signalling in plants [2]. The DNA

role of chromatin remodelling and/or modification in the regulation
of multiple signalling and downstream pathways during DNA dam-
age repair has recently been recognized. It is well known that chro-
matin is modified at the N-terminals of various histone subunits
(especially H3 and H4) by acetylation and methylation at lysine
residues and by phosphorylation at serine/threonine residues.
Histone-modifying enzymes and their specific actions have been
well documented in animal cell systems and in yeast [3-5]. For
example, it has been reported that a histone H2A is phosphorylated
(YH2AX) as an initial response to DNA damage and targeted to
DSB sites [6]. Moreover, DNA damage helps to recruit chromatin
remodelling proteins through histone acetylation [7], and these
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proteins then activate HR or NHE] through histone methylation
[8, 9], or they recruit effector proteins involved in HR or NHE]
through histone ubiquitination in human cell lines and yeast
(10, 11].

Post-translational modifications of histone N-terminal tails are
known to influence the level of gene expression [12]. Enrichment
of histone H3 Lys4 (H3K4me3) and acetylation of histone H3 Lys9
(H3K9ac) on the coding regions of RD29A, RD29B, RD20 and AP2
domain transcription factor occur in response to drought stress
[13]. On the other hand, a decrease in methylation of histone H3
Lys27 (H3K27me3) (a negative marker for transcription) was
observed at cold responsive genes CORISA and ATGOLS3 during
exposure to cold temperature, along with a decrease in histone
occupancy (H3-core) at promoter regions of these two genes [14].
Upregulation of various stress-inducible genes in response to high
salinity, cold and abscisic acid is linked to H3 Serl0 phosphoryl-
ation, H3 Lys 14 phosphoacetylation or H4 acetylation [15]. Even
the levels of H3K4me3 and H3 acetylation at coding regions of
ADHI and PDCI increase in rice due to submergence [16].
However, there is little information on whether these histone modi-
fications occur in plants in response to ionizing radiation.

The effect of gamma rays on gene transcription has been exten-
sively studied in Arabidopsis, with variations observable among
experiments due to differences in post-irradiation time, absorbed
dose, nature of dose (chronic vs acute) and plant developmental
stage and tissue type [17-19]. We previously studied gamma-ray—
responsive genes at various post-irradiation times and identified sev-
eral radioresponsive marker genes: At2g30360, At4gl19130 and
At5¢24280, which showed sustainable upregulation of their tran-
script until S days after gamma irradiation [20]. Another well
known gamma-ray-responsive gene, AtRadS1 (At5g20850) main-
tained upregulated expression until 48 h [20]. At4g19130 encodes
replication protein Al-E (RPA1-E), which repairs base damages spe-
cific to ionizing radiation and recruits DNA end-processing complex
by acting within the ATR-dependent pathway [21]. At5g24280
encodes a gamma ray and mitomycin C-induced protein 1 (GMI1),
which is involved in DSB repair through homologous recombination
(HR) via the ATM pathway [22]. Similarly, AtRadSI, which
encodes a homologue of RecA in E. colj, is also involved in DSB
repair in plants via the HR pathway. At2g30360 encodes a CBL-
interacting protein kinase 11 (CIPK11), which is induced in
response to gamma rays in an ATM-dependent manner and may
play a role in the downstream of DNA damage response [18].
Another important player, Argonaute 2, encoded by AtAgo2
(At1¢31280), is involved in DSB repair in plants and animals by
recruiting DSB-induced small RNAs (diRNAs) to precisely employ
other repair protein complexes at the DSB site [23]. All these
important players in DNA damage repair are highly induced by
gamma rays [18, 20], but the mechanism of induction in plants
remains poorly understood. Although the control of gene expression
mainly depends on transcriptional factors or cis-elements in promo-
ters, eukaryotic gene expression occurs in a chromatin context, and
therefore modification of histones may be necessary for the induc-
tion of gene expression in response to gamma irradiation. Among
various histone modifications, we have studied active chromatin
marks (H3K4me3 and H3K9ac) and repressive chromatin marks
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[H3K9me2, H3K27me3 and H3-core (for histone occupancy)] by
chromatin immunoprecipitation (ChIP) assay, followed by ChIP-
quantitative PCR (ChIP-qPCR). We report here for the first time
histone modifications associated with DNA damage repair genes
and correlate them with transcriptional induction of genes in
response to gamma rays in Arabidopsis seedlings. We also discuss
whether these dynamic chromatin modifications can be correlated
with changes in DNA methylation.

