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SUMMARY

At fertilization, the paternal genome undergoes
extensive reprogramming through protamine-his-
tone exchange and active DNA demethylation, but
only a few maternal factors have been defined in
these processes. We identified maternal Mettl23 as
a protein arginine methyltransferase (PRMT), which
most likely catalyzes the asymmetric dimethylation
of histone H3R17 (H3R17me2a), as indicated by
in vitro assays and treatment with TBBD, an H3R17
PRMT inhibitor. Maternal histone H3.3, which is
essential for paternal nucleosomal assembly, is un-
able to be incorporated into the male pronucleus
when it lacks R17me2a. Mettl23 interacts with Tet3,
a 5mC-oxidizing enzyme responsible for active
DNA demethylation, by binding to another maternal
factor, GSE (gonad-specific expression). Depletion
of Mettl23 from oocytes resulted in impaired accu-
mulation of GSE, Tet3, and 5hmC in the male pronu-
cleus, suggesting that Mettl23 may recruit GSE-Tet3
to chromatin. Our findings establish H3R17me2a and
its catalyzing enzyme Mettl23 as key regulators of
paternal genome reprogramming.

INTRODUCTION

Mammalian development is regulated by the precise orchestra-

tion of a series of epigenetic events, which are heritable
2756 Cell Reports 20, 2756–2765, September 19, 2017 ª 2017 The A
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changes in gene expression that do not involve changes to

the underlying DNA sequence. Reprogramming of the paternal

genome in mammals is essential for establishing the totipotent

state of the zygotic genome at fertilization (Hackett et al., 2012;

Sasaki and Matsui, 2008). This reprogramming initiates with the

removal of protamine from the decondensing nucleus of the

fertilizing sperm. The paternal genome then forms the male pro-

nucleus (PN) with nucleosomes containing maternally derived

core histones (Lin et al., 2014; Inoue and Zhang, 2014). At

this stage, the methylation level of paternal DNA is higher

than that of maternal DNA, but later, active DNA demethylation

proceeds predominantly in the male PN, leading to an asym-

metric epigenetic status that discriminates the parental ge-

nomes during the early cleavage stages (Inoue and Zhang,

2011). To date, several maternal factors responsible for these

dynamic reprogramming processes have been identified, espe-

cially in mice.

Maternal core histones are incorporated into the nucleosomal

structure in the male PN. The major histone variants involved in

this process are H2A.X and H3.3 (Nashun et al., 2010; Lin

et al., 2014). As H2A.X is also incorporated into the maternal

genome by replacing H2A.Z, it is assumed that this H2A variant

exchange is responsible for establishment of the new epigenetic

memory at fertilization (Nashun et al., 2010). By contrast, H3.3 is

incorporated exclusively to the male PN, because the maternal

genome already possesses H3.3 before fertilization. Therefore,

depletion of the maternal HIRA, the histone H3.3 chaperone, re-

sulted in the impairment of the male, but not female, PN forma-

tion in zygotes (Inoue and Zhang, 2014; Nashun et al., 2015).

This finding indicates that HIRA-mediated H3.3 deposition plays

a key role in paternal genomic reprogramming.
uthor(s).
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Figure 1. GSE Protein Interacts with Tet3 and Mettl23 in Mouse Zygotes

(A) Interaction of GSE with Tet3 analyzed using a yeast two-hybrid assay. The full-length and truncated Tet3 (�471 aas; region C) interacted with GSE, as

indicated by the blue colonies.

(B) Interaction of GSEwith Tet3 in PN3 zygotes, as demonstrated by coimmunoprecipitation using specific antibodies. A representative result from three replicate

experiments each using 100–150 zygotes.IgG, immunoglobulin G.

(C) The effect of deletion of the domain C in FLAG-Tet3 on Tet3 accumulation in male pronucleus of FLAG-Tet3 mRNA-injected PN3 zygotes. Left: DNA was

stained with DAPI. PB, the second polar body. Scale bar, 50 mm. Right: the relative FLAG signal intensities in the male and female PNs. The level of DAPI was set

as 1.0. Red bars indicate the mean ratios. *p < 0.01 (versus FLAG-Tet3-injected); ns, not significant. Ten zygotes were analyzed for each group.

