Dnmt3b &, DNA #BIEFIC #5712 4E D DNA 8
o AF N EEE T B R A F L LEEFER Domtl 23
$ 5., ¥, Dnmt3a = Dnmt3b & HFEEERT D
DD AF NVALTE M & i fe 72> Dnmt3L X, Dnmt3a
2 Dnmt3b & HEVER L A F LBk 2 RET 57,
C. EX b AERS

%) DNA I¥, H2A, H2B, H3, H4»Hdt
2NV ABBICEBENERI LAY —BEBNRT D,
Ry LAY —ARE —XRIZOBBY, HOEAL
L bz DNA-BHEAEK, tThbbrusF il
BLTW5b, Zu<sF  #EDEKRLBRDIEA MY
IR A AL 2 21, T b OB K —
BEFRECEEYRIET (R hra— KRR (Fig
1B)?, i FRIBICEETLEBHE L TAT
MMERT EF AR L MBNTEY, LA T
— (B & h® N KB 30~357 3/ B TIUFEE
KZLWEEB) BNZh b0EfizRd5L /T
Vi EER 525, H3, HAOTEF b e
H3 D 4&ZBEHDY v (H3KL) DA F AL, 78<
FURBERED T (- u<F V) BIETEFEORE
Mtz 53 %, —F, H3, H4 o7 EF 1L,
H3 9 HZBE 27 HHDY ¥ > (H3K9, H3K27) @
AFAT I e F o RREESE(NTrs BT
N BIEFIEEE2INKT S, DNA A F ke b A b
AEMIE, BEWICEBIBEE LT, HDWIIHILL
THEEFRBEIH LT D,

. TESIRT 19 ABFAR

T Tz RT 4 F AT BB & o THA
BRFERBH BN, I TIHIRERNZMBHIEOHEI
OWTEHMAT 5,

A. DNA * FILibfEiTE

RFNACRS W 7oy b, HIREERDH
¥t @ CpG BFIM A F A ALENTND & IR B
#73 DNA 28I CX < 2 2B &R FIHA LIcHik
T, HHP R A TH D, BRI, AFV
fb DA 4z B 7 < BI © & B HlfREER (BamHI R
EcoRI 72 &) & AF NALERSZHHIREER (Notl 72 8) T
%#) 5DNAZ BB LT 7ay h2T5,
AFAALERTNS & A FNALERZERIREERE TY)
Wi sh iz, JEAFALE VK& DNAKTA
PR Eh B (Fig. 2A).

BAERD X b TWwA g FEiIX, DNA %
NAY LT 74 NLEE L7znh PCR THEIEL, £
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FAALIREE R fRAT T B HETH D, DNA & HER
e kU ™ A (sodium bisulfite) CALEEF 5 &, JEA
FAAY P TT T UNMCEBREIND N, ATV
by My rvrEBSh$v v r0x%Ek5 (Fig
2B), 2%V, MUEEEFTH->THAF NI
DNA &3k 2 F 4k DNA Tix, NAHn77 A ML
Wht5LRRIEREICES-TLES. ZORK
MAEHALT, AFAILDNA LIEAF VL DNA %
NENOBRFNCERNBZR T 74—y hEANT
PCR #17\>, PCR EMDHETAF NMLREZ
E T 5 O Methylation-specific PCR(MSP) T& %
(Fig. 2B), —7#, AF AL DNA LIEXAF 1L
DNA O A # KRG TICHEIET LI/ IA4~—k >
h G PCR 217\, PCREMZ I/ R—=2 7 LD
Ly — 0 TV RAEFHON, NPT TA bV
— TV RETH D, AFMEY R VEY Y
DEE, EAFAEY P EFFIVELTY—S
TV AENBDT, PCREMAD—D>—20 CpG
BLFI D A F N ALIRRE % dr T & % (Fig. 2B). %7,
A F AL DNA & JE A F 14k DNA O 5 2K AR
IZHIE U7z PCR EEM 2 HIRBER TOIW T 5 k%
combined bisulfite restriction analysis (COBRA %) &
W5, Zopd, RABE oz CpG B & E&T
FIREEEAERTSD, AF L DNA TiZ CG 1%
DEEH->THBLFIRERICE > T shD
2, JEAF )V DNA Tl TG REBENTEY il
INRVOTHD (Fig. 2B),
B. bR hASERfETE

