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Abstract

Genomic impnntlng lS a germline-specific ePlgenetic phcnomenonthat causes monoallelic

expression Of a small subset of mammalian genes depending Ontheir parental origin lt is

knownthat imprinted gene expression lS regulated by CIS-regulatory elements called

difrercntially methylated regions (DMRs)that show parentalorigin-specific DNA methylatlOn

Based onthe molecular and genetic studleS, it has been shownthat DNA methylation lSthe

eplgCnetic mark for impnntlng･

Whilethe allele-speclfic diffcrentialmethyhtion atthe DMRs is stably malntained

inthe somatic lineages, it should bc erased and reestablished inthe germline of each

generation depending Onthe sex ofthc individual･ ln female germcells,the estabhslment of

the maternalmethylation impnnts begins after birthand proceeds dunng oocyte grow血In

contrast, how and whenthe patcmal methylat10n impnnts are established is notfully

understood,althoughit isknownthatthe process begins inthe gonocyte stage･ In addition,

althoughit isknownthat DNA methyltransferase family genes Dnml30 aJld Dnmt3Lare

essentlalforthe establishment of the matemalmethylation impnnts, which Dnmt3 genes are

required forthe establislment of the patcmal methylatlOn impnnts has not been conclusively

determined.

To investlgatethe process of the establlSlment of the patemalmethylation impnnts,

I performed bisulphite methylation analysis onthe fetaland postnatalmale germ cells in

wildtype testisI The results demonstratedthat methylat10n imprints atal1 patemally methyted

DMRs are establlShed in gonocytes before birth, andthat the established methylation impnnts

are maintained throughmeiosis ln adult tcstes･ lalso performed methylation analysis on the

male germcells denved丘omthe germline-spcclflC伽mf3a and Dnmt3b mutmt mlCe and

from conventionalaml3L mutantmicc. The results detnonstratedthat伽ml3a and Dnmt3L

play a major role inthe establishment of the patemal methylation impnnts in a DMR

dependent manner The resultsalso suggestedthe contribution of Dnmt3b lnthe establislment
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Gene symbols

DlkJ : delta-like I

Dnmt : DNA methyltransferase

ld2 : insulln-like growth factor 2

Id2r. insulinllike growth factor 2 receptor

KcnqJot1 : Kcnql10Verlapplng tranSCnPt I

Peg3　patemally expressed gene 3

Rasgrj7 : Ras protein-SpeciflC guanine nucleotide-releasing factor 1

mAP : tissue non-speciflC alkaline phosphatase



htroduction

Nuclear transfer experiments carried out in early 1980s demonstratedthatthe matemal and

patemal genomes of mouse are not equlValent infunctionand bothaqe required for normal

embryonic development (MacGrathand Solter, 1984; Surani et al,, 1984; Barton el al., 1984).

ThefuJICtionaldlfference betweenthe parental genomes is caused by genomic impnntlng,

which is a germIine-Specific eplgenetic phenomenon resulting ln mOnOallelic exprcssIOn Of a

small subset of genes depending on their parental orlgln ln the progeny. So far, about 80

impnnted genes have been ldentlfied in mouse, whichare lnVOIved in diverse biological

phenomena such as embryonic development, placentalformat10n, fetaland poshatal growth

and maternalbehavior (Reik and Walter, 2001). Also, some human diseases such as

Prader-Wllli syndrome,Angelman syndrome and Beckwith-Wiedemann syndromeareknown

to occur as a consequence of aberrant expression of imprinted genes (Robertson, 2005).

Methylation of cytosine resldues ln CpG dinucleotides plays a major role in gene

repression, transposon silencing and genomc stabilization (Bird, 2002). In hum肌SOmatic cells,

methylated cytosine residues account for ～1% of total DNA bases and affect about 70% of

all CpG dinucleotides inthe genome (Bird, 2002). The enzymatic activities catalyzing DNA

methylation canbe classified into twotypeS. One is maintenance methylation, which is an

activityto methylate unmethylated cytosine residues of hemimethylated CpGs after DNA

replication,and DNA methyltransferase i (lhmtl) is responslble forthefunction (Gruenbaum

et al , 1982; Bestorand Ingram, 1983). The other is de nova methylation, which is an activity

to add methyl groups to cytosine at unmethylated CpGs,and it isknownthat Dnmt3a and

伽mt3b catalyzethc reaction (Okano et al., 1998). Genetic studies have lndicatedthat DNA

methylation lS requlred for normalmouse development, becausefunctlOnal de丘clenCy Of

Dnmtl results in embryonic lethalityat打0und embryonic day 8 5-9 5 (E8 5-9.5) witha severe

reduction of genomic DNA methylation (Li el al , 1992) Similarly, animals deficient for



Dnmt3a and Dnml3b show posbatal and embryonic lethality, respectively (Okano et al ,

1999).

The relatlOnShip between genomlC impnntlngand DNA methylation was first

reported at H19and ld2r:the active maternalH19 allele showed hypomethylation whilethe

Inactive patemalH19 showed hypermethylat10ninthe promoter region (Ferguson-Smithet al ,

1993);the active matemalId2r allele showed hypcrmethylation whilethe lnaCtlVe Patemal

Id2r showed hypomethylation inthe second intron (Stoger et al., 1993), Sequences showing

such differentlalDNA methylation betweenthe parental chromosomes are called differentially

methylated regions (DMRs). It has been demonstrated dlat at least some DMRs act asthe

CIS-regulatory elementsthat controlthe allele-specific express10n Of imprinted genes (Wutz el

al , 1997, Thorvaldsen et al., 1998; Fitzp血ck el al., 2002;Lin et aL., 2003; Wllliamson el al ,

2004; Liu et al･, 2005). More direct evidence for die requirement of DNA methylation in

impnntlng cones &omthe study of Dnmt1-deflClent embryos, In WhlChthe differential

methylation has been lost atthe imprinted loci (Li el al, 1993). Inthese embryos, both

paqentalallelcs of Zd2 and ld2r were silent, while bothalleles of H19 Were active. These

observations indicatethat DNA methylation is indeed the eplgenetlC mark for impnntlng,

Allele-Specific methylation of the DMRs should be established inthe parental

germilne and stably maintained during preimplantation stages, when genomic methylation is

dramatically reduced (Reik et al., 2001). It has been reportedthatthe H19, DLkJ/Gt12 and

Rasgrfl DMRs are methylated in spe- but not in oocytes (Bartolomei et aL , 1993; Tremblay

et al･, 1995; Takada et aI･, 2002; Li et a1., 2004), andthe Id2r, Kcnqlotl and GnasJA DMRs

aqe methylatcd ln OOCyteS but not ln Sperm(Stoger ef aL , 1993; EngcmaJln et aL., 2000, Llu et

al , 2000)I In addition, such gamehc methylation is stably maintained in preimplantation

embryos (Stoger et al., 1993; Tremblay et aL., 1995, Shemer et al., 1997).Whilethe

differential methyl如ion lS Stably malntaincd in somatic cells, it should be erasedand

reestablished inthe germline before being passed ontothe next generation. It has been



reportedthat bothalleles of the DMRs are hypomethylated in primordialgem cells (PGCs)

around El I 5 to 12･5 (Shemer et al., 1997; Davis et al., 2000; Lee elal., 2002).