(legend continued on next page)
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Previously, we have found that the gonadal-specific expres-

sion (GSE) protein, a maternal factor that is specifically ex-

pressed in germ cells, might be involved in active DNA demethy-

lation during zygotic development (Hatanaka et al., 2013;Mizuno

et al., 2006). Therefore, in this study, we examined whether GSE

would interact with Tet3, an oxidative enzyme responsible for

active DNA demethylation by conversion of 5-methylcytosine

(5mC) to 5-hydroxymethylcytosine (5hmC) (Gu et al., 2011),

and whether other maternal factors might exist to recruit Tet3

to its target sites. We identified methyltransferase-like 23

(Mettl23) as a Tet3-related factor. Mettl23 is an arginine methyl-

transferase that catalyzes asymmetric dimethylation of histone

H3 at arginine 17 (H3R17me2a). Importantly, we found that

R17me2a was responsible for the incorporation of maternal

H3.3 into the male PN.

RESULTS

GSE Protein Interacts with Tet3 in Zygotes
As we have already identified GSE as a putative maternal factor

involved in active DNA demethylation, we examined whether

GSE interacted with Tet3 protein by a yeast two-hybrid system.

As shown in Figure 1A, GSE interacted not only with the full-

length Tet3 but also with a part of its core catalytic region that

has methylcytosine dioxygenase activity from amino acids

(aas) 1012–1482 (region C in Figure 1A). This region is conserved

in the Tet family of genes (Kohli and Zhang, 2013; Pastor et al.,

2013; Tan and Shi, 2012). We next performed coimmunoprecipi-

tation experiments using anti-GSE and anti-Tet3 antibodies and

confirmed that GSE interacted with Tet3 in zygotes at the pronu-

clear 3 (PN3) stage (Figure 1B). Furthermore, we observed that

the deletion of region C in Tet3 resulted in the impairment of

Tet3 recruitment into the male PN, as indicated by the decrease

of the signal intensity in Figure 1C. These results suggest that the

interaction of GSE and Tet3 is responsible for the recruitment of

Tet3 into the male PN in zygotes.

GSE Interacts with Mettl23 in Zygotes
GSE could be associated with core histones, as indicated by a

yeast two-hybrid assay (Figure S1A), but it has no functional do-

mains that could modify histone proteins (Mizuno et al., 2006).

Therefore, we hypothesized that there might be another factor

intercalating between GSE and core histones to recruit Tet3-

GSE to target sites. To test this, we first searched for interacting

proteins in a yeast two-hybrid screening of a mouse ovary cDNA

library using the GSE protein as bait and identified Mettl23, his-

tone H3.3, and Rims3 as GSE-interacting proteins (Figure 1D).

Rims3 is known to be involved in exocytosis and is expressed

primarily in the nervous system. Therefore, we focused on

Mettl23, a putative methyltransferase, as a candidate maternal
(D) Identification of GSE-interacting protein with a cDNA library of themouse ovary

(E) Identification of a Mettl23-binding region of GSE using a yeast two-hybrid as

Mettl23.

(F) Interaction of GSE with Mettl23 in PN3 zygotes, as demonstrated by coimm

replicate experiments each using 100–150 zygotes.

(G) Direct interaction of GSE andMettl23 confirmed by immunoprecipitation follow

HEK293 cells. A representative result from three replicate experiments. sup, sup
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factor interacting with the Tet3-GSE complex. We have previ-

ously shown that transcription of the GSE gene involves splicing

variants: a long form of the protein (27.6 kDa) involving all exons,

and a short form (23.1 kDa) with exons 4–5 not transcribed. As

the long form was expressed from the zygote-to-blastocyst

stages (Hatanaka et al., 2013), we tested whether Mettl23 would

interact with the long form of GSE using a yeast two-hybrid sys-

tem. Mettl23 interacted with the product of exons 4–5 as well as

the full-length form, indicating that it was associated with the

long form in zygotes (Figure 1E). In agreement with this, Mettl23

was expressed from oocytes through the preimplantation

stages, in addition to several other tissues (Figures S1B and

S1C). We confirmed interaction of Mettl23 with GSE in PN3 zy-

gotes by a coimmunoprecipitation assay using pooled zygotes

(Figure 1F). Their direct binding was also confirmed by an assay

using His-tagged Mettl23 and His-tagged GSE proteins purified

from transfected HEK293 cells (Figure 1G). These results sug-

gested that Mettl23 is a binding partner of GSE in zygotes.

