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Abstract

OGGL1 is the first enzyme in the base excision repatihway (BER) responsible for
repairing 8-oxoguanine DNA lesions. Recent studiesd that OGG1 may also be
involved in epigenetic regulation. In this studye Yocused on the roles of OGGL in
histone modification. First, to study the effectOs55G1 on histone modification, the
protein levels of symmetric dimethylation of histoH4 arginine-3 (H4R3me2s) were
determined by western blot analysis following thdékdown or overexpression of
OGGL1. Second, the molecular mechanisms by which D@&gulates H4R3me2s
were assessed by co-immunoprecipitation (CO-IPhy@ssn mouse embryonic
fibroblast (MEF) wild-type (WT) an®gg” cells. Finally, to verify the regulation of
H4R3me2s by OGG1 on specific genes, chromatin inoprecipitation (CHIP) was
performed on MEF WT an®gg’ cells. We found that OGG1 affects PRMT5
binding on histone H4 and the formation of H4R3M&2asPRMT5. The methylation
level of HAR3me2s was dramatically decreased in MIgE’~ cells compared to WT
cells. Knockdown of OGG1 by siRNA led to a decreaseH4R3me2s, while
overexpression of OGGL1 increased the level of HA&AM OGGL also interacted
with PRMT5 and histone H4, and the interaction leetw PRMTS and histone H4
was reduced in MEBgg™ cells. Our data not only illustrate the importaoies of
OGGL1 in histone modification, but also reveal thechanism by which OGG1 affects
PRMT5 binding on H4R3 resulting in the symmetridahethylation of histone H4
arginine-3.

Key words: OGG1, PRMT5, H4R3me2s, Arginine methylation
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1. Introduction

Arginine methylation is a type of post-translatibnaodification catalyzed by
PRMTs, a family of protein arginine methyltranst®s. The forms of methylation of
arginine are mono (mel), asymmetrical (me2a), gntheetrical (me2s) [1-3]. Many
previous studies have focused on the dimethylaifaarginine-3 in histone H4 due to
its important roles in the regulation of gene egpren [4-6]. The symmetrical
dimethylation on arginine-3 of histone H4 (H4R3megatalyzed by PRMT5 has
been reported to be involved in gene silencing3J-H4R3me2s is also related to
DNA methylation by interacting with DNMT3A [7]. Hoewver, the asymmetrical
dimethylation on arginine-3 of histone H4 (H4R3me2atalyzed by PRMTL1 is
associated with transcriptional activation [14,.18¢cent studies have demonstrated
that PRMT5-mediated H4R3me2s uniquely marks chriomanostly at G+C-rich
regions, in the mouse genome, including imprintoantrol regions (ICRs) [16].
Protein arginine methyltransferase 5 (PRMT5) igpetll arginine methyltransferase
which is involved in gene silencing by catalyzige tsymmetrical dimethylation of
H4R3, H2AR3, and H3RS8 [4, 12, 17]. PRMT5 often glagn important role in
chromatin remodeling [18]. In human K562 cells, B3#fie2s catalyzed by PRMT5
serves as a direct binding target for DNMT3A, andR3@me2s is required for
subsequent DNA methylation. H4R3me2s also acts diseat linker between DNA
methylation and histone modification [7]. PRMT5 Isasne co-regulators: FCP1 and
FGF-2 are genuine substrates of the PRMT5 metbyldtinctionin vivo andin vitro,

and FCP1, which forms a complex with PRMT5, is imi@ot for PRMT5-mediated
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methylation [19, 20]. Blimp1, a transcriptional regsor, also interacts with PRMT5
and serves as a nhovel transcriptional regulatonypptex affecting chromosomal
conformation in the mouse germ-cell lineage [21], Zhe Krippel-like zinc finger
protein ZNF224 recruits PRMT5 as a transcriptiomgressor complex on H4R3 of
the L-type aldolase A promoter region [23].