Molecular studleS have been camed out to understand howthe differential

methylat10n is established inthe parentalgermiine･ In the female germIlne,the establlShment

of the matemalmethylation lmpnntS begins ln Pnmary OOCyteS after birth, and proceeds

duringthe oocyte growth(Luclfero et al , 2002; Lucifero et al., 2004) This was coTTelated

withthe expresslOn analysis of some imprinted genes in parthenogenetic embryos produced by

nuclear transfer (Obata et al , 2002)I In contrast, the details ofthc establislment of the patemal

methylation impnnts are not fully described.Amongthe three patemally methylated DMRs

(H19, Dlkl/Gtl2 and RasgrjI),the H19 DMR isthe best investlgated. It was shownthat

methylation of the H19 DMR begins dmingthe gonocyte stage inthe fetal testis (Davis et aL.,

2000; Ueda el all, 2000),althoughthere are some dlSCrePanCies betweenthe reports. Davis et

al. arguedthat methylation of the matemalH19 DMR is notfully established duringthe

gonocyte stage, while Ueda et all arguedthat methylation of bothparentalallcles is completed

bythe end of the gonocyte stage･ Forthe remainlng two DMRs, it is knownthat methylation

also beglnS inthe gonocyte stage (Li et al., 2004), but lt lS Stillunclear whether methylat10n Of

bothparentalalleles is completed duringthlS Stage.

A defect inthe establishment ofthc methylatiOn impnnts was first observed in mlCe

deflClent for Dnml3-like protein (Dnml3L), which belongs tothe Dnmt3 family of the de novo

methyltransferases but lacks methyltransferase activity(Bourc'his et al., 2001; Hata el al.,

2002). HypomethylatlOn Ofthe matemal DMRs was observed in bothLhml3L-deficient

female oocytesand heterozygous fetuses derivedfromthe Dnmt3L-deflCient oocytes,

lndicatlngthat刀的mt3L is essentialforthe establislment of the matemalmethylat10n impnnts

in oocytes (Bourc'his el all, 2001; Hata el al., 2002). More recently, taking advantage of the

germllne-SpeClfic Dnmt3aand上加mt3bknockoutmice, Kaneda et al. demonstrated that, when

Dnmt3a is deleted ln female germcells, all embryos die in utero eventhoughthey Inherit a



wildtypeallelefromtheir father･Assimllar to伽mt3L mutants, methylation of the maternally

methylated DMRs was lost lnthese fetuses, lndicatingthat伽mf3a lS eSSential for the

establislment of the maternal methylation impnnts. In contrast, when Dnmt3b was deleted in

the same manner, cmbryos were healthy and had appropnate methylation patterns inthe

maternally methylated DMRs (Kaneda et al･, 2004). ThlS SuggeStSthat加mt3b is not required

forthe establishment of the matemal methylation lmPnntS･ Therefore,上加mt30and Dnml3L,

but not Dnmt3b, are indispensable forthe establishment of the matemal methylation impnnts･

The results of the studies onthe establishment of the patemal methylation impnnts

are rather complicated･ In our prevlOuS Study,the germllne-Specific Dnmt3aknockout male

germcclls showed azoospermla and reduction ln mCthylation of the H19 and DLkl/Gl12 DMRs

(I"t not of the Rasgrj7DMR), suggestingthat Dnmt3a is requlrCd forthe establislmcnt of the

patemalmethylat10n Imprints in two of the three loci (Kaneda et al., 2004). In contrast,

hypomethylation was observed only atthe H19 DMR inthe Dnml3L･/- Spermatogonla

(Bourc'his and Bestor, 2004; Kaneda et al , 2004), whlCh was at variance wlththe finding by

Webster et aLthat not oPlythe H19 DMR butalsothe RasgrfI DMR was hypomethylated

(Webster el al一, 2005)I These results suggestedthat different enzymes and factors could

operate on different patemally methylated DMRs･ Involvement of Dnmt3b inthe paternal

methylat10n lmPnntlng LS not likely, because conditionalDnmt3bknockoutmice did not show

any defects in elthertheknockoutmicethemselves or thelr Progeny (Kaneda el al , 2004).

To resolvethe current conAISions aboutthe establishment mechanisms of the

patemalmethylat10n imprints, I decided to investigate in detail 1) howand whenthe

methylation impnnts are established atthe three patemally methylated DMRs during male

germ cell development, and 2) which DNA methyltransferase family member is involved in

the establislment of the paternalmethylation impnnts. Inthe first part ofthlS thesis, I describe

the results of bisulphite sequenclng analyses of the patemally methylated DMRs at various

stages of male germcell development I used Fl mice produced by crosslng C57rBL6J



females and JFl males to distinguishthe pa-talalleles The results demonstratedthat, in

wildtype male germcells,the methylation imprints of all patemally methylated DMRs are

established ln gOnOCyteS dunng fetal testis development･ This ISthe first complete descnptIOn

of the establlSlment process of the paternal methylation impnnts･ Inthe second part of this

thesis, I lnVeStlgatedthe roles of上加mt3a, Dnmt3b and Dnmt3L inthe establlShment of the

patemal methylation lmPnntS in multiple male germ cell prepamtions obtained kom the

mutants･ The results demonstratedthat上加mt3a and Dnmt3L play a major role inthe

establislment of the patemalmethylation imprlntS･ However,the effect of the Dnmt3a and

伽ml3L disruptions Was in many cases partlal, andthe actualdegree of demethylation was

diLrerent丘･om DMR to DMR and also from sample to sample･ The resultsalso suggested a

possible involvement of Dnml3b lnthe establishment of the patemalmcthylation impnnts,

althoughthe effect ofthe加mt3b disruptlOn Was not Very Clear. Thus,the efficiency and role

of each Dnmt3 member seem quite different betweenthe male and female gemiines. The

identification of the伽mt proteins involved inthe patemalmcthylation impnnting helps to

umdersbndthe precise mechanlSmS Of genomic impnntlng･
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OM159F (Dnml3b21併and上加mt3b', up), 5'-AGA GCA CTG CAC CAC TAC TGC TGG A_3,

OM147R (Dnmt3b2La and Lhmt3b', down), 5'-CAG GTC AGA CCT CTC TGG TGA CAA

G-3'

TNAP-Cre作, 5'-TAA GGG CCA GCT CAT TCC TCCl3'

TNAP-Cre/R, 5'-CAC GTC GAT GGC CGC TCT A-3'

KH15 (Dnmt3L, wildtypeand mutaJlt, uP), 5'-CAC TAC TTC GAA TTC CCC CC-3'

KH28 (加mt3L,wi1dtype, down), 5'-TGG TTT GTT TAA GTA GAA GAT ATA TTG13'

IRES (上加mf3L, mutant, down), 5'-CAC ACT CCA ACC TCC GCA GGC TCC TA _3'

PCR was done underthefollowmg parameters for Lhmt3a,伽mt3b and TNAP-Cre: 30 cycles

of95oCfor 30 see, 65Qc for 45 see, 72oC for 45 see, withthe finalextenslOn at 72oC for 5

inl‖W∴

Parameters for lhmt3L were･ 35 cycles of95oC for 45 see, 58℃ for 30 see, 72oC for 30 see,

withthe final extension at 72.C for 5min.