Mettl23 Is Responsible for the Accumulation of
H3R17me2a into PNs during Zygotic Development
Mettl23 belongs to a methyltransferase-like (Mettl) family that

has distant homology with protein arginine methyltransferases

(PRMTs), but its enzymatic activity has not yet been defined

(Cloutier et al., 2013). We found that Mettl23 has homology

with the conserved domains of PRMT activity in PRMT1–8

(Figure 2A).

Next, we confirmed the PRMT activity of Mettl23 in meta-

phase II (MII) oocytes using Mettl23-knockdown (Mettl23-KD)

oocytes, which had been injected with short interfering (si)RNA

specific forMettl23. Mettl23-KD specifically decreased the level

of H3R17me2a but not the level of other argininemethylation res-

idues in oocytes (Figure 2B; see also Figure S2A). Immunoblot

analysis indicated the localization of H3R17me2a in germinal

vesicle (GV)-stage and MII oocytes and preimplantation em-

bryos until the blastocyst stage (Figure S2B). In PN3-stage

zygotes, Mettl23 was localized in both PNs and cytoplasm in as-

sociation with nuclear H3R17me2a (Figure S2C). We also noted

that Mettl23, as well as H3R17me2a, were distributed symmetri-

cally in both PNs (Figure S2C), as indicated by the M/F fluores-

cence ratio of approximately 1.0 (Figure S2D). This behavior

was in contrast to that of GSE, which showed a predominant

distribution in the male PN (Figure 3F).

To demonstrate the PRMT activity of Mettl23, we performed

in vitro assays in the presence of recombinant histone H3.1 by

using 3xFLAG-His6-Mettl23 purified from transfected HEK293T

cells. As shown in Figure 2C, the Mettl23 protein methylated his-

tone H3.1; this H3.1 methylation was reduced by treatment with

TBBD (ellagic acid), which specifically inhibits methylation at

H3R17 by binding to KAPR17K aa motifs (Selvi et al., 2010). We
using a yeast two-hybrid assay. Letters A to F indicate the positions in the dish.

say. The region derived from exons 4 and 5 was responsible for binding with

unoprecipitation using specific antibodies. A representative result from three

ed by immunoblotting using His-GSE andHis-Mettl23 purified from transfected

ernatant.
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Figure 2. Arginine Methylation Activity of Mettl23 Protein

(A) Amino acid sequence alignment of the methyltransferase I region of mouse Mettl23, together with PRMT1–8. The same amino acids are shaded in black, and

similar amino acids are shaded in gray. Conserved signature methyltransferase motifs are boxed in red.

(B) The effect of Mettl23-KD on the methylation of different arginine residues of histone H3 in oocytes. The graph on the right indicates relative band intensities.

The level of actin was set as 1.0. Results from three replicate experiments (about 30 oocytes each). *p < 0.001 (versus siControl). Error bars indicate SEM.

(legend continued on next page)
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also found a reduction in the level of H3R17me2a in the presence

of TBBD using anti-H3R17me2a antibody by immunoblot anal-

ysis (Figure 2D). We identified the localization of CARM1 (also

known as PRMT4), another H3R17me2a PRMT. It was localized

in the cytoplasm, but not in the PNs, of zygotes (Figure S2C) and

in the nucleus and cytoplasm of GV oocytes (Figure S2E). Then,

to clarify whether the methylation activity of Mettl23 was CARM1

dependent, we performed co-immunoprecipitation experiments

using anti-FLAG and anti-CARM1 antibodies in the mixture

of purified 3xFLAG-His6-Mettl23. We found that Mettl23 did

not interact with CARM1 (Figure S2F), indicating that the

H3.1R17me2a was methylated by Mettl23 but not by CARM1.

To confirm that H3R17 was the target of Mettl23, we investi-

gated the effect of unmethylatable R17 mutants, H3.1R17A

and H3.1R17K, on the Mettl23 activity in vitro. These mutations

resulted in the reduction of the levels of H3.1methylation, as indi-

cated by the alterations in signal intensity (H3.1R17A, 0.75; and

H3.1R17K, 0.60 [WT = 1.0]) (Figure 2E). This result indicated that

Mettl23 methylated H3R17, although it might also methylate

other residues of H3 in vitro. In MII oocytes, however, Mettl23

did not methylate H3R8 or H3R26, at least at the immunoblot

level (Figure 2B).

