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A B S T R A C T   

The DNA lesions caused by oxidative damage are principally repaired by the base excision repair (BER) pathway. 
8-oxoguanine DNA glycosylase 1 (OGG1) initiates BER through recognizing and cleaving the oxidatively 
damaged nucleobase 8-oxo-7,8-dihydroguanine (8-oxoG). How the BER machinery detects and accesses lesions 
within the context of chromatin is largely unknown. Here, we found that the symmetrical dimethylarginine of 
histone H4 (producing H4R3me2s) serves as a bridge between DNA damage and subsequent repair. Intracellular 
H4R3me2s was significantly increased after treatment with the DNA oxidant reagent H2O2, and this increase was 
regulated by OGG1, which could directly interact with the specific arginine methyltransferase, PRMT5. Arginine- 
methylated H4R3 could associate with flap endonuclease 1 (FEN1) and enhance its nuclease activity and BER 
efficiency. Furthermore, cells with a decreased level of H4R3me2s were more susceptible to DNA-damaging 
agents and accumulated more DNA damage lesions in their genome. Taken together, these results demon
strate that H4R3me2s can be recognized as a reader protein that senses DNA damage and a writer protein that 
promotes DNA repair.   

1. Introduction 

Genomic DNA is continuously exposed to oxidative stress arising 
from various exogenous and endogenous sources, such as chemicals, 
radiation or normal metabolism, which can cause cells to produce 
excessive reactive oxygen species (ROS) [1,2]. In cells, ROS can attack 
DNA, which induces a series of DNA damage effects, including oxidized 
bases and DNA strand breaks. If not repaired, 8-oxo-7, 8-dihydroguanine 
(8-oxoG), the most common oxidation products [2], can lead to genetic 
mutations and subsequent genome instability and cancer initiation [3]. 

Cells have developed many machineries to respond to oxidative 
stress. Base excision repair (BER) is the primary repair pathway 
responsible for repairing oxidative DNA damage [4]. Oxidized guanine 
can be excised by OGG1, a primary 8-oxoguanine DNA glycosylase, 
leaving a 50 deoxyribose phosphate terminus (50-dRP) and an apur
inic/apyrimidinic (AP) site. Then, AP endonuclease 1 (APE1) can 

recognize the AP site and cleave the backbone to produce a nicked 
abasic intermediate [5]. This intermediate can be processed through 
either SP-BER or LP-BER [6]. In SP-BER, only one nucleotide is added to 
the 30-end of the nicked AP site, and Pol β then catalyzes the β-elimi
nation of the 50-sugar phosphate residue with its dRP lyase activity, 
resulting in a ligatable nick that can be sealed by X-ray repair 
cross-complementing protein 1 and Ligase IIIα (XRCC1/Ligase IIIα) [7]. 
In contrast, in LP-BER, Pol β performs strand displacement synthesis, 
generating a 2–10 nt short DNA flap that is cleaved by flap endonuclease 
1 (FEN1). Finally, DNA ligase I seals the nick [7–9]. 

In mammals, OGG1, the main 8-oxoG glycosylase, is a bifunctional 
DNA glycosylase with associated AP lyase activity [10,11]. OGG1 also 
contains targeting signals for both mitochondrial import and nuclear 
localization and plays important roles in BER. OGG1 was reported to be 
involved in several oxidative stress-related diseases, including various 
cancers [10,12], neurological diseases [13] and metabolic syndrome 
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[14,15]. 
In eukaryotic cells, DNA is packaged into highly compacted chro

matin, the basic unit of which is the nucleosome. The nucleosome core 
particle is composed of an octamer of histone proteins and 146 bp of 
DNA. The histone N-terminus is located outside the nucleosome struc
ture and is rich in positively charged basic amino acids that can undergo 
various posttranslational modifications [16]. Histone methylation is an 
important posttranslational modification, and its function is mainly re
flected in heterochromatin formation, gene imprinting, X chromosome 
inactivation and transcriptional regulation [17]. In recent years, 
extensive studies have associated histone methylation with both the 
repression and activation of transcription. A variety of markers have 
been recognized to activate (H3K4me3 and H3K36me3) and repress 
(H3K9me2 and H3K27me3) transcription [18]. These specific modifi
cations are regarded as “reader” proteins that regulate subsequent DNA 
metabolism. Histone arginine modification has recently been regarded 
as another important posttranslational modification that plays a role in 
chromatin modeling and the transcriptional state [19]. 

Although the importance of histone arginine methylation in gene 
transcription regulation has been addressed in many studies, whether 
and how histone arginine methylation is involved in the DNA damage 
response remain unclear. In the current study, we found that H4R3me2s 
was significantly increased after oxidative reagent treatment, and that 
symmetrical arginine methylation plays important roles in the DNA 
damage response. Our results support a novel mechanism of histone 
modification serving as both the reader and writer protein to sense DNA 
damage and promote DNA repair. 

2. Materials and METHODS 

2.1. Antibodies and reagents 

The histone peptides were purchased from Chinese Peptide Com
pany, all the primers and DNA substrates used in this paper was syn
thesized by GenScript, Inc. Four deoxynucleotide triphosphates (dNTPs) 
were purchased from New England Biolabs (N0446S). [γ-32P]-ATP 
(BLU002A, 250 μCi) and [α-32P]-dCTP (NEG513H, 250 μCi) were pur
chased from PerkinElmer. The M2 beads and M-280 beads were pur
chased from Sigma-Aldrich. The DNA Ligase I was purchased from 
Abnova. The antibodies used in this paper are as follow: anti-FEN1 
(GTX70185, Genetex), anti-PRMT5 (sc-376937, Santa Cruz), anti-8- 
oxoG (sc-130914, Santa Cruz), anti-H4 (PTM-1003, PTM Bio), anti- 
H4R3me1 (ab17339, Abcam), anti-H4R3me2s (ab5823, Abcam), anti- 
OGG1 (ab135940, Abcam), anti-Flag (AP0007MH, Bioword), anti- 
GAPDH (AP0063, Bioworld), anti-Tubulin (AM031A, Abgent). 