in vivo ITRIT B A kB OME— OffFTERIZ 7
o< 5 3 4 JE kM (Chromatin Immunoprecipitation:
ChIP) T&% %. ChIP i, b R b i&#filcswtd D%
BEPIATr u<F etk L, BBz
2t A b icEE TS DNA 2EIT 5
HETH 5 (Fig. 3). EUL L7z DNA (ChIP-DNA) %
PCR GiIET 2 Z &ick v, MBIDF / LsGEOL
ANV BROBHIZ 2T TR E S PR
%, %7, ChIP-DNA Z#iE, #|¥EEHL, <17
07 LA (chip) iz/A 7 ) EA4 X LTH /) LRERERNC
3% J53EH8 ChIP on chip T, ChIP-DNA %A
vz ¥ —2RAVWCKEY -7 VAL, #5
NilF 25 ) MMy By T5Z LIk b ik
N AT B 5 1EDS ChIP-Seq TH 5, FaAERE-OHM
B, MBS LICBRBIE Y o RT 4 v 7 REHi%
2 ) ABBHNCENTT B ITIERPEROVERTH D,
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Cell lysis and chromatin sonication

l Formalin fixation (crosslink)

D DD D

\X . immunoprecipitation
7 _ (e.g. anti-acetylated histone antibody, Anti-methylated
e histone antibody, etc)
A\
Q‘% s \t\,

l Reverse crosslink
DNA purification (ChIP-DNA)

VY
A\

l

« PCR amplification of target regions
+ Hybridization to DNA microarray (ChIP on chlp)
- Large scale sequencing by next generation sequencer {ChiP-Seq)

Figure 3 Analytic method for histone modifications.
Principle of chromatin immunoprecipitation (ChIP).

NI TEDIRTAIRERSE

. BOIEDCIRTA4YA

f‘ki’obﬂ'é:ﬂk VrxixF a4 v s REEE LT,
5 ) ARIEDEAF AL L BIET7 1 & — X — I
WCHEETDCpG T A T ROBAFNMERHIT S
nd,

) NEERDIEAF NI, Alu R LINE 72 ¥
CpG BEF| %2 2 < & dek# ViR LEFI DR A F NALDE
RERTH D, ZOEAFALIZREEOREEME
pEERIL, VY BEORERRET D LHRES
NTNBY, $k, AFAicL > TMElahTY
L bha RS AR UNEREL, e RTY
ZRY Y 3 VRBEINT B Z LT X V) AREEM
NERINDIAEERD D, A5, MAGER
IGF2 72 ¥ O EDEREF O CpG 74 7 v RE
AFNALREEE 22 Y, Zh b OMIRTFHIRESEMT
39,

—%, BMEEEFOS T~ —CpGT A7

v RBREAFAMACT B &, BIEFRBEIIEH CRE
)&z, BEETI, BTEAFMLZE-T
AELSNDRIELFVESHESNTNWD, 71
FT—F—CpGT AT ROFEAFMLIX, KK,
IERIZR BEFAREILHERE L BMEINTRY, B
R F O two-hit 1IXR K, BRIETTRIAEA
FAALBIMZ 30D 77 75 —D5HD 2 D50
HEPETEL TS,

DNA A F ke b & kU EHiE, BEWIiIZiR,
HDVIML L TREBETFRAZIFHILTHD. AF
N CpG HAEH MBD ZH) BEAFNMLEhT
nE—X—CpGTA45 REDBRLTHSEL,
HDAC bt XA MV AFNALBERERY 71— hahd
Zeitky, FuE—k—fHiER~TRIOTF
L LEEERMEI SN 5, Fig. 41X DNA &1
MGMT DI T b, MGMT OFBHBIMHE ST
BDIETIIAF ML LIS uE—4& —4igic MBD &
HD12CH5H MeCP2 23454 L, H3KO S AF N
fEER T3, L, BEFRI>TEIHRT &
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FAALE, DNk H3K27 A F 4L B T
ERTWAEE DB, i, EHIEO DNA A F
AL O H3K27 D A FVALICERET S Z &
DREENTNBEY, ZLEEDOHREL TWDIE
I, fMlaaticBEb s RETFO rE—& —
2 H3K27 & H3K4 D 2 F b & v 5 T B 158
%3207 T 5 (bi-valent {58fi) . & ORI ERMAE T,
bi-valent |2 & #fi £ T\ B #5128 T H3K27
MENERY, BT DNA AFAiblic k- T
BIZFRBOMEINEEILIND &V ETANE
b T3,