To identify the accumulation of R17 methylation by Mettl23,

we next analyzed the resulting H3.115–18 peptide containing

R17, APRK peptide, by mass spectrometry. The mono- and di-

methylated APRK peptides could be detected in the presence

of 3xFLAG-His6-Mettl23 with recombinant H3.1 (Figure 2F).

We also found a tandem mass spectroscopy spectrum of

mono- and dimethylation on R17 (Figure 2G). These results

collectively suggest that Mettl23 catalyzes dimethylation of

H3R17.

GSE and Mettl23 Are Indispensable for 5mC Oxidation
by Recruiting Tet3
To determine the function of GSE and Mettl23 in 5mC oxidation

during zygote development, we generated GSE gene knockout

(GSE-KO) and Mettl23 gene knockout (Mettl23-KO) mice by

the CRISPR/Cas9 system (Figure S3A). Mice carrying homozy-

gous mutations were born alive in both KO lines. We confirmed

the successful deletions of GSE and Mettl23 in the KO mice by

western blot analysis using their testes (Figure S3B). Homozy-

gous mutant mice from the GSE-KO line were indistinguishable

from their heterozygous counterparts in terms of gross appear-
(C) Mettl23 methylates histone H3.1 in vitro. 3xFLAG-His6-Mettl23 was tandem a

G9a, which is known as H3K9 methyltransferase, was used as positive control fo

impaired methylation by Mettl23, but not by G9a. Top: autoradiography. Bottom:

loading control.

(D) Asymmetric dimethylation at arginine 17 of histone H3 (H3R17me2a) induce

impaired the methylation by Mettl23.

(E) Effect of unmethylatable mutations of H3.1R17 on the accumulation of H3.1 me

the methylation signals of H3.1 induced by Mettl23. CBB staining was performe

methylation levels induced by the GST-fused catalytic domain of G9a. Bottom: t

level of CBB stain was set as 1.0.

(F) Selected ion chromatograms of y3 ions (m/z = 400.267, 414.283, and 428.2

methylated (me1) and dimethylated (me2) forms of APRK peptides obtained from

sites are indicated in red. RT indicates retention time of the displayed ion chrom

(G) Tandem mass spectrometry (MS/MS) spectra of the three methylation states o

mono- and dimethylation on the arginine.
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ance, growth rate (data not shown), and reproductive perfor-

mance, such as litter sizes (Figure S3C). By contrast, the

Mettl23-KO line gave birth to significantly smaller litter sizes

following homozygous mating, compared with heterozygous

mating (Figure S3C). Moreover, about 33% (11/33) of the homo-

zygous Mettl23 newborn mice died before weaning from un-

known causes, and only a few survived to adulthood. Because

Mettl23 is ubiquitously expressed in many tissues (Figure S1C),

and the PRMTs and Mettl families might catalyze nonhistone

proteins (Blanc and Richard, 2017; Shimazu et al., 2014), these

Mettl23-KO phenotypes might be attributable to the loss of sys-

temic, multifunctional catalytic activity of this enzyme.

In zygotes derived from GSE-KO or Mettl23-KO oocytes, the

5mC level remained high and the 5hmC level remained low in

the male PN (Figures 3A, S4A, and S4B). The injection of Mettl23

mRNA into Mettl23-KO oocytes restored the conversion of 5mC

to 5hmC in maternal Mettl23-KO zygotes (Figures 3A, S4A, and

S4B). These findings indicated that GSE-KO or Mettl23-KO in

oocytes resulted in the failure of the 5mC-to-5hmC conversion.

This impaired 5mC oxidation was confirmed by methylated

DNA immunoprecipitation (MeDIP) and hydroxymethylated

DNA immunoprecipitation (hMeDIP) experiments directed to

the Line1 retrotransposon regions, which are known to be

actively demethylated in zygotes (Gu et al., 2011; Wossidlo

et al., 2010). The 5mC level at Line1 was higher in maternal

GSE-KO or Mettl23-KD zygotes than in siRNA-treated control

(siControl) zygotes, while the 5hmC level was lower in these

knockdown zygotes (Figure 3B). Furthermore, our chromatin

immunoprecipitation (ChIP) analysis using about 1,400 intact zy-

gotes revealed that H3R17me2a was enriched at the Line1 re-

gions (Figure 3C). All these findings suggest that maternal GSE

and Mettl23, in association with H3R17me2a, can play essential

roles in the oxidation of 5mC to 5hmC in zygotes, although this is

not a required event for viability.