2.2. Cell lines and cell culture 

HeLa cell line and HEK293T cell line were obtained from ATCC 
(Manassas, VA, USA) and they were cultured under conditions as 
directed by the product instructions. MEF WT and Ogg1 null cell lines 
were kindly supplied by Professor Istvan Boldogh (Sraly Center for 
Molecular Medicine, Texas). These cell lines are cultured in Dulbecco’s 
modified Eagle’s medium (Invitrogen, Shanghai, China) supplemented 
with 10% fetal bovine serum (Invitrogen) and penicillin–streptomycin 
(Invitrogen) at 37 �C in a humidified 5% CO2 incubator. We treated the 
cells with H2O2 under the doses up to 1 mM which were chosen based on 
sensitivity assay and DNA damage detection for downstream 
experiments. 

2.3. Plasmid construction and purification of recombinant proteins 

Human H4 cDNA (NM_175054.2) was cloned from HeLa cells using 
the following primers: 50-GATATCGATGTCTGGGCGAGGTAAAGGTGG- 
3’ (forward) and 50-CGGGATCCTCAACCGCCGAAACCATAAA-3’ 
(reverse). Full-length H4 was cloned into pFlag-CMV4 plasmid. The H4 

(R3Q) mutant was generated using the QuickChange Site-directed 
Mutagenesis Kit and the following primers: 50-CCTTGCCACCTT
TACCTTGCCCAGACATCGATATC-3’ (forward) and 50-GATATC
GATGTCTGGGCAAGGTAAAGGTGGCAAGG-3’ (reverse). Recombinant 
proteins FEN1, Pol β, APE1, PCNA were expressed in Escherichia coli 
BL21DE and were purified using Ni2þ affinity chromatography (GE 
Healthcare). DNA Ligase I (Lig I) was purchased from Abnova. 

2.4. FEN1 nuclease activity assay 

The nuclease activity reaction was performed in buffer containing 
50 mM Tris-HCl (pH 8.0), 50 mM NaCl and 5 mM MgCl2. The FAM- 
labeled DNA substrates, purified FEN1 protein and H4R3me2s or 
H4R3 peptide were mixed and incubated at 37 �C for 30 min in the dark, 
stopped by addition of the stop buffer (95% formamide, 20 mM EDTA, 
0.05% bromophenol blue, 0.05% xylene cyanol). Finally, the mixture 
was separated by 15% PAGE containing 8 M urea and analyzed by 
Odessey FC. 

2.5. Electrophoretic mobility shift assay 

The same concentration of FEN1 protein and various concentrations 
of H4R3me2s or H4R3 peptide were incubated with FAM-labeled DNA 
substrates in a buffer containing 25 mM Tris/HCl (pH 8.0), 1 mM DTT, 
5% glycerol, 0.25 mg/mL BSA, 50 mM NaCl and 0.2 mM EDTA. The 
mixture was assembled on ice and preincubated for 10 min. After further 
incubation of 10 min at 37 �C, the mixture was separated by a 6% non- 
denaturing polyacrylamide gel (30:1 acrylamide: bis-acrylamide) in TBE 
buffer and imaged by Odessey FC. 

2.6. Reconstituted LP-BER assay 

The reconstituted BER assay was performed in 20 μl of reaction 
buffer containing 40 mM HEPES–KOH (pH 7.8), 70 mM KCI, 7 mM 
MgCl2, 1 mM dithiothreitol, 0.5 mM EDTA, 2 mM ATP, 200 U creatine- 
phosphokinase, 0.5 mM NAD and 5 mM phosphocreatine, 50 μM each of 
dATP, dTTP and dGTP and 8 μCi [α-32P]-dCTP. For the BER reaction 
with purified protein, FEN1 (15 ng), APE1 (2 ng), PCNA (2 ng), Ligase I 
(20 ng), FAM-labeled DNA substrates and various amounts of H4R3me2s 
or H4R3 peptide (0–2 μg) was mixed on ice and incubated for 30 min at 
37 �C. For the BER reaction with the whole cell extract, the dATP, dTTP, 
dGTP, [α-32P]-dCTP and DNA substrates were incubated with cell 
extract at 37 �C for 30 min. Reactions were stopped with stop buffer, 
heated at 95 �C for 10 min, and 10 μl of the reaction mixture were 
separated by 15% PAGE containing 8 M urea and imaged by Odyssey FC. 

2.7. Drug sensitivity assay 

Drug sensitivity assay was measured by trypan blue exclusion anal
ysis. Cells were seeded onto a 12-well plate in 1 ml cell culture medium 
of each well. After transfected with the indicated siRNA or plasmids, the 
cells were treated with various concentrations of H2O2 for 30 min and 
continuously cultured in fresh medium for 48 h, the cells were collected 
and resuspended in cell culture medium. An equal volume of 0.4% 
trypan blue dye was added and mixed with the cell suspension. The 
viable cells were measured by Count Star. 