8-Oxoguanine-DNA glycosylase (OGG1) is an impor@amtyme involved in the
base excision repair (BER) pathway [24]. In mamaralcells, OGGL1 is crucial for
preventing mutagenesis [25, 26]. Compared with ifge (WT) mice,OggZnull
mice have higher rates of cancer due to the acaitmnlof mutagenic DNA lesions
[27]. Recent studies have shown that OGG1 not plalys a role in the BER pathway,
but is also involved in the regulation of gene egsion and histone modification. For
example, cytosolic OGG1 responds to excessive &aad activates small GTPases
and downstream signaling pathways, resulting imgha in gene expression [25, 28,
29]. In human cells, LSD1 induces the demethylatdii3K9me2, resulting in the
recruitment of OGG1 and topoisomeradeth thebcl-2 or pS2promoters which, in
turn, trigger conformational changes in chromatid ®NA [30]. The inhibition of
LSD1 and OGG1 could significantly reduce the traipsion of Myc-target genes by
affecting lysine 4 in histone H3 [31]. OGG1 is alsavolved in androgen
receptor-dependent expression by demethylating H8K4[32].

To examine the relationship between OGG1 and hestorodification, we
investigated the effects of OGG1 on the methylatewels of H3K9 and H4R3. We

found that OGG1 interacts with PRMT5 and histone M#& also determined that
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OGG1 affects PRMT5 binding to histone H4 and indudbe symmetrical
dimethylation on arginine-3 of histone H4.
2. Materials and methods
2.1 Cell culture

An Oggl null cell line was kindly supplied by Preser Zhigang Guo (Nanjing
normal university, Nanjing). MEF WT, MEF Oggl nuélls and HelLa cells were
cultured in DMEM basic (GIBCO) containing 10% (v/fgetal cattle Serum, 100
ug/ml penicillin/streptomycin mixtures at 7 with 5% CQ.
2.2 Plasmid

Full-length human Oggl cDNA was inserted into tlteE | and BamH | sites of
the pcDNA3.1 (-) vector (Invitrogen). The resultiegpression vector was denoted as
pcDNA3.1-OGG1. The primers used to construct thésmpid are listed in the Table
1.
2.3 Real-time quantitative PCR (qRT-PCR) analysis

Primers for Oggl, Pcsk9, Hspbl and Polg were sgitbe using Primer Bank
(pga.mgh.Harvard.edu/primerbank). Primers for abita (Actb) were used as an
internal control. Primer information for the qRT-R@ also available in the Table 1.
2.4 Western blot analysis

Cells were lysed with RIPA lysis buffer (P0013Bybetme, China) and 1 mM
PMSF (ST506, beyotime, China). Protein concentnadibcell lysate was determined
by the BCA method (Pierce, Rockford, USA). Ten mograms of total protein per

sample was loaded onto sodium dodecylsulfate polisanide gel electrophoresis



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

(SDS—PAGE) at 100 V for 3-4 h and transferred t@PF\embrane at 300 mA for 90
min (Version8, Roche, USA) using an electro-blajtimethod. After incubating in
blocking buffer [PBST with 1% (w/v) BSA (A7030, $i@)] for 1 h, membranes were
incubated with rabbit polyclonal antibody for OG@&b135940, Abcam, USA), rabbit
monoclonal antibody for histone H3 (ab176842, AbcaisA), rabbit polyclonal
antibody for H3K9mel (ab9045 Abcam, USA), mouseygohal antibody for
H3K9me2 (ab1220 Abcam, USA), rabbit polyclonal baty for H3K9me3 (ab8898
Abcam, USA), rabbit polyclonal antibody for H3R17m@b194698, Abcam, USA)
rabbit polyclonal antibody for H4R3mel (ab17339 atog USA), rabbit polyclonal
antibody for H4R3me2a (ab194683 Abcam, USA), ralpoityclonal antibody for
H4R3me2s (ab5823 Abcam, USA), rabbit polyclonaltamaty for PRMT5 (ab31751
Abcam, USA) or rabbit polyclonal antibody for H4@@158 Abcam, USA) at 4C
for 12 h. After primary antibodies were used, thenmbranes were washed before
Horseradish Peroxidase (HRP)-conjugated Goat ahbit IgG second-antibody
(sc-2030, Santa Cruz, USA) or Rabbit anti-mouse kg&ond-antibody (ab6728
Abcam, USA) was added for 1 h at room temperaturé washed again. The
membranes were visualized with an ECL Western bietiection kit (NC15080,
Thermo). The TBB5 (Cat#AM1031A, Abgent, China) piat level was also
examined as an internal control.
2.5 Immunoprecipitation assay