We next observed Tet3 localization in maternal GSE-KO and

Mettl23-KO zygotes. In control zygotes, Tet3 was localized in

both male and female PNs, with a stronger intensity in the

male PN (Figure 3D), as reported previously (Guo et al., 2014;

Shen et al., 2014). The Tet3 signal was significantly reduced in

GSE- or Mettl23-KO zygotes compared with the wild-type (WT)

(Figures 3D and S4C). The forced expression of Mettl23 in its

KO zygotes restored the accumulation of Tet3 into the male

PN (Figures 3D and S4C). These results indicated that Mettl23
ffinity purified from transfected HEK293T cells. GST-fused catalytic domain of

r the methylation assay. The H3R17 methylation inhibitor TBBD (final, 100 mM)

Coomassie brilliant blue (CBB) stain. CBB staining was performed as an equal

d by Mettl23 in vitro. The H3R17 methylation inhibitor TBBD (final, 100 mM)

thylation in the presence of 14C-SAM in vitro. Top: autoradiography indicating

d as an equal loading control. The mutations of H3.1R17 did not change the

he relative methylated H3.1 signal intensities in the mutations by Mettl23. The

99; see Figure 2G) that from the parent ions of unmethylated (me0), mono-

digestion of recombinant H3.1 with or without Mettl23. Predicted methylation

atograms. m/z, mass-to-charge ratio.

f APRK peptides with Mettl23. The indicated b (blue) and y (pink) ions indicate
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and GSE are involved in Tet3 localization in the PNs. Next, we

examined whether Mettl23-KO might affect localization of the

GSE protein in the PNs, because it was possible that Mettl23

might function as a recruiter of GSE-Tet3 to the target sites. As

expected, only faint signals for GSE were found in the PNs of

the Mettl23-KO zygotes, and the rescue experiment resulted in

recruitment of GSE into the male PN (Figure 3E). Taken together

with the results from the biochemical analyses discussed earlier,

it is likely that maternal Mettl23 is responsible for 5mC oxidation

by recruiting the GSE-Tet3 complex into the chromatin during

zygote development. It also suggests that CARM1 is not

able to compensate for the function of Mettl23 in active DNA

demethylation.

PGC7 Is Responsible for the Asymmetric Localization of
GSE-Tet3 in PNs
It is known that the asymmetrical pattern of active DNA deme-

thylation between the paternal and maternal genomes is

achieved by the presence of the PGC7 protein, which protects

the female genome from Tet3 (Nakamura et al., 2007). There-

fore, we examined whether the localization patterns of GSE

and Mettl23 in zygotes might be altered by deletion of the

maternal PGC7. In maternal PGC7 KO zygotes, the fluores-

cence intensity for GSE in the female PN increased approxi-

mately to the level of that in the male PN, the male/female

(M/F) fluorescence ratio becoming �1 (Figure 3F). By contrast,

the fluorescence levels of Mettl23 were unchanged and very

similar between the male and female PNs in the same zygotes

(Figure 3F). These findings indicate that PGC7 protects the

maternal genome from GSE-Tet3, while the attachment of

Mettl23 to both parental genomes is not influenced by the pres-

ence of PGC7.

Methylation at R17 Is Essential for H3.3 Incorporation
into the Male PN
As both CARM1 and Mettl23 are present in the cytoplasm of

unfertilized oocytes, it is possible that maternal histone

H3.3 has been modified with R17me2a before fertilization. To

assess this possibility, we injected oocytes with mRNA for

EGFP -tagged H3.3 with amino acid substitutions. Normal

H3.3, as well as R8- and R26-mutated H3.3, was incorporated

into the male PN, whereas R17-mutated H3.3 failed to be local-

ized into themale PN (Figure 4). This result indicated that methyl-
Figure 3. GSE and Mettl23 Are Indispensable for Active DNA Demethy
(A) Top: representative immunofluorescence images of 5mC and 5hmC in differen

the fluorescence M/F ratios for 5mC and 5hmC. Each dot represents a single zyg

(versus WT).