2.8. Immunofluorescence 

Cells were cultured in 6-well plate which contained an acid-treated 
slide and incubated overnight. Then the slides were washed with PBS 
three times, treated with 4% formaldehyde in PBS for 30 min and then 
washed again with PBS. Triton X-100 (0.05%) was added for 5 min to 
permeabilize the cells. The slides were blocked by 5% BSA and then 
incubated with primary antibody at 4 �C overnight. The slides were 
washed with PBS three times and then incubated with fluorescent 
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secondly antibody conjugated with fluorescein isothiocyanate for 2 h. 
Then the slides were washed again with PBS and stained with DAPI for 
10 min. The mounted slides were viewed with a Nikon 80I 10-1500X 
microscope, and images were captured with a charge-coupled-device 
camera. 

2.9. Streptavidin pull down assay 

The biotin-labeled histone peptides were synthesized by Chinese 
Peptide Company, HangZhou. Cells were lysed in IP buffer containing 
PMSF and cocktail inhibitor (Roche) at 4 �C for 3 h. After centrifugation 
at 12,000 rpm for 10 min at 4 �C, the supernatants were further treated 
with 100 μg/ml DNase I for 15 min. In vitro pulldown assay was per
formed by incubating the histone peptides with cell lysates overnight 
using Streptavidin beads, the next day washed the beads three times 
with PBS for 5 min each. The proteins that remained bound to the 
peptides were separated by SDS-PAGE and visualized by silver staining. 

3. Results 

3.1. H4R3me2s is upregulated under DNA damage stress 

The symmetrical dimethylation of arginine-3 of histone H4 (pro
ducing H4R3me2s) is related to the repressed transcription of several 
genes under different stresses [20]. Oxidative stress is the most common 
cellular stressor and can lead to oxidatively damaged DNA. To test 
whether H4R3me2s is a response to this stress, we first chose hydrogen 
peroxide (H2O2), a well-known oxidizer, to treat HeLa cells. The level of 
8-oxoG, the most common oxidation products was significantly 
increased after H2O2 treatment (Fig. 1A). There was also a dramatic 
increase in the foci numbers of γH2AX and 53BP1, two established 
markers of DNA double-strand breaks (DSBs) (Fig. 1B), which indicates 
that treatment with H2O2 could result in a serious DNA damage in HeLa 
cells. We then applied Western blotting to examine cellular H4R3me2s 
level with and without H2O2 treatment and found H2O2 exposure led to a 
gradual increase in the levels of H4R3me2s (Fig. 1C). This result was 
further confirmed by immunofluorescence assay (Fig. 1D). Moreover, 
another oxidant, t-butyl-hydroperoxide also induced the elevated level 
of H4R3me2s, although such an increase was less than H2O2 (Supple
mentary Figure S1). 

3.2. OGG1 regulates the level of H4R3me2s modification 

Oxidative stress usually generates oxidatively damaged DNA, among 
which is the typically easy oxidation of guanine into 8-oxo-7,8-dihydro
guanine (8-oxoG). To investigate whether H4R3me2s is preferentially 
increased at regions of oxidized DNA, we synthesized biotin-labeled 
nucleic acid probes with or without 8-oxoG (Fig. 2A) and performed 
pulldown assays with the nuclear lysates from HeLa cells. Our results 
revealed that more H4R3me2s could be pulled down by probes con
taining 8-oxoG. OGG1, a specific glycosylase recognizing 8-oxoG, was 
also detected in the precipitates (Fig. 2A). This result showed that 
H4R3me2s and OGG1 could be localized at the same DNA damage 
lesion. Since our previous study has demonstrated that OGG1 was 
involved in H4R3me2s production [21]. To verify the relationship be
tween histone modification and OGG1, we compared H4R3me2s levels 
in WT and OGG1� /� mouse embryonic fibroblast (MEF) cells. The 
H4R3me2s level was noticeably reduced in OGG1� /� MEF cells (Fig. 2B) 
which was consistent with our previous data. Knockdown of OGG1 with 
small interfering RNA (siRNA) produced a similar result (Fig. 2C), sug
gesting that H4R3 arginine modification was downregulated by OGG1 
knockdown. To further confirm the effect of OGG1 on H4R3me2s, we 
overexpressed OGG1 in HEK293T cells, and the H4R3me2s level was 
clearly increased with OGG1 overexpression (Fig. 2D). Taken together, 
these results suggest that the H4R3me2s level is regulated by OGG1. 
Since our data showed that the H4R3me2s level was significantly 

Fig. 1. Induction of the H4R3me2s modification by H2O2 treatment. (A) HeLa 
cells were treated with or without 1 mM H2O2 for 30 min, and the media were 
then changed to fresh media. After 4 h, the cells were fixed and immunostained 
with antibodies against 8-oxoG (green), DNA was stained with DAPI (blue), and 
the cells were visualized by laser confocal microscopy. The average fluores
cence intensity of three independent experiments is shown on the right. Data 
are presented as the mean � SD; ***, P < 0.001, Student’s t-test. Scale bars, 10 
μm. (B) We examined γH2AX (green) and 53BP1 (red) with the same H2O2 
treatment as panel A. The mean numbers of cells with more than ten foci (from 
>30 fields per group) is plotted in the bar chart (**P < 0.01, Student’s t-test). 
(C) HeLa cells were treated with 1 mM H2O2 for 30 min, and the medium was 
then changed to fresh medium, followed by continued culture for 0, 2 h, and 4 
h. Whole-cell extracts were analyzed by Western blotting with the indicated 
antibodies. H4R3me2s band intensities were obtained via quantitation with a 
fluorimager, and the results were normalized to H4. GAPDH served as a loading 
control. The data represent the mean � SD of three independent experiments 
(*P < 0.05, Student’s t-test). (D) The cells were immunostained with antibody 
against H4R3me2s under the same H2O2 treatment as panel A. DNA was stained 
with DAPI, and the cells were visualized by laser confocal microscopy. The 
average fluorescence intensity of three independent experiments is shown on 
the right. Data are presented as the mean � SD; **, P < 0.01, Student’s t-test. 
Scale bars, 10 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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elevated under H2O2 stimulation, to test whether this elevation was 
dependent on OGG1, we repeated the H2O2 treatment experiment in WT 
and OGG1� /� MEF cells. Our data showed that the increase in 
H2O2-induced H4R3me2s was dramatically reduced in OGG1� /� cells 
(Fig. 2E). Together, our results demonstrate that OGG1 is indispensable 
for symmetrical H4R3 arginine methylation under oxidative stress. 