MATERIALS AND METHODS
Plant material and growth conditions

Arabidopsis thaliana (Columbia-0 ecotype) seeds were surface-
sterilized for 1 min in 70% ethanol and S min in 2% sodium hypo-
chlorite solution, rinsed five times with sterile water, plated on
one-half strength Murashige and Skoog (1/2 MS) medium with 1%
sucrose and 0.6% phytoagar, and then stratified at 4°C in the dark
for 3 days. Plants were grown under a 16 h light/8 h dark cycle at
23°C. Fifteen day-old seedlings were irradiated at a dose rate of
50 Gy/h for 4 h using a “Co gamma irradiator (IR-222, MDS
Nordion Inc.). The seedlings were used for experiments at 24 h
after gamma irradiation in order to minimize gene induction asso-
ciated with initial oxidative stress responses [20]. For genomic
DNA and RNA isolation, the seedlings were frozen in liquid nitro-
gen and stored at —80°C. The seedlings (without root) for the
ChIP experiment were harvested, washed two times with sterile dis-
tilled water and then soaked in freshly prepared 1% formaldehyde
solution for 10 min in a vacuum chamber at —76 mm Hg pressure.
The formaldehyde solution was neutralized with 1 M glycine for
S min in vacuum (—76 mm Hg pressure) and washed thoroughly
(two times) with sterile distilled water before storing at —80°C.

RNA isolation and real-time quantitative
RT-PCR analysis
Total RNA was isolated from the seedlings stored at —80°C using
the RNeasy Plant Mini Kit followed by DNase I (RNase free) treat-
ment. The quality and quantity of isolated RNA was checked by
electrophoresis on 1% agarose gel and A, absorbance measure-
ment in a Nanodrop spectrophotometer (Thermo-Fisher Scientific
Inc.). cDNA was prepared by reverse transcription of 1 pg of total
RNA using high-fidelity reverse transcriptase and random hexamer
supplied in a Prime Script™ Hi-fidelity RT-PCR kit. Quantitative
real time PCR (qRT-PCR) analysis of the set of genes, including
actin2, was performed using SYBR premix Ex-Taq in the ABI7300
(Applied Biosystems). Next, 4 pl of the 1/5-diluted cDNA was
added to the 20 ul reaction mix containing 1X SYBR mix and
0.2 UM of each primer pairs (primer pairs for qRT-PCR are listed
in Supplementary Table 1). Reactions were carried out in triplicates
from two independent samples. The two-step PCR program con-
sisted of 15 s of initial denaturation at 94°C followed by 40 cycles
of 5 s at 94°C and 31 s at 60°C, with a final amplification for 1 min
at 60°C. The amplification signals were collected at 60°C in each
set of 40 cycles. Transcription levels were expressed as a fold change

relative to the control samples, as calculated by the comparative
(2724 method [24].
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ChIP-qPCR analysis
Isolation of chromatin and subsequent ChIP were performed using
the Epiquick Plant ChIP Kit (Epigentek). Briefly, nuclei were iso-
lated using sucrose gradient centrifugation and dissolved in nuclei
lysis buffer. The chromatin was fragmented by sonication (Sonics
and Materials Inc.) to an average fragment length of 500 bp (range
of 200-700 bp) (see Supplementary Fig. 1). After centrifugation,
the clear sonicated chromatin was collected from the supernatant
and stored at —80°C for ChIP. Specific chromatin modifications
were detected by immunoprecipitation using antibodies against
H3K4me3, H3K9me2, H3K9ac, H3K27me3 and H3-core, according
to the manufacturer’s instructions (Epigentek). After column purifi-
cation, immunoprecipitated DNA was diluted four times, and 4 pl
was used for ChIP-qPCR reaction. For each gene, at least two types of
primer pairs were designed: one pair from upstream promoter/
untranslated (UTR) regions and another pair from gene body regions
(see Supplementary Table 2). Quantitative PCR was performed as
described for quantitative RT-PCR analysis. Each sample was assayed
in duplicates. Two independent plant samples were used for ChIP-
gqPCR analysis of each gene or locus. Actin8_SUTR and
At4g03800_promoter regions were used as a positive control for the
active (anti-H3K4me3) and the repressive chromatin marker (anti-
H3K9me2), respectively. After normalization of qPCR data for the
amount of input DNA, enrichment of chromatin due to immunopreci-
pitation was expressed as a percentage value of input [2S]: input
normalized IP (ACt) = (Ct[IP] — (Ct[input] — (log 2 input dilution
factor))),
= (274" x 100%. In contrast, enrichment in site occupancy of each