—7, DNA 2 FNALZERRISA T 2R AR S
nNTWa, BIFFETRERZE 51, XM r77
A4 FALEE L7z DNA % PCR THEIET A Z Ltk b,
A E S OB RE I A F MR R TE D, &
Dicsd, MR, EE, R, E, &L,
AR L OB ERREE RN T, BICEEEOR
WAFNAL R LIEHEPRE S RS, A F
MEBRHOBERPRZE L LT, BoBEHBLTR
YR IN—TDFR, BHOHROFHTRIE
bbb, Fi, REETIE, DNA A FNILEER
(DNMT) fAZE AR A bV RT7TF VLB FE
(HDAC) FHEHINER ShTwd, DNMT HEAL,
FEINHELRIZE F DO A F AL Ui 7 v — & —4fig % it
AFNAbL, BETHRERZFHYE TS, S-azacytidine
(Vidaza™) & 5-aza-2’-deoxycytidine (decitabine ,
Dacogen™) 23k [H & & & 35 R (FDA) DGR % 321)
TRY, BHERRERFICN LU CRIFRERELE
TWaAYW, F, HDAC HZEFNL, 7T FkL
o uE—& —fEEET 2F AL, RV B
BIZFORB L FHE S 5, Suberoylanilide hydrox-
amic acid (SAHA), MS-275, FK228 72 ¥ 2SEEARAER
EhtTna?,

B. 7'/ LRIYAHLEERR

2 ) BRI ARIZ, TEY T4 7 AORER
BAT, —WORMBEFOI L, —HOFHBKD
BIEFOLBRRET S, 2D, RERXT L AN
BUBHRET LAERE Ly (R 2, Hic,
REEERT LAV LRHET L AEFER LV
(BRI . 20X 5 2RV ALBRE T OTFTE,
Brifsk L R\ DS ) MTEMTIFNEERT,
Rl 0 ARBIZFORBANE — U BB L > TR
ZBREE LTDNADAFNMALRD D, REKE
R D =207 L AVRIT DNA A FAALRRR D

—57 : 8+ 2009—

% 5E O DNA fEig & A F VAL A 25§18 (differentially
methylated region: DMR) L IE5RA3, B ALEE
THEMEIND DL ZHERICHELIND 2 EEND
b, AIHEITHETFLNOEBBRIZBWTEWTIER
BAFNALIRIEL 72V, ZDAFNALDENT, Z
E# D HEHIC BN TSNS, £, &< OR
VIABLBIZFIL, BEMTHEETLIOTRL, EEMN
EFERLUTHEEL, BIVRARRAL LV EEELT

WD, MYAKR R AL RICEFE LEBFERARE

THESL X315 DMR 2, EEORI YV IALRIZTHE%
RAA LV CHl#E3 5 (R Y A A il 18 48 12
[imprinted control region: ICR]), ICR @ DNA A F
NALWEER CRZRZEHER, BREFRECELEDL
XEBEHERLDOTHB, ICR ®DNA 2 F ML &
WHRELDE FAL VLA TOHIESHREL, &
BFRBEAZ—VBRELEDLSTLE S 120,
Beckwith-Wiedemann fiE /& # (BWS), Silver-Russell
FE{REE (SRS), Prader-Willi Jif f&#£° Angelman fiE &
HEICREBINDH Y IAHBLERBIBIIET 5,

BWS 1%, #rERHOBRE, BEFR, B V=T
= E L, Foftiz, FERMOKNEE, HE
OfIRE - Hinte&o/Ng, BRENRBER, B&5Y,
FAEK, ABHURLYOERE2ETS, £, B
10% DB Rz Wilms &S, FF3FfE, HEUpRERE
M RMEEESREAET D, REE, 11 FRadEb
15.5 fHIk (11p15.5) I FHET DRI VAR R AL D
REkE TdH D, 11pls.5 iTid, KIPZ/LIT1 & IGF2/HI9
D DDV IAHR K AL B L THELE L (Fig.
5A), B RAA VIFENEFNDICRIZE VI LT
RV ARBHFE SN TNDBY, .