3.3. OGG1 interacts with PRMT5 to promote H4R3me1 methylation 

PRMT5 is the primary methylation transferase responsible for sym
metrical arginine methylation of the histone H4R3 [22]. To exclude the 
possibility that OGG1 regulates H4R3me2s levels because of a change in 
the protein level of PRMT5, we first examined PRMT5 protein levels in 
WT and OGG1� /� MEF cells. Western blotting analysis showed that 
there was no significant difference in the protein level of PRMT5 be
tween the two groups (Fig. 3A), suggesting that OGG1 depletion does 
not affect PRMT5 expression. We next explored the possibility that 
OGG1 plays a role in the interaction between PRMT5 and its substrate, 
H4R3me1. We performed immunoprecipitation experiments in WT and 
OGG1� /� MEF cells. The data showed that H4R3me1 could be suc
cessfully precipitated from WT MEF cells by anti-PRMT5 antibody. 
Surprisingly, the interaction between PRMT5 and H4R3me1 was nearly 
abolished in OGG1� /� MEF cells (Fig. 3B), which indicated that OGG1 
might play a role in the binding between enzyme and substrate. To 
investigate how OGG1 is involved in the binding of PRMT5 to H4R3me1, 
we first applied immunoprecipitation to examine whether OGG1 could 
bind with PRMT5 or H4R3me1. As shown in Fig. 3C and D, both 
H4R3me1 and PRMT5 were detected following precipitation by 
anti-OGG1 antibody (Fig. 3C and D), suggesting that OGG1 can form a 
complex with these two proteins. A co-IP experiment with anti-PRMT5 
antibody confirmed the interaction between OGG1 and PRMT5 
(Fig. 3E). To rule out the possibility that binding between OGG1 and 
PRMT5 is mediated by other proteins, commercial purified proteins 
were used in the pulldown assay. The results demonstrated that the two 
purified proteins could directly bind each other (Fig. 3F and G). Taken 
together, our results showed that the H4R3me2s level was regulated by 
OGG1 through its interaction with PRMT5. 

3.4. H4R3me2s interacts with FEN1 in vitro and in vivo 

To explore the biological function of the elevated level of H4R3me2s 
under oxidative stress, we first synthesized two biotin-labeled N-termi
nal peptides of H4 in which Arg3 was symmetrically modified 
(H4R3me2s) and H4 with no modification (H4R3). Next, we used the 
two peptides to perform affinity purification with nuclear extracts from 
HeLa cells to identify the proteins that specifically interact with 
H4R3me2s. The components in the precipitant were resolved by 12% 
SDS-PAGE, and after the gel underwent silver staining, one band with a 
molecular mass in the range of 40–50 kD was more enriched in the 
H4R3me2s peptide group than in the H4R3 peptide group (Fig. 4A). 
Mass spectrometry analysis showed that the FEN1 protein, the core 
protein of BER, may interact with H4R3me2s (data not shown). Then, 
we carried out a pulldown assay, and the results confirmed the binding 
between FEN1 and H4R3me2s (Fig. 4B). Subsequently, immunoprecip
itation and Western blot analysis of HeLa cell lysates further confirmed 
the cellular interaction between H4R3me2s and FEN1 (Fig. 4C). Since 
FEN1 was required under conditions of H2O2-induced oxidative stress 
[23], and because our data also showed that H4R3me2s was increased 
after H2O2 treatment (Fig. 1B and C), we then asked whether the 
interaction between H4R3me2s and FEN1 is regulated by oxidative 
stress. To test our hypothesis, we repeated the immunoprecipitation 
experiment in FEN1-overexpressing HeLa cells under H2O2 treatment for 
48 h. The Western blotting data demonstrated that the binding between 
H4R3me2s and FEN1 was noticeably enhanced under oxidative stress 
(Fig. 4D). Similar results were obtained in H4-overexpressing HeLa cells 
(Fig. 4E), which indicated that the FEN1 and H4R3me2s could form a 
complex in cells. To determine whether the two proteins have the same 
cellular distribution, immunofluorescence staining was applied to HeLa 
cells with or without H2O2 treatment. The confocal images showed that 
more H4R3me2s (green pixels) and FEN1 (red pixels) were colocalized 
to the chromatin regions (blue pixels) under H2O2 stimulation than 
without H2O2 stimulation (Fig. 4F). 