EfflClenCy Ofrecomblnation by TNAPICre was analyzed by PCR Primers used were:

3a1-2/F (上加mt3a2larand加mt3aLLox), 5'-CAC CTG TGC CAG CTG AGA AGA GGA A_3,

3a1-2/氏 (Dnmt3a2Jarand Dnmt3aJLx), 5'-TGA GTG GTG AGG CCC AGC TTA TCG A_3,

3bト2/F (Dnml3b2Lαand上加ml3b"っ, 5'-GAG TTA AGC TAG CTT ATC GAT ACC G_3,

3b1-2瓜(上加mt3b2loxand伽7nt3b"a), 5'-AGA CAC TAT GTG CAG TAC AGC AGC T_3,

PCR was doneunderthe following parameters: 30 cycles of94oC for 30 see, 65oC for 45 see,

72oC for 2 mln,withthe finalextension at 72oC for 5 min(Dnml3a); 30 cycles of94｡c for

30 see, 60oC for 30 see, 72oC for 5 mln, Withthe flnalextensIOn at 72oC for 5 min (加mt3b).

ll



Identification of siTIgle nucleotide polymorphisms (SNPs) in the DlkJ/GW2 DMR

FiRy ng of DNA (from C57BL/6J and JFl liver) was used as templates for PCRunderthe

followlng Parameters: 30 cycles of 95oC for 30 see, 65oC for 30 see,and 72oC for 1 min,

withthe finalextensIOn at 72.Cfor 5min Primers used were･

IG-Fl, 5㌧ CTG CAA TTC ACG GTA TAT GAG TCC-3'

IG-Rl, 5'- CTG CAA GTA CCA CAT TCC ATC AGG13'

PCR products were cloned using PGEM-T Easy Vectror System I (Promega). Three colonies

were picked up from each strain and cultured in LB medium(1% bacto tryptone, 0.5% bacto

yeast extract, 1% NaCl, 2 mM NaOH, and 50 ug/ml ampicillln). Plasmid DNA was isolated by

Hispeed Plasmld MidiKit (Qiagen)and DNA sequencing was done using a BigDye

Terminator VerslOn 3･ 1 Cycle Sequencing Kit (Applied Biosystems) wlththe standard primers

(M 1 3　　Forward;　5 '- GTAAAACGAC GGCCAGT13 '　and M 1 3　　Reverse ;

5'-CAGGAAACAGCTATG-3'). Sequences wereanalyzed onanABI Prism 377 GenetlC

Analyzer (Applied Biosystems).

Preparation of mA)e germ cells

Seminiferous tubules aom E145, E1615, E18･5 and P0-2 testes were dissociated by

bypsln侶DTA (0･25% trypsln, 10 mM EDTA in PBS) at 37oC for 10min. Then, cells were

cultured ln M199 medlum (Sigma) supplementedwith10%fetal bovine serum for I.5 h in a

CO2 incubator･ Cells noating inthe supematallt Were COllectedand washed by PBS,弧d

resuspended in 2 ml of25% pcrcoll/M199･ The solution was put on 2 ml of65% percoll/PBS

and overlayed by 1 ml of 12%percollnBS in a centrifugation tube･ Centrifugat10n Was Carried

out at 2800g for 20min at room temperature･ Somatic cells but not germcells were

precIPltated inthe bottom of the 25% percollJM199fraction Cells emiched inthe 25%

percoll/M199 phase were lSOlated bymicroplpette･ Isolated germ cells were incubatedwith

12



Iysis buffer at 50℃ for I h. After phenoI/chloroform extraction, ethanol precipitation was

performed withEthachlnmate Nippon gene) DNApellet was resuspended in 30ulof distilled

water･ Pachytene spermatocytes and round spcrmatids were collectedfrom 9-week old testes

by elutriation (Beckman J6lMC; Rotor JE5 0) Brieny, seminiferous tubules were dissociated

in PBS contalning O･5 mg/ml of collagenasc at 32oC for 15 min andthen ln PBS containlng

O･5 mg/ml oftrypsin at 32.C for 20 min. Five minutes later fromthe beginning of the trypsin

treatment, 2 ug/ml of DNase I was added. Then cells were treated withbypsln inhibitor (0.5

mg/ml), passedthrougha nylon mesh (23 um),and addcdwith2 ug/ml ofDNase I. Elutriation

was performed according tothe previous report (Grabske et al., 1975). Fraction 8 and 4 were

regarded as pachytene spermatocytes and round spermatids, respectively. Spermatozoa were

collected by a staJldard protocol These male ge- cells were lnCubatedwith1ysis buffer at

50℃ ovemight. ARer phenol and phenol/chloroformextraction, ethanol precIPltation was

done. Genomic DNA was resuspended in loo ul of TE buffer.

Alka)ine phosphtase (AP) stainiJ)g

Male germcells isolatedfrom E14･5, E165, E1815 and PO testes were fixed by 3･7%

fomlaldehyde solution for 15 min at room temperature. Then,the cells were washed twice in

PBS, and added wlththealkaline phosphatase stalning solution (0 1 M Tns-HCl (pH8 8), 2

mM MgC12, 0 5% N, N-dlmetylforamide, 0 1 mg/ml naLulOI AS-phosphatase, 0,6 mg/ml

fast-blue BB salt), and incubated at 37oC for 20 mln. ARer the cells were washed and

resuspended ln PBS,those showing blue signals were counted under mlCrOSCOPy.

IIisulphite methyhtion analysIS

The pnnciple of bisulphite reaction was shownin Figure 2. Genomic DNA ISOlatedfrom male

germcells was subjected to bisulphite methylation analysis (Frommer et al., 1992). The

13



bisulphite treatment was carried outwithEZ DNA Methylation Kit (Zymo Research).