and percentage input sites immunoprecipitated
chromatin marker at specific genes or loci was calculated by the AACt
method [24]: 2(-AACHgamma ray/control]) - (ohore AACt[gamma ray/
control] = (ACt[gamma ray]) — (ACt[control]). The ultimate fold
change was expressed relative to actin8_S'UTR ChIP data. The results
were statistically analyzed using Student’s paired t test. A P-value of

<0.0S was considered to be statistically significant.

DNA methylation analysis

DNA methylation levels of Atlg31280 (AtAgo2), At2g30360
(AtCIPK11), At4g19130 (AtRPAIE), At5g20850 (AtRadSIl) and
At5g24280 (AtGMI1) loci were determined by MethylC-Seq (bisul-
fite conversion followed by sequencing) analysis using genomic
DNA from 4-week-old soil-grown plants. The growth condition and
gamma irradiation for these plants were the same as described
above. The methylC-seq analysis was performed using Illumina’s
HiSeq 2000 by BGI-Shenzhen, with some modifications in the
methylC-seq library generation and high-throughput sequencing
from the experimental procedures [26].

RESULTS
DNA damage repair genes showed upregulation of
transcription after gamma irradiation
The transcript levels of six DNA damage repair genes, including
three gamma-ray-responsive marker genes as identified previously
[20], were investigated. About 2-8-fold induction of AtCIPKII,
AtRPAIE, AtGMI1, AtRadS1 and AtAgo2 transcription was detected
by gRT-PCR analysis using actin2 as an endogenous control

(Fig. 1). In contrast, the transcript level of AtSOGI1, which is also
known to be involved in DNA damage repair [27], essentially
remained constant at 24 h after gamma irradiation (Fig. 1).
Although AtSOGI transcription was not induced by gamma rays, its
protein activates the transcription of DSB repair genes via ATM-
mediated phosphorylation [27, 28]. Thus, in the present study
AtSOGI1 was used as a negative control for gamma-ray-responsive
transcription or for gamma-ray-responsive chromosomal loci asso-
ciated with histone modifications.

Site occupancy of H3K4me3 at the DNA damage repair
genes after gamma irradiation generally increased

The active chromatin marker, H3K4me3, is known to be associated
with transcriptionally active loci in chromosomes [29, 30]. Gamma
rays influenced the association of H3K4me3 with different chromo-
somal loci for six DNA damage repair genes studied, showing a vari-
ation in the level of enrichment among the loci and among
promoter, gene body, and UTR of each locus (Fig. 2). The percent-
age input values for the immunoprecipitation, using anti-H3K4me3
antibody, significantly increased in both the promoter and gene
body regions of the AtAgo2 locus, whereas the AtGMII locus or the
AtCIPK11, AtRPAIE and AtRadS1 loci revealed significant enrich-
ment of H3K4me3 in the promoter region or the gene body region,
respectively (Fig. 2B). Fold change values in site occupancy of
H3K4me3 after gamma irradiation were obtained by a multiple nor-
malization using an IgG control antibody and non-immune serum
(NIS) background for ChIP and using the actin8_S'UTR endogen-
ous control gene for qPCR. The promoter, gene body, and/or
3'UTR regions of all the DNA damage repair genes (loci) tested,
except AtSOGI, displayed a differential increase in the site occu-
pancy of H3K4me3 after gamma irradiation (Fig. 3). For example,
the site occupancy of H3K4me3 significantly increased in both the
gene body regions of AfRPAIE and AtGMII, while it increased ~4-
fold only in the promoter region of AtGMII, but not in that of
AtRPAIE. For AtRadS1 and AtAgo2, both the promoter and gene
body regions showed a significant increase in the site occupancy of
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Fig. 1. Expression of DNA damage repair genes after gamma
irradiation. Total RNA was isolated from 15-day-old seedlings
and subjected to qRT-PCR analysis. Actin2 was used as an
endogenous control gene to normalize for differences in the
amount of total RNA. Error bars represent means + SD