Fig. 2. OGG1 affects the level of 
H4R3me2s modification. (A) OGG1 and 
the H4R3me2s0 occupancy of 8-oxoG-con
taining DNA in NEs. NEs (50 μg per sam
ple) from Hela cells were incubated with G 
(left lane) or 8-oxoG oligonucleotides 
(right lane) for 5 min, and protein DNA 
complexes were pulled down using mag
netic streptavidin beads. The washed pel
lets were subjected to SDS-PAGE and 
immunoblotting using antibodies against 
OGG1 or H4R3me2s. (B) The levels of 
H4R3me2s modification in WT and 
OGG1� /� MEFs were determined via 
Western blot analysis. (C) Whole-cell ly
sates of HEK293T cells transfected with 
OGG1 siRNA or scrambled siRNA (Scr) 
were immunoblotted for H4R3me2s and 
H4. Tubulin was used as a loading control. 
(D) Whole-cell lysates of HEK293T cells 
transfected with pcDNA3.1-OGG1 or the 
control vector were immunoblotted for 
H4R3me2s and H4. Tubulin was used as a 
loading control. (E) The level of 
H4R3me2s modification in WT and 
OGG1� /� MEFs treated with or without 1 
mM H2O2 was detected by Western blot
ting. Tubulin was used as a loading 
control.   
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3.5. H4R3me2s increases FEN1 activity through enhancing enzyme- 
substrate binding 

FEN1 is an important nuclease during the DNA repair process. To 
explore the mechanism and the biological significance of the physical 
interaction between FEN1 and H4R3me2s, we first investigated whether 

the methylation of Arg3 of H4 could affect FEN1 activity. To address this 
question, we mixed recombinant FEN1, DNA substrates and various 
amounts of each peptide and examined the FEN and EXO activities of 
FEN1 in the mixture. Fig. 5A shows that the flap-substrates could be 
cleaved in the presence of FEN1. Moreover, the cleaved products grad
ually increased with an increasing amount of H4R3me2s peptide in the 

Fig. 3. OGG1 interacts with PRMT5 to promote H4R3me1 methylation. (A) The expression of PRMT5 in WT and OGG1� /� MEFs was determined by Western 
blotting. (B) Whole-cell extracts collected from WT and OGG1� /� MEFs were subjected to IP with anti-PRMT5 antibody or control IgG, followed by IB with anti- 
H4R3me1 antibody. (C) Whole-cell extracts collected from WT MEFs were subjected to IP with anti-OGG1 antibody or control IgG, followed by IB with anti- 
H4R3me1 antibody. (D) Co-IP of PRMT5 with OGG1. Whole-cell extracts from WT MEFs were subjected to IP using anti-OGG1 antibody or control IgG. Western 
blot analysis was performed with anti-PRMT5 antibody. (E) Co-IP of OGG1 with PRMT5. Whole-cell extracts from WT MEFs were subjected to IP using anti-PRMT5 
antibody or control IgG. Western blot analysis was performed with anti-OGG1 antibody. (F) Co-IP of purified recombinant OGG1 and PRMT5 proteins using anti- 
PRMT5 antibody or control IgG. Western blot analysis was performed with anti-OGG1 antibody. (G) Co-IP of purified recombinant PRMT5 and OGG1 proteins using 
anti-OGG1 antibody or control IgG. Western blot analysis was performed with anti-PRMT5 antibody. 
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reaction, while no such effect on the FEN activity of FEN1 was observed 
with the H4R3 peptide (Fig. 5A). Similarly, H4R3me2s also obviously 
increased the EXO activity of FEN1 (Fig. 5B). To further understand the 
exact mechanism by which H4R3me2s affects FEN1 activity, we per
formed electrophoretic mobility shift assays (EMSAs) to evaluate the 
binding between FEN1 and its specific DNA substrates. As shown in 
Fig. 5C, DNA substrates and FEN1 alone could form a DNA-protein 
complex, and the band for this complex shifted with the addition of 
H4R3me2s (Fig. 5C). Although H4R3 could also increase the binding of 
FEN1 to its substrates, this increase was much weaker than that in the 
presence of H4R3me2s (Fig. 5C). Thus, our results suggested that 
H4R3me2s can increase FEN1 activity through enhancing the binding of 
FEN1 to its substrates. 

3.6. H4R3me2s enhances LP-BER efficiency 

Since FEN1 plays a key role in the removal of flap structures during 

the LP-BER process, to test whether H4R3me2s can affect LP-BER effi
ciency through FEN1, an in vitro LP-BER assay was performed using 
purified BER proteins. A tetrahydrofuran-containing substrate (Pol 
FEN1-F-FAM, Supplementary Table 1) labeled with a FAM group was 
used in this assay. As expected, the H4R3me2s peptides dramatically 
enhanced the efficiency of LP-BER, while the H4R3 peptides failed to do 
so (Fig. 6A). To further test whether the arginine methylation of histone 
H4 plays important roles in cellular LP-BER, we performed a recon
stituted LP-BER assay with different cell lysates. In this assay, unlabeled 
tetrahydrofuran-containing (F) substrates were used for LP-BER (Fig. 6B 
and Supplementary Table 1). Incorporation of [32P]-dCTP into a single 
nucleotide gap generated by UDG and APE1 resulted in the production 
of an unligated labeled 21-mer and a fully repaired 41-mer (Fig. 6B). As 
PRMT5 knockdown is an effective way to downregulate cellular 
H4R3me2s levels, we first used the extracts from PRMT5 siRNA- or 
scrambled siRNA-transfected HEK293T cells in the assay. Western 
blotting data showed that H4R3me2s was successfully decreased in 