KIPZ/LITI R A A P OFEEILR Y AZBETFII,
BB T B p57P2 (KIP2) L RMFWT D LITI T
5% (Fig. 5B). KIP2 3% A 7 V) ViRFE.EF F—¥
(CDK) 1 e & —T, ADHIEHEKNFTHD,
i, BEEMFBREFELTHHBNTNS, AR
A4 ®ICR X, LITI L¥iz® % KvDMR1 (DMR-
LIT1, RHEAF VL, RMIEAF AL T, FEAF
At KvDMR1 %> & #55 S 1% non-coding RNA LITI
MY B OR D AR BIZF ORI LMD &
EZZ2H6N TS, ¥ BWS Tid/RET LV

" KvDMR1 28 A F AL L TWD, Z DR A F AL

Lo TRETLABRRET LV EFRLZE Y /) &
AT LB id, BET VNSO KIP2 38350
flahd, Efe, KEERNLBMT LIV KIPZ2 O
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SEBRLADBND., KIP2 OFRBEMGISCELRIC K
D, MIBETE MG X e < 72 D e BWS DOfE
RRHBTDLEZBND,

—%, IGF2/H19 R A A Y HNOEERM Y IAHLE
BFIERERIET S IGF2 & R+ 5 HI9 Th
% (Fig. 5C). IGF2 3 fmiatEsiR+ <, HI19 1% non-
coding RNA TH 5., ARKAA L DOICRIE, HI9 D
k% 2-5kb 1z 3 5 H19-DMR (RHMEFE 2 F 01k, Rt
AFNAL) TH D, BT L ADOIERAF V1L HI9-
DMR CiZ, CTCF BWfEALTA VAL —&F—L L
TH<., 2%V, HI9 FROZ U NV —%Tay
2 LT, IGF2 ~OH#ME L HI9 iLERIS ¥ 5,
—%, RET LA AF Iz XY CTCF #5& 258
EXNBIH, oA —X IGF2 IZERT 5,
i, AFNVITHI9 Fue—& —fEEicB LU,
HI9 OFBIIMB SN 5, FERINC, HI9 TR
W], IGF2 i ZRMHERERT. BWS TIX, BT L
N @ H19-DMR 23/ A F b E B iz CTCF O
WAEDPE SR, IGF2 NFH (loss of imprinting:
LOD T3 &k 51t bd. FEHRIIC IGF2 BNlT L A»»
LRI|THZ L TBRRFELRY, MMM
S BWS BRIET 5, HI9-DMR & A F LR M
UPD 54, Wims JEZ DU X7 8&< 2V,
KvDMR1 it A F AL ik Wilms JEEUA DU R 7
BELed",

SRS iZ, TEMNHEERE, K&E, HEELIEN
W, MEBEORFELBHUETIERMTHLD, 1
1/3 DFEFI T H19-DMR DB EA FNALRBETH D Z
EBWEBN LR T, BAAREERT BWS LD
Z—rTHY, REFHRADS HI9OmMT LAFEHR L
IGF2 ORB @ » 2 R$TY, &bHiz, 11plss D
KIP2/LITI KA A > OREHFER %77 SRS FEH S
HESNEY, = OEHTIE, BHEIZE > T KIP2
DBFIRBESELTNWDB L EZBND,

C. FOMDEBREIESIARTAIR

VAR, PRV AL BRI DR A TR RE L
TV xT 4 v O IRREOBEEERRT DHME
BHRNTND, FEHERBEETIE, <V ADX b
VAR LEBEO S yaarFal KLl d—
BIETF 7 v — & —4$H 0O DNA A F AL EELES
B R, WiREEEDREIZBI S PPIEL &1
T OERAF AR E SN TNE®, HERFOE
FNT v NTiE, B pMEOKEE L development |2
BERBEF Pdel DR, B SR