(n = 4), and statistical significance of the values was
evaluated by Student’s paired t-test (*P < 0.05).
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Fig. 2. Changes in percentage input immunoprecipitation of
the H3K4me3 marker at DNA damage repair genes after
gamma irradiation. (A) and (B) represent percentage input
immunoprecipitation of the H3K4me3 marker at promoter
and gene body or untranslated (UTR) regions of DNA
damage repair genes, respectively. ‘Gene body’ is a
transcription unit including both exons and introns. Error
bars represent means + SD (n = 4), and the statistical
significance of the values was evaluated by Student’s paired
t-test (*P < 0.05).
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H3K4me3. Despite the highest percentage input values of
H3K4me3 immunoprecipitation at the AtSOGI locus, the site occu-
pancy of H3K4me3 at this locus was not affected by gamma irradi-
ation (Figs 2 and 3).

Another active chromatin marker, H3K9ac, showed
enrichment only at the AtAgo2 locus after gamma
irradiation
Several studies have reported colocalization of H3K4me3 and
H3K9ac markers and suggested a cooperative interaction between
them [13, 31]. Interestingly, after gamma irradiation we observed
significantly higher percentage input immunoprecipitation and fold
change in the site occupancy of H3K9ac only at both the promoter
and gene body regions of the AtAgo2 locus (Fig. 4 and see
Supplementary Fig. 2). No other loci, including AtSOGI, showed
any significant enrichment of H3K9ac. However, the comparatively
higher percentage input values for the immunoprecipitation using the
anti-H3K9ac antibody indicated that DNA damage repair genes may
be associated more with H3K9ac compared with other histone mar-

kers, irrespective of gamma irradiation (see Supplementary Fig, 2).

Site occupancy of H3K9me2 was not universally changed
at the DNA damage repair genes after gamma irradiation
To confirm the enhanced interactions of the DNA damage repair
genes with active chromatin markers (H3K4me3 and H3K9ac) after
gamma irradiation, the fold change in site occupancy of an inactive
chromatin marker (H3K9me2) was also evaluated in the promoter,
gene body, and/or 3'UTR regions of those genes. The 3'UTR
region of AtGMII and the promoter region of AtRadS1 displayed
significant reduction in the site occupancy of H3K9me2, thus correl-
ating with the increased transcription levels of the genes, as shown
in Fig. 1 (Fig. S). In contrast, the AtCIPK11 locus showed a slight
but significant increase in the site occupancy of H3K9me2 at both
the promoter and gene body regions. These changes were not sig-
nificant at the AtRPAIE and AtAgo2 loci. Additionally, the site
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Fig. 3. Changes in the site occupancy of H3K4me3 at DNA damage repair genes after gamma irradiation. Fold change was
calculated by the AACt method described in the Materials and Methods section using actin8_S’UTR as a control. ‘Gene body’
is a transcription unit including both exons and introns. Error bars represent means + SD (n = 4), and the statistical
significance of the values was evaluated by Student’s paired t-test (*P < 0.05).
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Fig. 4. Changes in the site occupancy of H3K9ac at DNA damage repair genes after gamma irradiation. Fold change was
calculated by the AACt method described in the Materials and Methods section using actin8_S’UTR as a control. ‘Gene body’
is a transcription unit including both exons and introns. Error bars represent means + SD (n = 4), and the statistical
significance of the values was evaluated by Student’s paired t-test (*P < 0.05).
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Fig. S. Changes in the site occupancy of H3K9me2 at DNA damage repair genes after gamma irradiation. Fold change was
calculated by the AACt method described in the Materials and Methods section using actin8 S’UTR as a control. ‘Gene body’
is a transcription unit including both exons and introns. Error bars represent means + SD (n = 4), and the statistical
significance of the values was evaluated by Student’s paired t-test (*P < 0.05).

occupancy of H3-core (histone occupancy) was compared among
the tested loci and various regions of each locus. The site occupancy
of H3-core significantly decreased in the promoter region of
AtCIPK11 and the 3’'UTR region of AtGMII, while it increased in
the promoter regions of AtGMII and AtRadS1 (Fig. 6). Therefore,
it is suggested that active histone markers such H3K4me3 and
H3K9ac are more important for transcription of the DNA damage
repair genes in plants than other histone markers such as H3K9me2
and H3-core.