Sequences investlgated lnthis study were shown in Figure 3･ Semi-nested PCR was performed

toamplifythe H19, Dlkl/Gt12, Rasgrj7 and Peg3 DMRs. Sequences of the pnmers were:

BisOFl (H19, first and second, up), 5'-TTG TGA GTG GAA AGA TTA AAT TGT TG13'

(Kaneda et al , 2004)

BisORl (H19, first, down), 5'-AAT ACA CAC ATC TTA CCA CCC CTA TA･3'(Kaneda et

〟., 2004)

BisIRl (H19, second, down), 5'-ATC TTA CCA CCC CTA TAA ATC CCT13'(Kaneda el aL.,

2004)

BisIGF2 (Dlkl/Gt12, flrSt, uP), 5'-GTG TTA AGG TAT ATT ATG TTA GTG TTA GG_3'

BisIGF3 (Dlkl/GtL2, second, up), 5'-ATA TTA TGT TAG TGT TAG GAA GGA TTG TG_3'

BisIGR3 (DLkl/Gt12, firstand second, down), 5'-TAC AÅc CCT TCC CTC ACT CCA AAA

ATT_3'

BISRGFl (Rasgrfl, first, uP), 5'- GAG ACT ATG TAA AGT TAG AGT TGT GTT G-3'

BISRGF2 (RasgrJI, second, up), 5'-TAA AGA TAG TTT AGA TAT GGA ATT TTG GG_3'

BisRGR2 (Rasgrj7, flrSt and second, down), 5'-ATA ATA CAA CAA CAA CAA TAA CAA

TC-3'

Peg31F2 (Peg3, first, up), 5'-TTG ATA ATA GTA GTT TGA TTG GTA GGG TGT-3'(Hata

etal.,2002)

Peg3-F4 (Peg3, second, up), 5'-TTT TGT AGA GGA TTT TGA TAA GGA GGT GTT_3'

Peg31R2 (Peg3, flrStand second, down), 5'-ATC TAC AAC CTT ATC AAT TAC CCT TAA

AAA-3'(Hata ef al , 2002)

Inthe nested PCR･ Lrst PCR was carried out using 213ng of bisulphite treated DNA under the

followingparameters 35 cycles of95oC for lmin, 61oC for lmin, and 72oCfor 1 mln,with

the finalcxtension at 72℃ for 5 min; Second PCR was carried out uslngfirst PCR products

underthe same parameters for 15120 cyclesI PCR products were cloned using PGEMIT Easy
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Vectror System I (Promega). Colonies were picked up and b●ansferrcd Into 96-Well plates.

DNA was amplifled by rolling clrCle amplification using Templiphi DNA Amplification Kit

(GE Healthcare) DNA sequencing was done uslng a BlgDye TermlnatOr Version 3.1 Cycle

Sequenclng Klt (Applied Biosystems)witha standaqd primer (M 13 Reverse). Sequences were

analyzed onanABI Prism 3700and 3 130Ⅹl Genetic Analyzer (Applied Biosystems)
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Results

IdentirlCation of SNPs in the ptemAlly methyhted DMRs between C57BL/6J and JFI

strains

I first performed genomic sequenclng Ofthe DLkJノ1Gt12 DMR and identified SNPs between

C57BIJ6J (B6) and JFl mice, because it was necessary to distingulShthC parentalalleles for

methylationanalysIS Four SNPs were found (Fig. 3) and two of them involved CpG: one was

a substitution丘om A (B6) to G (JFl)that creates a new CpGandthe other was a substltution

from G (B6) to A (JFl) that abrogates a CpG, The totalnumber ofCpG sites Was not Changed.

SNPs inthe other DMRs were identified by K Kumaki of our laboratory bersonal

communication)I Inthe H19 DMR,there were two SNPs between B6and JFl (Fig. 3). Che of

them was a substltutionfrom A (B6) to C (JFl),givingrise to a new CpG site in JFl. In the

RasgT'f] DMR,there werethree SNPs and a 16-bp deletion in JFl (Flg. 3). Two of the SNPs

involved CpG one was a substitution from A (B6) to G (JFl)andthe other was a substitution

斤om G (B6) to C (JFl). Two CpG sites were included inthe deletion. Thus,the totalnumber

ofCpGwas 20 inB6 and 18 inJFl intheRasgrP DMR.

Assessment ol the pllrity or male germ cell prepmtions

Male ge- cells were isolatedfromfetaland newborn testes by brief culture in a plastic dish

(only somatlC Cells attach tothe dish) aJldthen by percoll sedimentation (see Materials and

Methods forthe details) The method was originally used to isohte PGCs (Dolcl et alJ993,

M Tamura, personalcommunication), To test whetherthe method is applicable to Isolate male

germcells at later stages, I performedalkaline phosphatase stalnlng Withthe gcrmcells

collected at E14･5, E16･5, E18 5 and Pot The results showedthatthc proportion of alkaline

phosphatase posltlVe Cell is about 90% lnall preparations (Table I).
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Patemal methyhtion imprints Are established in feta1 gonocytes

lt was previously shownthatthe establishment of the patemal methylation lmpnntS beglnS in

fetalgonocytes (Davis et al., 2000; Ueda el al., 2000; Ll et al., 2004), butthere were unsolved

questions onthe tlmlng Of completion ofthlS de novo methylation (see Introduchon). I

therefore prepared DNAfrom E145, E16･5, E185and PO gonocytes, and carried out

bisulphite methylationanalysIS Onthethree patemally methylated DMRs (H19, DLkJ/Gt12 and

RasgrP) and, as a control, one matemally methylated DMR (Peg3).

Anexample of such studies on H19 is shown in Figure 4A,and methylation

changes atall DMRs are summanzed in Figure 4C. (The actualdata forthe DLkJ/GtL2, Rasgrj7

and Peg3 DMR are supplied as supplementary lnformation). In E14.5 gonocytes, mcthylation

levels of all patemally methylated DMRs were extremely low onthe matemal chromosome,

butthey were 20-30% methylated onthe paternal chromosome･ Such a parentaldifference was

prevlOuSly observed atthe H19 DMRinthis stage (Davis et al., 2000; Ueda et al., 2000).

Methylation of the matemalallele of thC DMRs first appeared in E16･5 gonocytes. Inthis

stage, Increased methylation was observed atall patemally methylated DMRs on bothparental

chromosomes withthe parentaldifferences maintaincd･ I also obscrvedthat some CpG sites

tend to be more methylatedthanthe other CpG sites andthat many molecules show mosaic

pattems of methylation. Methylation was further increased atthese DMRs ln E18･5 gonocytesI

Particularly,the DMRs onthe patemal chromosome showed over 90% methylat10n at more

than half of the CpGs sites inthis stage. In contrast,the DMRs onthe matemal chromosome

were still 70-80% methylated･ Inthe PO stage, almostal1 CpG sites showed nearly or over

90% methylation in all DMRs onthe matemal chromosome Tlle unmethylated 10% or so,

which were mostly derived aomthe matemal chromosome could arise Ron somatic cell

contaminat10n･ Thus, I concludedthatthe patemalmethylation impnnts ofal1three DMRs

have been established almost fully in PO gonocytes.
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Methylation analysis of the paternally methylated DMRs inthe meiotic and hploid male

germ cells

Mitotically aJTeSted gonocytes start tO divide 3-4 days a洗er birth,givlng nSe tO SpermatOgOnia.