Cell extracts were diluted with IP buffer (50 mMiskHHCI pH 8.0, 100 mM

NaCl, 5 mM MgC}, 1% Triton X-100). Antibodies were incubated wiiotein A/G
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agarose (SC2003, Santa Cruz, USA) in advance ard dbded to the diluted cell
extract. After an overnight incubation, the beadsemvashed with IP buffer and the
immunoprecipitated proteins were analysed by wedbdotting. Normal rabbit IgG
(sc-2027, Santa Cruz, USA) or normal mouse IgG2(5, Santa Cruz, USA) was
used as a negative control. The antibodies used agifollows: mouse monoclonal
antibody for OGG1 (sc-376935, Santa Cruz, USA) iatbit polyclonal antibody for
PRMT5 (ab31751). Antibodies were used in the amotiBtug per IP.
2.6 Chromatin immunoprecipitation (CHIP) assay

Formaldehyde was added at a final concentratiod%fdirectly to media of
MEF WT and MEF OGGL1 null cells. Fixation proceedtdoom temperature for 10
min and was stopped by the addition of glycine timal concentration of 0.125 M for
15 min. Cells were centrifuged and rinsed 3 timesold PBS with 1 mM PMSF.
Then, cell nuclei were collected according to theanofacturer’s protocol,
SimpleChIP Enzymatic CHIP Kit (#9002, Cell SignadjiTechnology, USA). Samples
were sonicated on ice with an Ultrasonics sonicataetting 5 for six 10 s pulses to
an average chromatin length of approximately 300 80 bp. For the
immunoprecipitation, rabbit polyclonal antibodiesr fH4R3me2s (ab5823), rabbit
polyclonal antibody for PRMT5 (ab31751) were addedombination to the nuclear
sonicate. After the immunoprecipitation, the IP welsted and the DNA was
recovered. DNA obtained from [P samples were qtiadtiby qRT-PCR and
normalized to input DNA control samples. Primerommhation for the ChIP assay is

available in the Table 1.
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2.7 Statistics

Data are presented as means = SEM. Significargrdiites were analysed by
independent student’s tests using the SPSS softwamsion 16.0 (SPSS Inc.,
Chicago, IL, USA). P-values < 0.05 were considdceble statistically significant.

3. Results
3.1 OGGL1 affects the methylation levels of histbt® lysine-9 and histone H4
arginine-3

To investigate the methylation levels of histonsilg or arginine affected by
OGG1, we performed western blot analysis in mousergonic fibroblast (MEF)
WT and Oggl~ cells. The levels of H3K9mel, H3K9me2, H3K9me3, B4fR1,
H4R3me2a, and H4R3me2s were dramatically decréas@dgI’ cells compared to
WT cells, while the level of histone H3, histone,Héd H3R17mel did not differ
between WT and OggdIcells (Fig. 1A and B). In this study, we focused the
symmetric dimethylation levels of H4R3.

To further verify the role of OGG1 on H4R3me2s, kmocked down OGGL1 in
HelLa cells using small interfering RNA (siRNA), aridund that the symmetric
methylation levels of H4R3me2s were dramaticallgrdased compared to control
cells, while the overexpression of OGG1 in HelLdscelearly increased the level of
H4R3me2s (Fig. 1C and D).