Fig. 4. H4R3me2s interacts with FEN1 in vitro and in vivo. (A) Nuclear extracts of HeLa cells were subjected to pull down assays with biotin-labeled H4R3me2s or 
H4R3 peptides. The eluted protein complex was separated by SDS-PAGE and silver stained. The indicated gel slices were processed for protein identification using 
mass spectrometry. (B) Recombinant FEN1 was pulled down with biotinylated H4R3me2s or H4R3 N-terminal tail peptides. (C) Whole-cell extracts of HEK293T cells 
harboring Flag-FEN1 were subjected to co-IP assay with M2 Flag-tagged magnetic beads or control IgG, followed by IB with anti-H4R3me2s antibody. (D) HEK293T 
cells transfected with Flag-FEN1 were treated with or without 1 mM H2O2 for 30 min, and whole-cell extracts were then collected. A co-IP assay was performed with 
anti-Flag antibody M2 beads, followed by IB with anti-H4R3me2s antibody. (E) HEK293T cells transfected with Flag-H4 were treated with or without 1 mM H2O2 for 
30 min, and whole-cell extracts were then collected. A co-IP assay was performed with anti-Flag M2 beads, followed by IB with anti-FEN1 antibody. The numbers in 
the figure represent the relative grey values of the bands above (regard control treatment group as 1, quantified with Image J software). (F) HeLa cells were treated 
with 1 mM H2O2 for 30 min, the medium was then changed to fresh medium. After 4 h, the cells were fixed and immunostained with antibodies against H4R3me2s 
(green) and FEN1 (red). DNA was stained with DAPI (blue), and cells were visualized by laser confocal microscopy. Scale bars, 10 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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PRMT5 siRNA-transfected cells. Importantly, we observed that the 
tetrahydrofuran lesions were efficiently repaired in the control group 
treated with scrambled siRNA but not in the PRMT5 siRNA group 
(Fig. 6B). Because PRMT5 knockdown could have reduced the arginine 
modification of other proteins in addition to H4, to exclude the notion 
that other factors affected LP-BER and to further assess the function of 

H4R3me2s in this process, we next transfected H4 or H4 R3Q mutant 
plasmids into HEK293T cells for 48 h. Western blotting data showed that 
the H4R3me2s level was much higher in H4-overexpressing cells than in 
H4 R3Q-expressing cells (Fig. 6C). A reconstituted LP-BER assay showed 
that BER was more efficient in cells overexpressing H4 than in those 
overexpressing H4 R3Q (Fig. 6C). Altogether, our data suggest that 

Fig. 5. H4R3me2s enhances FEN1 nuclease activity through enhancing the substrate–binding affinity of FEN1. Effect of H4R3me2s on FEN1 nuclease activity. The 
top part of each panel shows schematic structures of the corresponding DNA substrates. (A) Purified FEN1 protein and H4R3me2s and H4R3 peptides were subjected 
to a FEN activity assay with FAM-labeled flap substrates. Standard nuclease assays were carried out with a fixed amount (10 ng) of FEN1 and increasing amounts 
(62.5 ng, 125 ng, 250 ng, 500 ng, 1000 ng, 2000 ng) of H4R3me2s or H4R3 peptides. Representative PAGE gels are shown with an arrow denoting the DNA substrates 
(Sub) and the cleavage products (Prod). The graph represents the quantification of the PAGE results from the image, and the values represent the mean � SD of three 
independent assays (**P < 0.01, Student’s t-test). (B) Purified FEN1 protein and H4R3me2s and H4R3 peptides were subjected to an EXO activity assay with FAM- 
labeled nick substrates. Standard assays were carried out with a fixed amount (150 ng) of FEN1 and increasing amounts (62.5 ng, 125 ng, 250 ng, 500 ng, 1000 ng, 
2000 ng) of H4R3me2s or H4R3 peptides. The graph represents the quantification of the PAGE results from the image, and the values represent the mean � SD of 
three independent assays (**P < 0.01, Student’s t-test). (C) Purified FEN1 protein (100 ng) and H4R3me2s or H4R3 peptides (500 ng) were subjected to EMSAs with 
FAM-labeled flap substrates. The arrow above indicates the position of the FEN1-substrate-peptide complex, and the arrow below indicates the position of the FEN1- 
substrate complex. 
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Fig. 6. H4R3me2s enhances LP-BER efficiency. Effect of H4R3me2s on LP-BER efficiency. The top parts of each panel show schematic structures of the corresponding 
DNA substrates. (A) Purified BER proteins and increasing amounts (250 ng, 500 ng, 1000 ng, 2000 ng) of H4R3me2s or H4R3 peptides were subjected to a 
reconstituted LP-BER assay in vitro. The substrates were incubated with proteins at 37 �C for 30 min. Representative PAGE gels are shown with arrows denoting the 
repaired product and the unligated product. The graph represents the quantification of the PAGE results in the image, and the values represent the mean � SD of 
three independent assays (**P < 0.01, Student’s t-test). (B) HEK293T cells transfected with PRMT5 siRNA or scrambled siRNA (Scr) were treated with 1 mM H2O2 for 
30 min, and the whole-cell extracts were then collected for reconstituted LP-BER and Western blot assays. Representative PAGE gels are shown with arrows denoting 
the repaired product and the unligated product. Western blot analysis was performed with anti-PRMT5, anti-H4R3me2s and anti-H4 antibodies. The graph represents 
the quantification of the PAGE results in the image, and the values represent the mean � SD of three independent assays (*P < 0.05, Student’s t-test). (C) HeLa cells 
transfected with Flag-tagged WT H4 or Flag-tagged mutant H4 R3Q were treated with 1 mM H2O2 for 30min, and whole-cell extracts were then collected for 
reconstituted LP-BER and Western blot assays. The left panel shows representative PAGE gels. The level of H4R3me2s modification was detected by Western blotting, 
with Tubulin used as the loading control. The graph represents the quantification of the PAGE results in the image, and the values represent the mean � SD of three 
independent experiments (*P < 0.05, Student’s t-test). 
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H4R3me2s can improve cellular BER efficiency. 