Then, aRer a few weeks,the first wave of spermatogenesis is lmitiated andthe germ cells go

Into meiosIS･ The flrSt round of spcrmatogenesis is completed in 5-6 Weeks to produce mature

speJTnatOZOa･ So far, investlgation of the methylat10n Status during spermatogenesis has been

performed only onthe H19 DMR (Davis el al , 1999). To investigatethe methylation status of

all patemally methylated DMRs in postnataltestes, I collected pachytene spermatocytes, round

spermatldsand spermatozoa by eluhation and camed out bisulphite methylation analysis.An

example of such studies onthe H19 DMR is shownin Figure 4B, andthe methylation status of

all DMRs is summanzed in Flgure 4C (The actualdata forthe Dlkl/GtL2, RasgrP and Peg3

DMR are supplied as supplementary information). All patemally methylated DMRs were

ne肝ly 90% mcthylated at most CpG sites on bothparental chromosomes in pachytene

spermatocytes and round spcrmatids, as well as in mature spermatozoa･ The results suggest

thatthe patemalmethylation lmPnntSthat haye been established inthe gonocyte stageare

malntainedthroughmeiosIS tOthe haplold stage.

Dnmt3a plays A maJOr role inthe establishment of the paternal methylation imprints at

the HIP And DlkJ/(お72 DMR

Having establishedthe normal methylation pattemS Ofthe patemally methylated DMR in

wildtype male germ cells, I next asked whlCh伽mt protelnS phy a role inthe establlShment of

the patemalmethylatlOn lmPrlntSI Previously, lt Was Shownthat methylation of the H19 and

Dlkl/Gtl2 DMRs was reduced inthe germllne-Specific Dnmf3aknockout spermatogonla. The

results suggestedthat Dnmt3a is required for mcthylation of the DMRs (Kaneda et aJ , 2004).

To investlgatethe role of上加mt3a in more detall, I first analyzedthe methylation status of the

paternally methylated DMRs in newbom (PO･2) gonocytes ISOlated formgermllne-SPeCific
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Dnmt3a mutant males･ EfEicient deletion of Lhmt3a by TNAP-Cre was reported previously

(Kaneda et al･, 2004), and l conflrmedthis in my own P0-2 gonocyte preparations (Fig 5).

The results of the bisulphite sequenclng Studies are shownln Flgure 6A, and summarized in

Figure 6D Methylat10n Ofthe H19 and DLkJ/Gt12 DMR was severely affected bythe

disruptlOn Of Dnm(3a in four andthree independent gonocyte preparations, respectively.

However, some partialmethylation was detected in these DMRs andthe degree ofmethylation

was different from sample to sample ln contrast, methylation of the Rasgrj7 DMR was not

severely affected bythe disrupt10n Of amt3a, but agaln Variable degree of methylation was

observed in different gem cell preparation･ This ranged丘omalmostfull methylatlOn (which

isthe normal methylation level in wildtype PO gonocytes) to intcTmediatc levels of

methyhtion The results obtained here are basically consistentwithour previous ObservatlOnS

(Kaneda ef al., 2004)･ Therefore, I concludedthat Dnml3a isthe major en町me that methylates

the H19 and DLkJ/Gt12 DMRs･ The resultsalso suggestthat not only Dnmt3a, butalso other

DNA methyltransferases might methylatethe RasgrP DMR The observed methylahon

varlat10nS between dlfFcrcnt germ cell preparations are partly caused by somatic cell

contamination becausethe Peg3 DMR, which isknown to beunmethylated in PO gonocytes,

was partially methylated in two of the four preparations･ However,the other two prepamtions

wlthno methylation at all atthe Peg3 DMR also showed a variation atthe Rasgrj7 DMR,

suggestingthat at least some variation are real.

Possible role ofDnnqL3b for methylation of the Rasdl DMR

I next examined whether Dnmt3b contrihtes tothc methylation ofthc patemally methyhted

DMRs inthe male germllne. Kaneda ef al. previously lnVeStlgatedthe methyhtion status of

the patemally methylated DMRs in gemllne-Specific Dnmt3b mutant spermatozoaand found

thatthere are normally methylated However,the methylatlOn Status Ofthe DMRs in newbom

gonocytes is unknown･ So, Ianalyzcdthe methylatioJI Status Ofthe paternauy methylated

19



DMRs in P0-2 gonocytes isolated丘om germline-specific Dnml3b mutant testes. EfrlCient

deletion ofDnml3b by TNAP-Cre was reported previously (Kaneda ef a1., 2004),and I again

conflrmed this in my ownP0-2 gonocyte preparat10nS (Fig. 5). The results ofthc bisulphite

sequenculg Studies are shown in Figure 6B, aJld summarized ln Figure 6D･ Methylation status

of the H19 and DLkl/Gt12 DMRs was almost normalaJld nearly identicallnall germccll

prepamtions, indicatingthat Dnml3b is not required for methylation of these DMRs. In

contrast,the methylatiOn status of the RasgrP DMR was lower and varied &om sample to

sample as observed inthe germllne-SPeCific Lhmt3aknockout P0-2 gonocytes･ Becausethe

methylation status of the Peg3 DMR was extremely low lnal1 germ cell preparations, it lS

unlikelythat somatlC contamination afRectedthe results Thus,the results suggestthat加mt3b

contnbutes tothe methylation of the Rasgrj7DMR.

D〝mL3L plays a mAJOr role in the establishment of all p且ternAJly methylated DMRs

Funct10nal significance of Dnmt3L for methylation of the H19 DMRs has been shown bythe

previous studies (Bourc'hlS and Bestor, 2004; Kaneda el al , 2004; Webster el al., 2005)

However,the precISe role of伽mt3Lfor methylation of the other patemally methylatcd

DMRs IS Stillunclear･ To lnVeStlgatethe role of Dnmt3L ln more detail, I performed bisulphite

methylatlOnanalysis onthe上加mt3L-deficient POl2 gonocytes The results of the bisulphite

sequenclng Studies are shoⅥ1 ill Figure 6C, and summari2Cd in Figure 6D The results showed

thatthe methylation levels of all paternally methyhted DMRs are severely decreased bythe

lack of Dnml3L･ Especially, methyht10n Ofthe RasgTIP DMR was hardly detectable atallfour

expenmentsI The results indicatethat加mf3L is essentlal forthe methylation of the Rasgrf7

DMR･ Inthe H19 and DLkl/GtJ2 DMRs, substantiallevels of methylation were still detected in

all four geml Cell preparations andthe actual methylation status was different betweenthe

samples･ In contrast,the methylation level of the Peg3 DMR was extremely low inall germ
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cell preparat10nS･ The results suggest thatthe partial methylation observed inthcse DMRs

results &om Dylmf3L-independent methylb'aJISferase activity. .
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Discussion

Inthis study, I lnVeStlgatedthe methylation status of the patemally methylated DMRs ln fetal

(E14･5, E16･5,and E18･5)and newbom (PO) gonocytes, and spermatogenic adult germ cells in

wildbrpe male testes The results demonsb･atedthatthe patemalmethyhtion impnnts are

established in gonocytes a･ldthatthe establlShed methylation inpnnts are maintainedthrough

meiosis･ I also investlgated the methylatlOn Status Of the DMRs in加mt-deficient P0-2

gonocytes･ The results demonstratedthat Dnmt3a isthe major methylase to methylate the H19

and Dlkl/Gf12 DMRs, and伽mt3L plays a critlCalrole in methylation ofall patemally

methylated DMRs In addition,the results suggested that Dnmt3balso contributes tothe

methylat10n Ofthe Ragrj7 DMR and possibly the other two DMRs.