—57 82009~

WTE X MVYBT EF 4, H3K4 i A F 04k,
H3K9 X F 4k, DNA AFNALICE > TIET LT
729, ¥, GUERHICIIPURERMICBWTIL-
10 73 HDAC11 12 & » THI#l S, SIEERRICIL
ZOMEMRITTRD Z L bHE S,

£
=]

TV RT 4 7 AOHKE, REBHRERFIE,
RREOEDLVIZONWTHMR L, TV =37 A
7 AIBRAER Ry MRS THY, AR
AJ =KL BRI & TR A IR I TS
BLTWS, BEWIEE, KARBEROMIEENERL,
T, W, BEOSAIShD ZEPHfFEsnD.

28, YFRETIE, EETBWS OBETHENT
EFoTnBH0OT, HBEINDBEITTEHE WK
EN AN

B

IV, #&
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Beckwith-Wiedemann fE(RE¢ (BWS) (&, BREIR, EFE, BAIL=7% 3 EH
CTREREEREO—DTHD, MENEBEEREOBREZHD. SOHEGTER
11 T A5EE 15.5 $8i8 (11p15.5) TH D, AEEICEFEET DRIDIAFBITFDE
HAEREEZ SNTVD. AETIE, BWS OIFFRPHRRE, 7'/ LRIDAK DR
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The mouse Snurf/Snrpn gene has two differentially methylated regions (DMRs), the maternally methylated
region at the 5’ end (DMR1) and the paternally methylated region at the 3 end (DMR2). DMRY, a region that
includes the Snrpn promoter and the entire intron 1, has been thought to be a germline DMR, which inherits
the parental-specific methylation profile from the gametes. DMR1 is not only associated with imprinted

Smpn expression, but implicated in imprinting control of other genes in the region. We have now
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characterized the highly conserved activator sequence {CAS) in the Snrpn intron 1 among human and rodents
and demonstrate that the mouse CAS is not a germline DMR but shows developmentally dynamic changes of
DNA methylation and has methylation-sensitive enhancer activity. The tissue-specific methylation of the
mouse CAS and its methylation-sensitive enhancer activity may control tissue-specific expression of IC
transcripts, resulting in the establishment andjor maintenance of imprinting in the Snrpn locus.

© 2008 Elsevier B.V. All rights reserved.

1. Intreduction

Genomic imprinting is an important mechanism of gene regulation,
which causes genetic nonequivalence in expression between maternal
and paternal genomes in mammals. Such parent-of-origin specific gene
regulation is caused by epigenetic modifications, which initially occur
during gametogenesis without any nucleic acids changes (Surani, 1998;
Tilghman, 1999). Epigenetic modifications in gametes continue to dif-
ferentiate alleles of parental origin even after zygote formation, so that
one parentally-derived allele eventually becomes preferentially ex-
pressed. One of the epigenetic modifications in imprinting is DNA
methylation. DNA methylation can be stably inherited in somatic cells
and reset in gametes, In the imprinted loci, differentially methylated
regions (DMRs) between the maternal and paternal alleles are often
found and associated with parent-allele-specific expression. For some
imprinted loci, DMRs are gamete-derived methylated regions (germline
DMRs), where DNA methylation in the gamete is maintained throughout

Abbreviations: AS, Angelman syndrome; CAS, conserved activator sequence; ChiP,
Chromatin immunoprecipitation; DHS, nuclease hypersensitive sites; DMR, differen-
tially methylated region; IC, imprinting center; PWS, Prader-Willi syndrome; SMP,
Snrpn minimal promoter; UPD, uniparental disomy.
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E-mail address: kishino®nagasaki-u.acjp (T. Kishino).