3.7. The H4R3me2s modification is essential for DNA repair 

To investigate whether H4R3me2s play an important role in the 
cellular response to DNA damage, we first downregulated cellular 
H4R3me2s levels with PRMT5 siRNA and then performed a cell survival 
assay. As shown in Fig. 7A, PRMT5 siRNA-transfected cells were more 
sensitive to H2O2 treatment than the control cells (Fig. 7A). Next, we 
upregulated cellular H4R3me2s levels through overexpressing H4 and 
carried out the survival assay. Cells overexpressing H4 R3Q were 
significantly more sensitive to H2O2 than those overexpressing WT H4 
(Fig. 7B). Subsequent Western blotting data demonstrated that the 
cellular γH2AX level was dramatically increased after H2O2 treatment, 
and this increase was much higher with H4R3me2s reduction (Fig. 7C). 
Furthermore, immunofluorescence staining of γH2AX and 53BP1 foci 
was applied to confirm the DNA damage induced by H2O2. More γH2AX 
and 53BP1 foci were observed in PRMT5 knockdown cells (Fig. 7D and 
E), which suggested that more DSBs accumulated in the cells. Our data 
implied that the arginine methylation of H4R3 plays important roles in 
DNA repair. To further confirm this result, we performed immunofluo
rescence experiments in HEK293T cells transfected with H4 or H4 R3Q 
plasmids. The data showed that H4 R3Q-overexpressing cells contained 
more γH2AX and 53BP1 foci after H2O2 treatment than H4- 
overexpressing cells (Fig. 7F). Taken together, our results revealed 
that H4R3me2s is indispensable for the cellular response to DNA 
damage. 

4. Discussion 

The main finding of this study is that the increase in cellular 
H4R3me2s upon oxidative stress is mediated by the binding of OGG1 
with PRMT5 and that H4R3me2s enhances BER efficiency through 
directly interacting with FEN1 and enhancing its activity (Fig. 8). Our 
data showed that H4R3me2s can act as a “reader” that reads oxidatively 
damaged DNA and can also act as a “writer” to promote DNA damage 
repair. Altogether, these results suggest that H4R3me2s can serve as a 
bridge linking DNA damage and repair. 

Histone arginine methylation plays important roles in gene tran
scription and DNA metabolism and can change the structure of chro
matin and have downstream functional consequences. H4R3 
symmetrical dimethylation (producing H4R3me2s) catalyzed by PRMT5 
was shown to be involved in gene silencing and uniquely marked 
chromatin, mostly at G þ C-rich regions in the mouse genome, including 
imprinting control regions (ICRs) [24]. H4R3me2s can also serve as a 
direct binding target of DNMT3A, which is required for subsequent DNA 
methylation [20]. However, little is known about the role of histone 
arginine methylation in DNA damage repair. In the current work, we 
present experimental evidence that histone arginine methylation plays 
important roles in DNA repair. 

Various oxidative stresses can induce oxidative DNA damage, and 
guanine is easily oxidized into 8-oxo-7,8-dihydrogunine due to its low 
oxidation potential [25]. Once oxidative DNA damage has occurred, 
DNA glycosylase is actively recruited to regions of open chromatin, 
where it allows the BER machinery access to these lesions [4]. Here, our 
data showed that the oxidatively damaged DNA signal can recruit OGG1 
to the lesion site, where OGG1 binds with PRMT5 and promotes 
PRMT5-catalyzed H4R3me2s formation. Our results indicated that 
OGG1 is indispensable for the symmetrical arginine dimethylation of 
H4R3 after H2O2 treatment, as OGG1 depletion significantly reduced the 
H4R3me2s level in MEF cells. This result was also confirmed in 
HEK293T cells following OGG1 knockdown or overexpression. Previous 
reports have demonstrated that OGG1 is a damaged base repair enzyme 
involved in the BER pathway that can specifically recognize and remove 
the 8-oxoG [10,26]. Girardot et al. reported that H4 symmetrically 
demethylated at arginine-3 by PRMT5 marks chromatin at G þ C-rich 

regions [24]. These studies further strengthened the possibility that 
OGG1 and PRMT5 might interact at oxidative G-rich regions. Moreover, 
our pulldown assay showed that H4R3me2s preferentially bound 
oxidative guanine, which also supports the possibility that OGG1 regu
lates H4R3me2s. Depletion of OGG1 did not affect the expression of 
PRMT5 but nearly abolished the interaction between PRMT5 and 
H4R3me1, which implied that OGG1 is essential for the binding of 
PRMT5 to its substrate. Based on these results and those of our study, it 
seems reasonable to conclude that the oxidative stress-induced increase 
in H4R3me2s is partially due to the 8-oxoG/OGG1/PRMT5 pathway. In 
addition to H2O2, other oxidants can also induce the increase in 
H4R3me2s, and such an increase may be related to the concentration 
and strength of oxidant. 