EstAblishment ol the pternAl methylation iJnprints in male germ cells

A major conclusion derived from my study isthatthe paternalmethylation impnnts atthe

three patemally methylated DMRsarealmostfully established bythe PO gonocyte stage

without significant dlfferences in timlng amOngthc DMRs A schematic representation of the

timlng Ofthe establislment of the methylation impnnts ln the male germline is shownin

Figure 7･ The fact dlatthe patemal methylation lmPnntS are established ln themitotical1y

amsted fetal gonocytes, contrasts wlththe process of the matemal methylation inpnnt

establislment, which occurs dunngthe meiotic prophase I ln grOWlng OOCyteS after birdl

(Obata el al, 2002, Lucifero et al･, 2002; Lucifero et al., 2004) In bothgemline,the

establlSlment of the methylation impnnts is correlated wldl genOmewide methylation

(Cofngny et al･, 1999;LeesIMurdock et al , 2003). I also foundthat the patemally methylatcd

DMRs are methylated ln a nearly ldenticaltime course, which contrastswiththe previous

observationthatthe matemally methylated DMRs are methylated ln different timing (Lucifero

et al , 2004).
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Interestlngly,the DMRs onthe paternalchromosomes were methylated more

quicklythanthose onthe matemal chromosomes infetal (E14.5-E1 8.5) gonocytes. The results

are coJISistentwiththe previous observations onthe H19 DMR (Davis et aL., 2000; Ueda el al ,

2000)I Because methylation levels of the DMRsare extremely low in E12.5 PGCs (Davis et

al , 2000;Lee et al , 2002,Liel aL., 2004), it has been suggestedthat some paqentd difference

otherthan DNA methylation such as chromatin shcture may be retained onthe parental

chromosomesAsa result, the DMRs onthe patemalchromosome may be more accessible to

the methyltranSferases than those onthe matemalchromosome, However, because substantial

levels ofmethylation was detected atthe DLkJ/Gt12 DMR in E12.5 PGCs (Li el aL , 2004),the

paternal-specl丘c methylation observed atthis DMR ln E14･5 gonocytes could be due to

preexisted methylahon･ Althoughthe molecular mechanism causlng the parental chromatin

difRerence isunknown, an insulator binding protein CTCF may be involved, It was

demonstratedthat CTCF binds tothe unmethylated H19 DMR onthe matcrnalchromosomc

and regulatesthe imprinting OfH19and Id2 (Bell ef al, 2000; Hark ef aL., 2000) andthat

abrogati占n of CTCF ln OOCyteS Causes methyhtion of the normally unmethylated H19 DMR

(Fedoriw el all, 2004)･ Thus, CTCF can protectunmethylated DMRs from methylation in

oocytes･Whether CTCF is expressed ln fetal gonocytes and whether it bind tothe other DMR

are future quest10nS.

Davis et al･ reported that the H19 DMR on the matemal chromosome is methylatcd

only slightly inthe fetal gonocytes amdthat hype-ethylatlOn lS not Observeduntil pachytene

spermatocyte stage (Davis el all, 1999; Davis ef al･, 2000). However, Ueda el al. reportedthat

the H19 DMR on the matemal chromosome isalmost fully methyhted in PO gonocytes (Ueda

el al･, 2000). My study strongly supportsthe latter finding. Because the CpG sites investigated

ln DavIS et Glare almost identiCalwlththose investlgated ln this study,the observed

dlfference did not arise from a di飽rence inthe reglOn analyzed･ QIe POSSlble explanation for

the difference isthe mouse strains used forthe analyses･ To distlngulShthe parentalalleles,
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Davis et aL･ usedmiCe wlth one H19allele derived from M.m.castaneus (Trembhy el al.,

1995), while Ueda el all and I used M m moLossLnuS JFlmice to make (C57BL/6JxJFl)

hybrids.

Roles ofDnmL3a and DnmL3b in the establishment of the ptern81 methyl且tion imprints

A previous report showedthat上加mf3a is required for methylation of the H19 and DLkl/Gt12

DMRs lnthe male germline (Kaneda et al., 2004). I obtained basicallythe same results

regardingthis enzyme･ Interestingly, the actual degree of methylation atthesc DMRs was

dlfferentfrom sample to sample･ It lS pOSSiblethat a residualamOunt of Dnmt3a was present at

the early gonocyte stage orthatthe other methyltransferase such as Dnml3bmight contribute

tothe methylation･ Methylation of the Rasgrfl DMR lnthe PO12 gonocytesfromthe

gemlllne-SPCCific加mt3a mutant was not severely affected, and agaln, Variations were

observed among different samples. The results indicate thatthe role of加mt30 is mlnlmal in

the methylation of this DMR, suggestlng an equally Important role for上加mt3b Indeed,

methylationanalysis of the patemally methylated DMRs in PO12 gonocytes &omthe

germline-specific Dnml3b mutBLnt Showedthatthe RasgrfZ DMR is slgnlficantly demethylated.

The results suggestthat Dnml3b is involved ln the methylat10n Ofthe RasgrP DMR, although

methylatiOn levels atthe H19 and Dlkl/GlL2 DMRs inthe伽mt3b-deficient gonocytes were

nomal.

It was previously showmthat methylation level of the genome is dramatically

increased in later gonocyte stagesfromthe observations of the methylation status of repetitive

elements and of the immunocytochemistry using anti-51methylcytosineantlbody (Cofrlgny el

al , 1999;Lees-Murdock el all, 2003) Althoughall伽mts are expressed inthe fetaltestlS (La

Salle et al., 2004),their cellarlocalizat10n is different. Dnmf3a aJld　加mt3b are

nuclear-locallZed in E17 5 gonocytes, while they are only shghtly detectable in E15.5

gonocytcs (LeesIMurdock et al., 2005). In contrast, Dnmtl is not localized inthe nucleus of
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E1815 gonocytes whlle it lS nuclear-localized in El 1 5and E13,5 PGCs (La Sal1e et al., 2004)

These observations awe in accordal1Ce Withmy observationthat not only Dnn1(30 but also

Dnmt3b may acts onthe methylation during gonocyte stage. To clarifythe role of Dnmt3a and

Dnmt3b for mcthylatlOn Ofthe patemally methylated DMRs, it is necessary to lnVeStlgate

methylation status of the DMRs inthe LhmT3a and Dnmt3b doubleknockout germ cells･