0378-1119/5 - see front matter © 2008 Eisevier B.V. All rights reserved.
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development in all somatic lineages. However, there exist secondary
DMRs, which are acquired during development and associated with
primary imprints in the gamete (Constancia et al. 1998). Although the
primary DMRSs are essential for establishment and maintenance of im-
printing, which are associated with the imprinting center (1C) (Bourc'his
etal 2001; Hata et al. 2002), it is unknown whether the secondary DMRs
directly control the imprinted expression or exist only as the conse-
quence of an epigenetic event,

The mouse chromosome 7C is a large imprinted domain orthologous
to the Prader-Willi syndrome (PWS)/Angelman syndrome (AS) critical
region at human chromosome 15q11-q13. The imprinted domain 7C
contains paternally expressed genes, Snurf/Snipn (hereafter termed
Snrpn), Ndn, Magel2, Mkrn3 and C/D-box small nucleolar RNAs
{snoRNAs), and the maternally expressed gene, Ube3a (Nicholls and
Knepper, 2001). Imprinted expression within this large domain is
coordinated by a bipartite cis-acting IC located upstream from the Snrpn
gene. In the large imprinted domain, several DMRs have been identified.
One of them is in the Snrpn locus, which has two DMRs (Fig. 1A), the 5
end methylated on the maternal allele (DMR1) and the 3 end
methylated on the paternal allele {DMR2) (Shemer et al. 1997; Gabriel
et al. 1998). DMR1 is a ~6 kb region containing the 5’ end of the Snrpn
gene and the entire Smpn intron 1 (Fig. 1A). DMR2 is a 3.5-kb region
spanning exons 7-10. Both DMR1 and DMR?2 are thought as germline
DMRs, which inherit the parental-specific methylation profile from the
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Fig. 1. Genomic organization and the DNA methylation pattern of the mouse (A} and human (B) Snrpn/SNRPN lacus. Black and gray boxes indicate exons and the CAS region. (A} IC
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with dotted circles.

gamete (Shemer et al. 1997). Since DMR1 contains the IC, the
methylation status of DMR1 is not only associated with paternal-
allele-specific expression of Smrpn but may be implicated in imprinting
control of other genes in the region.

In the human SNRPN locus, parental origin-specific nuclease
hypersensitive sites (DHSs) have been identified (Schweizer et al
1999; Rodriguez-Jato et al. 2005). One of the paternal origin-specific
DHSs is DHS1 in the SNRPN promoter and the other is DHS2 in SNRPN
intron 1, roughly 1.5 kb downstream of the transcription initiation site
(Fig.1B). Differential methylation of the CpG island flanking DHS1 is well
characterized as a maternal allele-specific DMR in the SNRPN promoter.
The CpG island associated with DHS2 was reported to show maternal
allele-specific methylation in lymphoblastoid cell lines (Rodriguez-Jato
et al. 2005), and to be distinct and separate from the CpG rich region in
intron 1, 0.9 kb downstream of the transcription initiation site, which
was previously described as a DMR in fetal tissues (Fig. 1B} (Glenn et al.
1996). Interestingly, an intronic 2.2-kb fragment (2.2-DHS2) associated
with DHS2 was found to enhance the activity of the SNRPN promoters
(Rodriguez-Jato et al. 2005). The especially highly conserved sequence
(CAS) in 2.2-DHS2 among human and rodent was identified to have
enhancer activity in human (Fig. 1B). Chromatin immunoprecipitation
(ChIP) analysis revealed that the CAS showed paternal chromatin-
specific interaction with transcription factors (Rodriguez-Jato et al.
2005). These data suggest that the CAS may play a critical role in acti-
vating the paternally expressed imprinted genes in the domain. It
remains unknown whether such an allele-specific interaction with
transcription factors depends on allele-specific DNA methylation in the
CAS and how imprinted transcripts in the SNRPN locus can be controlled
by the enhancer activity of the CAS.

To investigate further functions of the CAS in the imprinting
domain, we analyzed the methylation status of the mouse CAS and a
methylation effect on the enhancer activity of the CAS, Our resuits
show that the Snrpn promoter region in DMR1 is a germline DMR as
previously reported (Shemer et al. 1997), whereas the mouse CAS is a
secondary DMR, which is acquired in a tissue-specific manner during
development and has the methylation-sensitive activator function.

2. Materials and methods
2.1. Tissues and cells used

All procedures in mice were performed with approval from the
Nagasaki University Institutional Animal Care and Use Committee. F1

hybrid mice were obtained by mating C57BL/6 females with PWK
males (C57BL/6xPWK), and vice versa (PWKxC57BL/6). Methods of
primary cultures of cortical neurons, glial cells and embryonic fibro-
blasts were described elsewhere (Yamasaki et al. 2003). Oocytes and
sperm collections were performed as described elsewhere (Mapen-
dano et al. 2006 Yoshida et al. 1995).