(B) qPCR analysis of Line1 regions on immunoprecipitation using an anti-5mC an

oocytes (PN0) or 30 PN3–4 zygotes. *p < 0.05. Error bars indicate SEM. Results fro

adding the values of spermatozoa to those of MII oocytes.

(C) ChIP analysis of H3R17me2a on Line1 regions. Results are from three biolog

(D) Top: representative immunofluorescence images of Tet3 in maternal GSE-KO

bound factors. DNA was stained with DAPI. PB, the second polar body. Scale bar

The numbers of zygotes analyzed were 10 to 15 for each group. The level of H3

(E) Top: representative immunofluorescence images of GSE in Mettl23-KO zygot

other information see the legend for Figure 3D.

(F) Immunofluorescence images of GSE andMettl23 in maternal PGC7-KO zygote

Mettl23 level was unchanged. Fifteen zygotes were analyzed for each group. Fo
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ation at R17may be a prerequisite for H3.3 incorporation into the

paternal nucleosomes.

DISCUSSION

Reprogramming of the paternal genome at fertilization is one of

the most dynamic epigenetic changes during the life cycle in

mammals. Here, we identified H3R17me2a as a histone modifi-

cation that may regulate the reprogramming of the paternal

genome through protamine-histone exchange and active DNA

demethylation. A large part—if not all—of the R17me2a modifi-

cation on H3.3 in the oocytes/zygotes may be attributable to

the activity of Mettl23, here reported to have PRMT. A key ques-

tion that remains unanswered is why H3R17me2a is the essential

histone modification for reprogramming of the paternal genome.

It is known that H3R17me2a is frequently associated with tran-

scriptionally active chromatin (Chen et al., 1999; Di Lorenzo

and Bedford, 2011; Wu et al., 2009). In addition, conversion of

5mC to 5hmC occurs on transcriptionally active euchromatin in

mouse embryonic stem cells and human somatic cells (Ficz

et al., 2011; Kubiura et al., 2012). Therefore, we postulate that

Mettl23-catalyzed H3R17me2a might induce an open chromatin

structure so that the subsequent molecular events can proceed

normally until the full reprogramming of the paternal genome.

Generally, information on reader proteins that recognize methyl-

ated arginine is limited, compared with that on lysine methylation

(Musselman et al., 2012). A recent study suggested that the

TDRD3 Tudor domain, which recognizes H3R17me2a and

H4R3me2a, was tightly complexed with DNA topoisomerase

IIIb (TOP3B) to induce relaxation of negative supercoiled DNA

in cultured cells (Yang et al., 2014). It would be interesting to

see whether a similar mechanism is active at the H3R17me2a

sites in zygotes.

When sperm enters an egg, it must undergo biochemical re-

modeling that is reliant on maternal factors. Decondensation

of the sperm head takes place by maternal nucleoplasmin 2,

releasing protamine into the oocyte cytoplasm, in preparation

for PN formation. It is known that de novo nucleosome assembly

is dependent on H3.3 and its chaperone Hira, which is essential

for PN formation (Inoue and Zhang, 2014; Nashun et al., 2015).

In this study, we found that H3.3 devoid of R17me2a was unable

to participate in PN formation, suggesting that the R17me2a

modification was a prerequisite for nucleosome assembly by
lation by Recruiting Tet3 to the PNs
t groups of PN3 zygotes. PB, the second polar body. Scale bar, 50 mm. Bottom:

ote (11 zygotes for each group). Red bars indicate the mean ratios. *p < 0.001

tibody (for MeDIP) and anti-5hmC antibody (for hMeDIP). Results are from 30

m three biological replicate experiments. The values for PN0were calculated by

ical replicate experiments. *p < 0.05. Error bars indicate SEM.

or Mettl23-KO zygotes. H3 is indicated in green as a control for chromatin-

, 50 mm. Bottom: the relative Tet3 signal intensities in the male and female PNs.

was set as 1.0. Red bars indicate the mean ratios. *p < 0.001 (versus WT).

es. Bottom: the relative GSE signal intensities in the male and female PNs. For

s. The M/F ratio for the GSE level was significantly reduced (*p < 0.005), but the

r other information, see the legend for (D). ns, not significant.