Role ofDnnd3L in the establishment ol the patemAl methylation imprints

Methylation of all patemally methylated DMRs was severely affected ln伽ml3Ldeficient

POl2 gonocytes, suggestlng afunctionalsignificance of Dn桝t3L inthe establishment of the

patemalmethylation impnnts･ This may appear to be inconsistentwiththc previous reports

thatthe Dlkl/GtJ2 aJld Rasgrj7 DMRs inthe伽mt3L-deficient SPermatOgOnia (Bourc'his and

Bestor, 2004; Kaneda et a1., 2004). However, it was recently foundthatthe matemally

methylated DMRs sometlmeS retainthe normal methylation impnnts inthe fetuses derived

fromthe cross of Dnmt3L-deficient females and wildtype males (Amaud et aL , in press). Thus,

the action of伽mt3L onthe DMRs may be stochastic This could explainthe discrepancy･

Dnmt3L is abundantly cxpressedinthe fetal testlS but its express10n lS dramatically

reduced a洗er birth(La Salle el aL., 2004). This dynamic change in express10n is well

correlated withthe tlmlng Ofthe estabhslment of the patemalmethylation impnnts and

genomewide methylatlOn･ Interestingly, while methylation atthe RasgrP DMR was hardly

detectable ln POl2 gonocytes丘omthe加mt3L mutants, substantial methylation was observed

atthe H19 and DLkJ/GtL2 DMRs. It was shownthat Dnmf3L interacts withbothDnml3a and

DnmT3b ln VIVO (Hata el aJ･, 2002), andthat DNMT3L, a humanhomologue of mouse加ml3L,

stimulates the de nova methylat10n aCtlVlb, Of mouse Dnmt3a and D〝mt3b in vltrO (Chedin et

al一, 2002; Suetake et al , 2004). Therefore, residualmethylation observed atthe H19 and

Dlkl/Gtl2 DMRs inthe Dnmt3L-deBcient P0-2 gonocytes might be explained bythe basal

activities of the de novo methyltranSferases inthe absence of Dnmt3L. The dlfrerent
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methylat10n)eVelsobservedamongtheDMRsmightrencctthedifrerencclnthemeChaJ)ism
thatmethylatestheDMRs.ttsdetailsarefuturequestion.
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Table 1. Purity of germ cell preparations

Stage Number of AP'positive ce"s Total cell count　% of AP'positive cells

E14.5　　　　　　　　192

E16.5　　　　　　　　239

E18.5　　　　　　　　210

PO　　　　　　　　　　244

215　　　　　　　　　89.3

250　　　　　　　　　95.6

234　　　　　　　　　89.7

274　　　　　　　　　89. 1

★AP, alkaline phosphatase



A Dnm t3a

Exorl　151617　　18　19　20　　　　　21　　　　　22　23　　24

Dnm t3b

E又on 14　15 16　　17　181920　21

1kb

22　　23　　　　24

B Genotype of parents

≡?DnnmmXt?3aa2::;lo,x TN AP _A

2lox allele

1 lox allele

Genotype of progeny

Dnm t3a210･t/+

Dnm t3a2lox/7lox

【伽mf382/o〟十, TNAP-Cre】

lDnmt3a2lox/7lox, TNAP-Cre]

l

lDnmt3a7Iox/7lox, TNAP-Cre] (Germ cells)

Figure 1. Production of germline-specific Dnmf3a and

Dnmt3b knockout mice
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2594　　BisOFl

B6　TTGTGAGTGG

JFI TTGTGAGTGG

B6　cAATGTCCAA

JFI CAATGTCCAA

B6　ACACTTGTGT

JFI ACACTTGTGT

AAAGACCAAA TTGCTGCQCT GGTGAC℡GTC ATCTTAAACA TTATGTTCCA GAGACAGCCA AAGTTAAGG℡　TTGCCCATGA

AAAGACCAAA TTGCTGCOCT GGTGACTGTC ATCTTAAACA TTATGTTCCA GAGACAGCCA AAGTTAAGGT TTGCCCGTGA

1　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2

GGGCCAAAGT TCOGGTTCGC CCACAGCAAT GTCCOAAGCC GCTATGCCTC AGTGGTCOAT ATGGTTTATA AGAGGTTGGA

GGGCCAAAGT TCOGGTTCGC CCACAGCAA℡　GTCC¢AAGCC GCTATGCCTC AGTGGTCGIAT ATAGTTTATA AGAGGTTGGA

3　　　　4　　　　　　　　　　　　　5　　　　6

TTCTGGAGGG GGTCCCTTTG GTCACTGAAC CCCAAAACCA GCCAGTGTGG CTCACTATAG GAAGGCATAG AAGCTGTTAT

℡TCTGGAGGG GGTCCCTTTG GTCACTGAAC CCCAAAACCA GCCAGTGTGG CTCACTATAG GAAGGCA℡AG AAGCTGTTAT

B6　GTGCAACAAG GGAACCGATG CTACC6ccCO GTGGCAGCAT

JFI GTGCAACAAG GGAACOGATG CTACCGCGCG GTGGCAGCAT ACTCCTATATA　℡eGTGGCCC AAATGCTGCC AACTTGGGGG GAGCCATTCA

7　　　　　　　8　910　　　　　　　　　　　　　　　　　11

B6　TTCCCAGCAA TATCCCAGGG TCACCCAAAT AGGGA℡TCAT AGGGGTGGTAA GATGTGTGC Ace

JFI Tm '▲ttCCJm m.脱▲'PYT脳=ご弘minT:1.