PRMT5 is an arginine methyltransferase that catalyzes the symmet
rical dimethylation of arginine residues in histone and nonhistone pro
teins [27]. The results of our study of the 
8-oxoG/OGG1/PRMT5/H4R3me2s axis suggest that PRMT5 is essen
tial for the DNA damage response. In fact, multiple lines of evidence 
have shown that PRMT5 can methylate DNA repair proteins and that 
PRMT5 plays important roles in the cellular response to DNA damage 
[28–31]. All these studies addressed nonhistone arginine methylation by 
PRMT5, but the role of histone methylation in DNA repair was not 
mentioned. Moreover, although there is much evidence suggesting that 
histone methylation, especially lysine methylation, plays important 
roles in the DNA damage response [32], histone arginine methylation 
has not been clearly shown to be involved in this process. Here, our data 
showed that PRMT5 knockdown decreased BER efficiency and the cell 
survival ratio. Importantly, cells expressing the H4 R3Q mutant 
possessed a lower BER efficiency and survival ratio than cells expressing 
WT H4. Collectively, our results revealed that H4R3me2s can also be an 
important downstream factor of the function of PRMT5 in DNA repair. 

Many mechanisms to address the important roles of histone modi
fication in DNA repair have been proposed. H2AX phosphorylation was 
the first histone modification involved in the DNA damage response 
(DDR) to be identified [32]. A reduction in histone H3 and H4 ubiq
uitylation was shown to impair recruitment of the repair protein XPC to 
the damaged foci and the repair process [33]. Acetylation at H3K56 and 
H3K14 in nucleosomes was suggested to promote alternative gap-filling 
pathways by inhibiting DNA polymerase β activity [34]. Here, we 
showed that symmetrically dimethylated H4R3 directly interacts with 
FEN1, promotes FEN1 nuclease activity and increases LP-BER efficiency. 
These results provide a possible explanation for the function of 
H4R3me2s in the DNA damage response and are supported by an earlier 
study by Kwon et al., who discovered that the N-terminal tails of his
tones possess an intrinsic activity that enhances the nuclease activity of 
Rad27 (FEN1 in yeast) [35]. Previous studies have revealed that, in 
response to DNA damage, FEN1 could be post-translationally modified 
and further affect its functional regulation [36]. It should be noted that it 
would be possible that H4R3me2s prefers to bind with the 
post-translationally modified FEN1, although we have no further evi
dence which form of FEN1 is combined with H4R3me2s in our in vivo 
and in vitro experiments. In addition, histone posttranslational modifi
cation is involved in DNA repair not only because it can be read by DDR 
factors to promote repair but also because it is a well-known mark that 
functions in modulating chromatin structure at damage sites [32,37]. 
H4R3 methylation by PRMT1 was reported to be essential for the 
establishment or maintenance of a wide range of “active” chromatin 
modifications [38]. It is reasonable to propose that H4R3me2s is 
essential for the opening of chromatin to recruit the BER machinery, but 
this hypothesis requires further investigation. 

In summary, this study reveals a novel mechanism by which 
H4R3me2s serves as a new “histone code” linking oxidative DNA lesions 
and subsequent base excision repair. Understanding the cellular oxida
tive response that enables genome stability protection will be helpful. 
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Fig. 7. The H4R3me2s modification is essential for DNA repair. (A, B) H2O2 sensitivity assays. Cells (1 � 105 per well) were plated in triplicate in six-well plates. 
Cells transfected with PRMT5 siRNA or scrambled siRNA (A) or Flag-tagged WT H4 or Flag-tagged mutant H4 R3Q (B) were treated with different doses of H2O2 for 
30 min, washed with PBS and cultured in fresh media for 2 days. The number of viable cells in every well was determined following the trypsinization of the cells and 
counting with a cell counter (Countstar IC1000). The control growth ratio was calculated based on the numbers of treated/untreated cells. The data represent the 
mean � SD from triplicate wells. Three independent experiments were performed. (C) HeLa cells transfected for 48 h with PRMT5 siRNA or scrambled siRNA were 
treated with 1 mM H2O2 for 30 min, and cells were then lysed and subject to Western blotting to detect H4R3me2s and γH2AX levels. (D, E) HeLa cells transfected for 
48 h with PRMT5 siRNA or scrambled siRNA were treated with 1 mM H2O2 for 30 min γH2AX foci (D) and 53BP1 foci (E) in the cells were detected via immu
nofluorescence analysis as previously described. Fifty random regions were examined at 400� magnification. Nuclei containing �1 foci were counted as positive for 
focus formation, and the percentage of positive cells was calculated and plotted. The data represent the mean � SD of three independent experiments. *P < 0.05, 
Student’s t-test. Scale bars, 10 μm. (F) HEK293T cells transfected for 48 h with Flag-tagged WT H4 or Flag-tagged mutant H4 R3Q were treated with 1 mM H2O2 for 
30 min. Cells were fixed and stained with antibodies against γH2AX (green) and 53BP1 (red). DNA was stained with DAPI (blue). Left histogram, γH2AX focus 
analysis; right histogram, 53BP1 focus analysis. The data represent the mean � SD of three independent experiments. *P < 0.05, Student’s t-test. Scale bars, 10 μm. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. Schematic model for histone arginine methylation and DNA repair 
process. Oxidative stresses induce the conversion of guanine (G) to oxidative 
guanine (8-oxoG), following which OGG1 can recognize 8-oxoG and recruit 
PRMT5 to the damaged site. Then, the tail of histone H4 near 8-oxoG is 
methylated to H4R3me2s by PRMT5. H4R3me2s can increase DNA repair ef
ficiency through binding with FEN1 and enhancing FEN1 activity. 
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