Figure 4. H3R17me2a Is Essential for Maternal H3.3 Incorporation into the Male PN

Effect of an unmethylatable mutation of H3.3R17 on deposition into paternal nucleus by injection of EGFP-fused histone mutants. Left: immunofluorescence

images of EGFP in mRNA-injected zygotes. Right: the EGFP signal intensity in male PN. Each dot represents a single zygote. The numbers of zygotes analyzed

were 11 to 20 for each group. Red bars indicate the mean ratios. Asterisks indicate significant differences compared with control embryos (p < 0.05). PB, the

second polar body. Scale bar, 50 mm.
H3.3. Our experimental results indicate that the enzymatic activ-

ity of Mettl23 as R17me2a PRMT is exerted before fertilization

(Figure 2B). This may result in accumulation of H3.3R17me2a

in the MII ooplasm, which may induce paternal nucleosomal as-

sembly upon fertilization. Because Mettl23 knockout oocytes

normally form PNs, it is probable that the catalytic role of

Mettl23 might be compensated for—at least in part—by

CARM1, another R17me2a PRMT, during paternal nucleosome

formation. The abundant localization of CARM1 in the immature

oocytes may support this assumption (Torres-Padilla et al.,

2007). Generation of oocytes lacking both Mettl23 and

CARM1 would help solve these questions. Mettl23 has distant

homology with other PRMTs (Figure 2A), and two point muta-

tions of the putative catalytic sites (D113V and D163V) still

retained the enzymatic activity (unpublished data). This may

suggest that the active site or reaction mechanism of Mettl23

is different from that of other PRMTs. If another unidentified

H3R17 PRMT exists in oocytes, Mettl23 might interact with it

as a partner protein.

In contrast to the obvious involvement of Mettl23 in

H3R17me2a formation before PN formation, its involvement in

active DNA demethylation remains to be studied. After PN for-

mation, Mettl23, but not CARM1, was localized in the PNs and

bound to GSE, a Tet3-interacting protein. Therefore, Mettl23

may have some non-PRMT role in Tet3-mediated active DNA

demethylation, which CARM1 does not possess. Depletion of

Mettl23 resulted in impaired pronuclear localization of GSE,

Tet3, and 5hmC, indicating that Mettl23 functions as a recruiter

of GSE and Tet3 to target sites. A structural analysis of Mettl23

could elucidate the mechanisms underlying its multifunction.

Indeed, Mettl23 has low homology to all the PRMTs in their non-

conserved domains (Figure 2A). CARM1 is known to be a multi-

functional protein and is engaged in non-PRMT roles, such as

mRNA processing (Cheng et al., 2007) and regulating protein

stability (Feng et al., 2006). Thus, Mettl23 and CARM1 have the
PRMT activity in oocytes and zygotes by the common conserved

domains, while Mettl23 might have another function as a

recruiter of GSE-Tet3.

One of the important features of active DNA demethylation in

zygotes is its predominant contribution to reprogramming of

the paternal genome (Mayer et al., 2000), although this event is

not essential for subsequent embryonic development (Inoue

et al., 2015). This parental-origin-dependent DNA demethylation

is ensured by the preferential localization of maternal PGC7 to

the female PN (Nakamura et al., 2007). The female PN is enriched

with H3K9me2, which attracts the PGC7 protein to the maternal

genome. It was shown experimentally that PGC7 protected 5mC

from Tet3-mediated oxidation (Nakamura et al., 2012). Detailed

biochemical analyses using isolated male and female PNs re-

vealed that conversion of 5mC to 5hmC by Tet3 also occurs in

the female PN, albeit on a smaller scale (Guo et al., 2014; Shen

et al., 2014). These studies also identified target regions of active

DNA demethylation, some of which were specific for either the

maternal or the paternal genome. Our study provides another

layer of information to explain this process. We found that GSE

was preferentially localized to the male PN, while Mettl23-

H3R17me2a was evenly distributed in both PNs. Interestingly,

maternal PGC7-KO resulted in elevation of the GSE level as

well as the Tet3 level in the female PN. This finding supports

the idea that while Mettl23-H3R17me2a can be localized to the

maternal (oocyte) genome, H3K9me2-PGC7 inhibits the attach-

ment of GSE-Tet3 to Mettl23, thus preventing active DNA deme-

thylation in the female PN. Thus, active DNA demethylation in

zygotesmay be regulated by two different histonemodifications,

H3R17me2a andH3K9me2, which have opposite effects on Tet3

recruitment.
EXPERIMENTAL PROCEDURES

Detailed methods are available in the Supplemental Information.
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Animals