BIsIF71

1 kb

81038　　1G.Fl

B6　CTGCAATTCA CGGTATATGA GTCCTATCAT CCTGTATGTG CACAGAGATA TGTCTATATG GCACCATGCA GCCA℡TTTAT AGTACACGCT

JFI CTGC姐TTCA CGGTATATGA

BklGF2
GTCCTATCAT CCTGTATGTG CACAGAGATA TGTCTATATG GCACCATGCA GCCATTTTAT AGTACACGCT

B6　ATATTTGTGC TAAGGTACAT CATGCTAGTG TTAGGAAGGA TTGTGAATCT ATACGGAGAT GTGCTGTGGA CCCAGGCTGC AGTTCACCAT

Jfl ▲nm'CC MTJn'C▲慧冨mL弧▲▲G"A Tqa-mJLA'CT ATTT Q'cctm CCC'LGm JAT'Cて▲7
1

B6　ccACTAGTAC ACAGGCTGAC CATGTACAAG TGCTGTGGTT TGTCATGGGC AAGTCCCATG

JFI COACTAGTAC ACAGGC℡GAC CATGCACAAG TGCTGTGGTT TGTCATGGGC AAGTCCCGTG

3　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　4

B6　TGAACTAC(:6 CTACGGTTCA TAGTGGACAG TCAGTGCCGC AGATCCCTAT GGACTGGTGC

JFI TGAACTACCO CTACGGTTCA TAGTGGACAG TCAGTGCCGC AGATC¢CTAT GGACTGGTGC

7　　　B　　　　　　　　　　　　　　　　　　9　　　　10

B6　CTCCGTGAAC TAGCGAGGAG GTTCGCCGTG TACTAATGCC　¢CTTC¢CGTA CCGCTGTGTA

JFI CTCC¢TGAAC TAGCCAGGAG GTTCACCCiTG TACTAATGCC GCTTCGCGTA CCOCTGTGTA

14　　　　　15　　　　　　1$ 17　　　　　　　　18　　1020　　21

CAAGGTTeOC

CAAGGTTLCGC

ll

CGCGTGCCGC

CGCGTGCCGC

2223　　24

CACAATGCTG

CATGGACTAG

CATGGACTAG

O姐CCOCCGT

GAACCOCCqT

25　　26　27

CCOTTCGC TA

CCGTTC¢C TA

5　　6

TGCCGC¢GAC

TGCCGCGGAC

1213

GGAATTGTGC

GGAATTGTGC

B6　CO… COTGGAGTAG CGCTGCAGCC QCTATGCTAT GCTGTTTCTT TCTTTTCCTT AACTCCTGGA GTGAGGGAAG GGCTGCATTA

JFl芸㌢T晋許Ⅶ8冨TqC▲肺ぷ'▲tLmT Gmm mTrrTPCm姐mCrQT ottiJJ3mJGhQ冨こm▲

B6　TTTTGTCAAT GGAGAATGCC TTGAGCACAG GGGATGGCTA AAACATTCTC ACAGATTGGG AATGGGATCA CGCGAGTAAG AGGCTGTCCT

JFI TTTTGTCAAT GGAGAATGCC TTGAGCACAG GGAATGGCTA AMATTCTC ACAGATTGGG AATGGGATCA CGCGAGTAAG AGGCTGTCCT

B6　CTCCGGTGCT GTGACCATAC AGACTGTAGT TTAGCTTTGG AATTCCTGAT GGAATCTGGT ACTTGCAG

JFI CTCCGGTGCT GTGACCATAC AGACTGTAGT TTAGCTTTGG AATTCCTGAT GGAATCTGGT ACTTGCAG

lG-R1   81735

Figure 3l Sequences of the DMRs analyzed in this study



Rasglll DMR

170941　　　　BIsRGFl BIsRGF2

B6　　GAGAGTATGT AAAGCCAGAG CTGTGCTGCT GCCGCTAAAG ATAGTTTAGA TATGGAATTC TGGGGACTCT TCAGAGAGTT TATAAAGCCA

JFI GAGAGTATGT AAAGCCAGAG CTGTGCTGCT GCCGCTAAAG ATAGTTTAGA TA℡GGAATTC TGGGGACTCT TCAGAGAGTT TATAAAGCCA

B6　　GC¢CTGTGCT GCTGCCCCGC TTCGC6GCTG CACTTCOCTA CCCTTTCOCO GCCGCGCTGC TGCTCCCACA TCCATCCGTG GCTACCCCTA

JFI GCCCTGTGCT GCTGCC6C¢C TTCGCGGCTG CACTTCGCTA CCOTTTC¢eG GCCGCGCTGC TGCTCCCACG TCCATCCCTG GCTACCOCTA

1　　　　　　　　　23　　　4　5　　　　　　　　6　　　　7　　8　9　　1011　　　　　　　　12　　　　13　　　　　14

B6　　TTGCTGTTGC TGCACCGCTG cc¢CTAAGCT ATGGCTGCCG CACTTCACTG TTGCGCTACC ¢CTGCCCTAC AACTACCACO ACTGCTACTG

JFI TTGCTGTTGC TGC-ii--"T61~~~~~T GTGGCTGCCO CACTTCACTG TTGCGCTACC GCTGCOCTAC AACTACCAC26.ぎTGCTACTG

17　　　　　　　　　　18　　19　　20

B6　　CTGCTGCTGC ACTAC

JFI CTGCTGCTGC ACTAC

BisR(iR2　171226

Peg3 DMR

1kb

2674　　　　　　peg3･F2

B6　　TTGACAACAG CAGTCTGATT GGCAGGGTGT GGGAGGCGTG GTGAGGGCCC AAAGCGGGGA ATGGGGTCTT GGATTGGTTA GAGAGGAAGC

JFI TTGACAACAG CAGTCTGATT GGCAGGGTGT GGGAGGCGTG GTGAGGGCCC AAAGCGGGGA ATGGGGTCTT

Peq3-F4

B6 CAGAGGACCC TGACAAGGAG GTGTCCCGCA GCCCTTGCTG CAGACGCTGG GGAGTCAGGA GTCGeGGGAG GACCAGCATC

JFI TCCGCCTCTG CAGAGGACCC TGACAAGGAG GTGTCCCm GCCCTTGCTG CAGACGCTGG GGAGTCAGGA GTCGKm GACOAGCATC
1　　　　　　　　　　　　　2　　　　　　　　　　　　　　3　4　　　　　　5　　　　6

B6　6GAGGAGiAAG COGAGAGATG TCCACCCTGG GCTGGTGGCO CCGCC…G CCCGGTTCAG TGTGGGTGCA CTAGACTGCC QACCCTGGTC

JFl GGAGGAGAAG CGGAGAGATG TCCACCCTGG GCTGGTGGCG CCGCe¢GGC¢ CCCGGTTCAG TGTGGGTGCA CTAGACTGCC GACCCTGGTC

7　　　　　　　　　　　　　　　　　　　8　　9 10　11　12　　　　　　　　　　　　　　　　　　13　　　　　14

B6　GGGGTGTGTG CqTAGAGTGC TGTGCTCCGG GAGGTGAGTC AGCCGGCCAC CTGGCTGCTC TGCAGCATGC ACCCTCTTAG ATACCmTG

JFl GGGGTGTGTG CGTAGAGTGC TGTGCTCCGG GAGGTGAGTC AGCCOGCCAC CTGGCTGCTC TGCAGCATGC ACCCTCTTAG ATACCGTCTG

15　　　　　　　　　　16　　　　　　　　　　17　　　　　　　　　　　　　　　　　　　　　　　　　　　　18

B6　　CAGAGTTCAG ATGGTGTTTG GGGTGCCTTG CCGm GGGGCGiGCAG ACCATATCAC GGCTCCCAAG GGTAACTGAC AAGGCTGCAG

JFI C'LJu=mu ATBQtm Om苛m c冨許批▲脚㌣ JmTJLTCJP2.40=雪ccAlG ∝TAACmJC JLAhXTtXJd

B6　AC Peg3･R2

JFI AC

Figure 3. continued



Figure4A･MethylationchangesattheH79DMRjnfetalgonocyteS
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Supplementary Figure lC. Methylation changes at the Pegs DMR in male germ ceHs