3.2 OGGL1 regulates the level of H4R3me2s by interqavith PRMT5 and histone
H4

PRMTS5 is the primary protein responsible for thengyetrical dimethylation of
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histone H4 arginine-3 [7, 16]. To examine the molac mechanism by which OGG1
participates in H4R3me2s formation, we performetbammunoprecipitation assay
in MEF cells. As shown in Figure 2A, the resultdigated that OGGL1 interacts with
PRMT5in vivo. Co-immunoprecipitation assays were also perfortnegkxamine the
interaction between OGG1 and histone H4. OGG1 atseracts with H4 and
H4R3mel (Fig. 2B and C), suggesting that OGG1 mayas a bridge between
PRMT5 and H4R3me2s formation. However, the protewel PRMT5 remained
unchanged following OGG1 knockout.
3.3 The interaction between PRMT5 and histone Hddaced in OGG1-null cells

To evaluate the effect of OGG1 on PRMT5 bindinchastone H4, we performed
co-immunoprecipitation assays. In Oggl-null celee interaction between PRMT5
and histone H4 was reduced. The interaction betwddWT5 and H4R3mel was also
sharply reduced (Fig. 3A and B).
3.4 Enrichment of H4R3me2s and PRMT5Rmsk9 Hspbl and Polq promoters in
MEF WT and Ogg1 cells

To determine whether OGG1 affects the PRMT5 and 3#d&2s levels on a
specific gene, we compared gene expression prdfies OggI’~ cell lines [33, 34].
Because H4R3me2s is enriched at G+C-rich regionshén mouse genome, we
screened three gendRcEk9 Hspbl andPolg) whose expression was upregulated in
MEF OggI’~ cells compared to WT cells and contain CpG isldndbkeir promoters.
Results of quantitative real-time polymerase chesaction (QRT-PCR) analysis

indicated that the expression of these genes wasfisantly increased in MEF Oggl
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= cells (Fig. 4A). Because PRMT5 was demonstratddtevact with OGG1 in cells,
we speculated that OGG1 may also coordinate withlPRRon thePcsk9 Hspbl or
Polq promoters. To determine whether OGG1 recruits PRNTthePcsk9 Hspbl,
or Polg promoters, we performed chromatin immunopreciitagssays in MEF WT
and Oggl™ cells. The results indicated a significant deczea$ PRMT5 and
H4R3me2s enrichment ohispbl and Polq CpG islands in MEF OggT cells
compared to WT cells (Fig. 4C and D). The absericd@®@G1 indicates that PRMT5
recruitment toHspblor Polqg CpG islands depends on OGG1. Taken together, these
results suggest that OGGL1 interacts with PRMT5a0se H4R3me2s formation at
CpG islands in thePcsk9 Hspbl or Polg promoter regions to regulate gene
expression.
4. Discussion

In this study, we found that OGG1 affects the fdiora of symmetric
dimethylation on arginine-3 of histone H4. Previoaports have demonstrated that
OGG1 is a damaged-base repair enzyme involvedeiBER pathway. However, we
showed that OGG1 also serves as a linker for PRbIi8ing on histone Héh vivo.
Indeed, we observed that the level of H4R3me2simfagenced by OGGL1 (Fig. 1B—
D) and that OGG1 interacts with PRMT5 (Fig. 2A) thrimary enzyme responsible
for converting H4R3 to H4R3me2s. However, PRMT5dimg to histone H4 was
reduced without OGG1 protein (Fig. 3A and B). Weoalound that OGGL1 interacts
with histone H4 and H4R3mel (Fig. 2B and C). Thus, hypothesize that OGG1

might serve as a bridge between the arginine meibyl signal and the initial
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symmetric dimethylation of histone arginine-3.