All animal experiments described here were approved by the Animal

Experimentation Committees at the RIKEN Tsukuba Institute and Kinki Uni-

versity and were performed in accordance with the committees’ guiding

principles. Animals were housed under controlled lighting conditions (daily

light, 0700–2100 hr) and were maintained under specific pathogen-free

conditions.

Immunocytochemistry and Microscopy

The classification of PN stages was performed according to previous studies

(Santos et al., 2002; Wossidlo et al., 2010), where the pronuclear morphology

and hours postinsemination were taken into consideration. Oocytes or

zygotes were treated with 0.2% Triton X-100 (Nacalai Tesque) in PBS for

30 s, washed with PBS three times, and fixed in 4% PFA (Nacalai Tesque)

(Nakamura et al., 2012). In some experiments (Figure 4A), oocytes or em-

bryos were fixed in 4% PFA first, followed by treatment with PBS containing

0.1%–0.2% Triton X-100 at room temperature (RT) for 1 hr. For 5mC, 5hmC,

and DNA, the specimens were incubated in 4 N HCl at RT for 30 min and

then incubated in 0.1 M EDTA at RT for 30 min. They were then incubated

with the primary antibodies (Table S1) in PBS containing 30 mg/mL BSA at

4�C overnight. After washing, they were reacted with the secondary anti-

bodies as appropriate (Table S1) at RT for 1 hr. Specimens were mounted

on glass slides in Vectashield mounting medium (Vector Laboratories) con-

taining 2–5 mg/mL DAPI (Invitrogen; D1306). Finally, the slides were imaged

using a CellVoyager CV1000 confocal scanner system (Yokogawa Electric).

ImageJ software (NIH, Bethesda, MD, USA; http://rsbweb.nih.gov/ij/) was

used to quantify DAPI staining and antibody signals in the central region of

each PN. At least three independent replicates were performed for each

experiment.

ChIP

These procedures were performed essentially as described (Hatanaka et al.,

2015). In brief, about 1,400 mouse zygotes were harvested for cross-linking.

Fixation and isolation of the nuclei of the zygotes were performed using tru-

ChIP Chromatin Shearing Reagent Kits (Covaris). Chromatin shearing was

performed using a Covaris S220 instrument. Immunoprecipitation was per-

formed as described earlier. For binding to magnetic beads, each antibody

was incubated with Dynabeads Protein G (Invitrogen) in a ChIP dilution

buffer containing 0.01% SDS, 1.1% w/v Triton X-100, 1.2 mM EDTA,

and 167 mM NaCl at 4�C for 1 hr with rotation. After washing, the beads

were incubated with the chromatin shearing solution at 4�C for 6 hr with

rotation. After immunoprecipitation, the beads were washed using a low-

salt wash buffer containing 20 mM Tris-HCl, 0.1% SDS, 1% w/v Triton

X-100, 2 mM EDTA, and 150 mM NaCl and a high-salt wash buffer contain-

ing 20 mM Tris-HCl, 0.1% SDS, 1% w/v Triton X-100, 2 mM EDTA, and

500 mM NaCl. For elution of the DNA from the beads, they were incubated

with ChIP direct elution buffer containing 10 mM Tris-HCl, 1% SDS, 5 mM

EDTA, and 300 mM NaCl at 4�C for 15 min with rotation. The solution was

incubated at 65�C overnight and then treated with proteinase K and RNase

A and subjected to DNA purification. Prepared DNA samples were amplified

and analyzed by qRT-PCR. The primers used are described in Table S2.

Amplifications were run in a 7900HT Sequence Detector System (Applied

Biosystems).

Statistical Analysis

For statistical analysis, we performed one-way ANOVA using StatView v.5.0

(SAS Institute) or Microsoft Excel. A post hoc procedure using Fisher

Protected Least Significant Difference (PLSD) was adopted for multiple com-

parisons between the groups where appropriate. The p values < 0.05 were

considered significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and two tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2017.08.088.
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