Cytosine methylation levels at the promoter regions of
the DNA damage repair genes did not significantly
change after gamma irradiation
DNA methylation affects transcription [32], and histone methyla-
tion or acetylation is associated with DNA methylation [33, 34].
Therefore, we investigated cytosine methylation levels in the

promoter regions of the five gamma-ray-inducible DNA damage
repair genes in the genome-wide MethylC-Seq data, which were
obtained via bisulfite conversion followed by sequencing. The cyto-
sine methylation levels in the promoter regions of the AtCIPK11,
AtRPAIE, AtGMII, AtRadS1 and AtAgo2 loci, which are inducible
in response to gamma rays, remained almost unaffected after gam-
ma irradiation (Fig. 7). Moreover, these promoter regions did not
display substantial changes in cytosine methylation. These results
suggest that change in DNA methylation cannot be a key player in
the gamma-ray-inducible chromatin remodelling associated with
transcriptional activation of the DNA damage repair genes.

DISCUSSION
It has been previously reported that several genes, such as AtRad51,
AtAgo2, AtCIPK11, AtRPAIE and AtGMII, are gamma-ray-inducible
and play an important role in the repair of DNA damage caused by
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Fig. 6. Changes in the site occupancy of H3-core at DNA damage repair genes after gamma irradiation. Fold change was
calculated by the AACt method described in the Materials and Methods section using actin8 S’UTR as a control. ‘Gene body’
is a transcription unit including both exons and introns. Error bars represent means + SD (n = 4), and the statistical
significance of the values was evaluated by Student’s paired t-test (*P < 0.05).

gamma irradiation (see Supplementary Table 3) [18, 20, 35]. Here
we demonstrate that transcriptions of these genes were substantially
induced by gamma irradiation and that the induction could in part
be associated with histone modifications. Histone modifications
include phosphorylation, acetylation, methylation, ubiquitination,
ADP-ribosylation and sumoylation [36, 37]. Although there is little
information available on histone modifications in plants upon expos-
ure to ionizing radiation, a H2A variant H2AX, is known to be
phosphorylated and to work as a major sensor for DSB sites in
chromatin [6]. The present work demonstrates significant enrich-
ment of the active chromatin marker H3K4me3 at the five DNA
damage repair genes or loci after gamma irradiation (Figs 2 and 3).
These results indicate that the enrichment of H3K4me3 is import-
ant for gamma-ray-inducible transcription at these specific loci and
thus for DNA damage (especially DSB) repair. It has also been
reported that phosphorylated H2AX (YH2AX) foci preferentially
occur in the actively transcribing euchromatic regions (enriched
with H3K4me3) following gamma irradiation [38]. Since the
H3K4me3 marker is neutral in charge, it cannot directly perturb
chromatin structure [36]. Instead, this marker increased accessibility
of the chromatin template to the transcriptional machinery by
recruiting CHD1- and BPTF-like ATP-dependent chromatin
remodelling factors [39]. In addition, the H3K4me3 marker may
help to maintain the chromatin in the acetylated state by interrupt-
ing the binding of the nucleosome remodelling and deacetylase
(NuRD) complex to the H3 N-terminal tail [40]. Based on other
relevant data in yeast, it has also been suggested that H3K4me3
could be involved in the recruitment of chromatin remodellers and
stability DNA damage [9].
Nevertheless, the AtSOGI gene showed neither enhanced transcrip-

maintenance of genome after
tion nor enrichment of the H3K4me3 marker after gamma irradi-
ation. Thus, this gene was used as a negative control to interpret
the relationship between the locus-specific histone modification and
enhancement of transcription after gamma irradiation. The AtSOGI
acts as a transcription factor and its activity depends on the ATM-

mediated phosphorylation of the C-terminal end [28].