H4R3me2s is mostly detected at ICRs and at intexcial A particles in mouse
embryos [10, 35, 36], which are generally linkedgene repression (e.g., DNA,
hemoglobin beta, and cyclin E1 genes) [7, 9, 3CJRBme2s is often catalyzed by
type Il protein arginine methyltransferases (PRMPRMT7, and PRMT9), which
control the symmetric dimethylation of H4R3, altgbuthe mechanism remains
unclear. PRMT5, PRMT7, and PRMT9 are regarded ae ty protein arginine
methyltransferases [27]. PRMT5 was initially idéetl as a protein bound to Jak2
using a yeast two-hybrid system screen [17, 37MPR plays critical roles in many
cellular processes and binds to two proteins inctieplasm, MEP50 and plICIn [38,
39]. PRMT5 is mainly enriched in the cytoplasm mbeyonic stem cells and rarely
in the nucleus [40]. However, in MEF cells, PRMTS readily detectable in the
nucleus, suggesting that in MEFs, PRMT5 targettohés H4 predominantly in the
nucleus [16]. Several co-regulatory factors regutae activity of PRMT5. Previous
studies have demonstrated that a nuclear prot€dRR5, also acts as an important
chromatin adaptor for PRMT5 targeting to histone H4]. MEP50, a CDK4
substrate, increases PRMT5 activity associated ayitin D1-dependent neoplastic
growth [42]. RioK1 competes with plCIn for bindimgd modulates PRMT5 complex
substrate specificity. BRD7 co-localizes with PRMahad PRC2 to recruit PRMT5,
which is involved in the transcriptional repressiohtheir target genes [43, 44].
PRDM4 recruits PMRT5 to mediate histone argininghylation and controls neural

stem cell proliferation and differentiation [45]eéently, PRMT5 linked to silencing
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of the human fetal globin gene was demonstratedefend on a repressor complex
containing histone-modifying enzymes [46]. PRMT &imiilar to PRMTS5, in that it
contains a monomethylarginine and symmetric dinmatgyninein vitro [40, 47, 48].
PRMT7 is highly expressed in embryonic stem celld ] male and female gonads.
In contrast, PRMT7 is poorly expressed in MEFs [#RMT9 also acts as a type |
protein arginine methyltransferase, although itscfion remains undetermined [49,
50]. Some studies have demonstrated that PRMT5 raientthe symmetric
dimethylation of histone 4 arginine-3, not PRMTY MEFs [40, 51, 52]. In this study,
we found that OGGL1 regulates the level of H4R3n{€ks 1C and D) by interacting
with PRMT5. The same results were observed in thé @lands of thédspbland
Polg gene promoters following OGG1 depletion. The dmrient of PRMT5 and
H4R3me2s was significantly decreased (Fig. 4C ahdTBese results suggest that
OGG1 acts as a bridge for PRMTS5 binding to histdde
5. Conclusions

The data presented in this study indicate that O@Gtlonly plays important
roles in the BER pathway, but is also involved Hme tregulation of histone
modification. The tight correlation between OGGH &RMT5 suggests a model in
which OGGL1 recruits PRMTS5 to histone H4 and faaiét the conversion of H4R3 to
H4R3me2s. If there is a defect in the OGG1 gere,bihding of PRMT5 to H4R3
will be reduced.
Abbreviations

8-oxoguanine-DNA glycosylase (OGG1); base excisepair (BER); 8-oxoguanine
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Figure legends

Fig. 1 The methylation level of histone H4 argining is affected by OGG1.

(A) The levels of histone H3, H3K9mel, H3K9me2, aHB8K9me3 in mouse

embryonic fibroblast (MEF) wild-type (WT) ardlggI’™ cells were determined using
anti-H3, -H3K9me1l, -H3K9me2, and -H3K9me3 antibedi€BB5 was used as an
internal loading control. (B) The levels of H3R17mehistone H4, H4R3mel,
H4R3me2s, and H4R3me2a in MEF WT aBdgI’ cells were determined using
anti-H3R17mel, -H4, -H4R3mel, -H4R3me2s, and -H4&Zmantibodies. TBB5

was used as an internal loading control. (C) Knoekd of OGGL1 in HelLa cells by
SiRNA. Cells were transfected with OGG1 siRNA omirol scrambled siRNA

(scr-siRNA). Histone H4, OGG1 protein, and H4R3mé2gls were determined
using anti-H4, -OGG1, and -H4R3me2s antibodies. 9B#as used as an internal
loading control. (D) HelLa cells were transfectedhwpcDNA3.1-OGG1 or the

control vector. Histone H4, OGG1 protein, and H4R2m levels were determined
using anti-H4, -OGG1, and -H4R3me2s antibodies. 9B#as used as an internal

loading control.
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Fig. 20GGL1 interacts with PRMT5 and histone H4 in MEFs.

(A) PRMT5-immunoprecipitated samples were subjedtedvestern blot analysis
using anti-OGG1 and -PRMT5 antibodies. (B) OGG1l-umoprecipitated samples
were subjected to western blot analysis using thdi-Hd antibody. (C)
OGG1-immunoprecipitated samples were subjectedetewn blot analysis using the
anti-H4Rme1l antibody. (D) PRMT5 protein level wagtedtmined using anti-PRMT5
and -H4 antibodies. TBB5 was used as an interralitg control.

Fig. 3 Interaction between PRMT5 and histone 4 in MF WT and OggI’ cells

(A) PRMT5-immunoprecipitated samples were subjedtedvestern blot analysis
using the anti-H4 antibody in MEF WT andOggI~ cells. (B)
PRMT5-immunoprecipitated samples were subjectedidstern blot analysis using
the anti-H4R3me1 antibody in MEF WT a@djgI’ cells.

Fig. 4 Enrichment of PRMT5 and H4R3me2s on CpG islads of specific genes in
MEF WT and OggI” cells.

(A) Oggl, Pcsk9 Hspbl andPolg mRNA levels in MEF WT an®ggI’~cells were
analyzed by gRT-PCR. (B—D) Chromatin immunopreaipin was performed using
digested chromatin from MEF WT a@gg™ cells. Following immunoprecipitation
with anti-PRMT5 and -H4R3me2s antibodies, enrichimeh the PRMT5- and
H4R3me2s-containing DNA sequences was quantified gRT-PCR. Relative
amounts of the PRMT5- or H4R3me2s-containing DNAjussices compared to

Pcsk9 Hspbl or Polg input in each group were calculated (n = 3/grolygrmal
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462 rabbit IgG was used as the negative control. Graplsv the mean + standard error

463 of the mean (SEM). Letters denote significant (B.05) differences between values.
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Table 1 Sequences and parameters of primers and siRNAs

Gene name Sequence+53") Size (bp)
Pcsk9 F CCTCACTCTGAGCGTCATT 174
(NC_000070.6) R AAGGTGGAAGCCTTCTGG
Hspbl F CCTTGACCAGCCAAGAACATG 149
(NC_000071.6) R GACCACTCATCGGGCAACC
Polq F GTTCCGTCCCTCACCACTC 107
(NC_000082.6) R ATCTTCCCGCCTCCATCT
Ogol F CTGCCTAGCAGCATGAGACAT 180
(NM_010957.4) R CAGTGTCCATACTTGATCTGCC
Pcsk9 F TTGCCCCATGTGGAGTACATT 112
(NM_153565.2) R GGGAGCGGTCTTCCTCTGT
Hspbl F GGTTGCCCGATGAGTGGTC 145
(NM_013560.2) R CTGAGCTGTCGGTTGAGCG
Polq F ACAAGCGAAGAGTTTCTGATGAC 151
(NM_001159369.1) R TCCAAGACGTGACCAAGCAAA
Actb F GGCTGTATTCCCCTCCATCG 154
(NM_007393.5) R CCAGTTGGTAACAATGCCATGT
pcDNA3.1-0ggl F CGGGATCCATGCCTGCCCGCGCGCTTCT 870

si Scramble

si OGG1-A

siOGG1-B

siOGG1-C

R CCGGGATCCTTACTTCGCCTGGGACGTG
F UUCUCCGAACGUGUCACGUTT
R ACGUGACACGUUCGGAGAATT
F GUUCUGCCUUCUGGACAAUTT
R AUUGUCCAGAAGGCAGAACTT
F GGUGGCUCAGAAAUUCCAATT
R UUGGAAUUUCUGAGCCACCTT
F GCUACGAGAGUCCUCAUAUTT
R AUAUGAGGACUCUCGUAGCTT
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Highlights:
1. OGG1 could regulate the level of H4R3me2sin MEF cells.
2. OGGL1 interacting with PRMT5 isinvolved in forming of H4R3me2s.

3. This manuscript illustrates the novel roles of OGGL in histone modification.