Another active chromatin marker, H3K9ac, is mainly associated
with the gene body regions of actively transcribing loci [41]. It is
therefore to be noted that all the DNA damage repair genes or loci
tested in this study except AtGMII generally showed more occu-
pancy of the H3K9ac at the gene body regions than at the promoter
regions in both control and irradiated samples (see Supplementary
Fig. 2). Moreover, occupancy of the H3K9ac markers in control
samples implies that the genes and loci are transcriptionally active,
even under normal conditions prior to gamma irradiation. However,
since the only significant fold change in site occupancy of the
H3K9ac markers after gamma irradiation was found at the AtAgo2
locus, the H3K9ac enrichment may play an important role in
gamma-ray-inducible transcription of AtAgo2. Both enrichment of
the H3K4me3 and H3K9ac markers at the AtAgo2 locus can be
associated with plant homeo domain (PHD)-containing proteins,
which may facilitate chromatin remodelling by recruiting histone
acetyl transferase to chromatin [42, 43]. The PHD-containing pro-
teins recognize the H3K4me3 marker and act as an interpreter for
this code [44].

Nucleosome density or nucleosome occupancy is decreased and
the chromatin structure relaxed during transcriptional activation of a
genomic region [4S, 46]. Nucleosome occupancy can be measured
through ChIP assay using H3 C-terminal antibody. We have
demonstrated that the site occupancy of the H3 core was signifi-
cantly reduced at the promoter region of AtCIPKI11 and the 3’UTR
region of AtGMII after gamma irradiation. Similarly, histone occu-
pancy decreases at the promoter regions of the CORISA and
ATGOLS3 genes in response to cold stress [14]. The inactive chro-
matin marker, H3K9me?2, is negatively correlated with transcription-
ally active loci [41]; however, the correlation was observed only at
the 3’'UTR region of AtGMII and the promoter region of AtRadSI.
The site occupancy of the H3 core or the H3K9me2 marker appears
to be less affected by gamma rays than that of the H3K4me3,
depending on the genes or loci tested.

Plants have an integral association between chromomethylase 3
(CMT 3) proteins and H3K9me2 markers in chromatin, which
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Fig. 7. Changes in cytosine methylation of putative promoter regions of DNA damage repair genes after gamma irradiation.

Approximately 1-kb sequences upstream from the transcription start site of each gene were extracted from the genome-wide

methylC-seq data and used as a putative promoter region for cytosine methylation analysis. This promoter region includes the
sequences subjected to ChIP-qPCR analysis in Figs 1-6. (A) and (B) represent the control and gamma-irradiated groups,

respectively.

recruit each other through the formation of a self-reinforcing loop
for the maintenance of heterochromatic regions, including the pro-
moter regions of repressed genes or transposable elements [47, 48].
However, the significant changes in the H3K9me2 occupancy at the
promoter regions of the AtCIPKI1 and AtRadSI loci after gamma
irradiation did not correlate with their cytosine methylation levels.
Although these genes were substantially and reliably induced 24 h
after gamma irradiation of 200 Gy at a dose rate of 50 Gy h™"' in

both the MS-medium-grown 15-day-old seedlings (Fig. 1) and the
soil-grown 28-day-old seedlings [20], their methylation was main-
tained at a constant very low level before and after gamma irradi-
ation (Fig. 7). It is thus unlikely that the dynamic changes in the
site occupancy of active and inactive chromatin markers in response
to gamma irradiation are closely correlated with DNA methylation.
Lack of relationship between the genome-wide transcriptional
changes and DNA methylation levels after gamma irradiation was



also demonstrated in an earlier study [20]. Based collectively on the
above information, we suggest that histone modifications could con-
tribute to the transcriptional activation of the five DNA damage
repair genes, possibly by inducing changes in the chromatin struc-
ture without causally affecting the DNA methylation. It is expected
that the hypothesis advanced here may also be applicable to other
gamma-ray-responsive genes.

In conclusion, our work demonstrated that gamma irradiation
induced dynamic histone modifications in Arabidopsis seedlings.
Among these, methylation at lys 4 of H3 (H3K4me3) was generally
found at the gamma-ray-inducible loci involved in DNA repair,
while acetylation at lys 9 of H3 (H3K9ac) was enriched only at the
AtAgo2 locus. These results imply that induction of gamma-ray-
mediated histone modifications is locus-specific. Future studies
should target unravelling kinetics (time scale) and mechanisms
underlying such specific chromatin modifications in response to
gamma rays.
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