2.2. DNA extraction from gametes, cells and tissues

To prepare oocyte DNA, about 400 pooled oocytes were resus-
pended in 160 L of 10 mM Tris-HCI (pH 8.0), 10 mM EDTA, 150 mM
NaCl, 0.1% SDS, 2 pg of X\ DNA, and 40 pg of proteinase K and incubated
for 3 h at 55°C, then extracted with phenol-chloroform and
precipitated with ethanol. Blastocyst DNA was prepared from about
10-15 blastocysts with the same procedure. Sperm DNA was isolated
by the two-digestion method as described (Yoshida et al. 1995). DNA
from other embryos, tissues and human blood was extracted as
described elsewhere (Yamasaki et al. 2005).

2.3. Sodium bisulfite treatment and sequencing

Sodium bisulfite treatment was carried out using EZ DNA
Methylation-Gold kit (Zymo Research. Orange, CA). PCRs were carried
out using bisulfite-treated DNA and each primer set. The following
primer pairs were used for amplification: Snrpn-outsideF/Snrpn-
outsideR for DMR1 (Lucifero et al. 2002); mCAS-F/mCAS-R for the
mouse CAS; hCAS-F/hCAS-R for the human CAS. Primer sequences are
as follows: mCAS-F 5-TGGGGAGGGGTTTATTGTTTTG-3’; mCAS-R 5°-
ATAACATCCTAAATTTTAT CAAAATCAT-3'; hCAS-F 5'-TTGGGAAT-
TAGGTTTTGGAAGGTT-3’; hCAS-R 5'-ACCTACCCCCTCCCCACTAAC-3'.
The amplification protocol was as follows: denaturation at 94 °C for
6 min, followed by 40 cycles at 94 °C for 1 min, 55 °C for 2 min, 72 °C
for 2 min, and final elongation at 72 °C for 10 min. PCR products were
ligated into PCR2.1 vector by TOPO TA Cloning Kit (lnvitrogen,
Carlsbad, CA) and sequenced on ABI PRISM Model3100.

2.4. Reporter gene construction, methylation, and reporter gene
transfection assay

The Snrpn promoter regions and the CAS were amplified with
following primers: SnepnL-F/SnrpnL-R for the Snrpn promoter; SMP-
F/SMP-R for the SMP; U1-F/U1-R for the U1 promoter; mCASL-F/
mCASL-R for the CAS. Primer sequences are as follows. SnrpnL-F 5'-
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AAGCCCTGTCTCTAAAACCAAC-3, SnrpnL-R 5/-CTTCCTCGCTCCATTGC-
GTTG-3/, SMP-F 5'-CGAGCTCAAATGTGCGCATGTGCAGCC-3/, SMP-R
5'-GCTCGAGCTTCCTCGCTCCATTGCGTTG-3Y, U1-F 5'-CGAGCTCATT-
CATCACAATGAAAATCAATA-3/, U1-R 5'-CCGCTCGAGCTTGGTTGCTG-
CATTGCCTTG-3!, mCASL-F 5'-AGATCTAAGGGGTCGTGTCGCATGTC-3,
mCASL-R 5-AGATCTGTATACGCCATGCTGCGCC-3'.

PCR products were directly ligated into PCR2.1 vector by TOPO TA
Cloning Kit, followed by Sacl [Xhol double digestion for the Snrpn
promoter, SMP and the U1 promoter, and by Bglll digestion for the
CAS. The Sacl/Xhot digested products were cloned into the Sacl/Xhol
sites upstream of the firefly luciferase gene and the Bglll digested
product was into the BamHI site downstream of the firefly luciferase
gene of pGL4.10 (Promega, Madison, W1). In vitro methylation of the
constructs, plasmids (10 pg) were incubated for 1 h at 37°C in the
presence or absence (control, mock) of Hhal and Sssl methylase
(New England BioLabs, Beverly, MA). Plasmids were transfected into
Neuro2a cells, using Lipofectamine 2000 reagent (Invitrogen). The
pGL4.70, encoding the renilla luciferase gene (Promega) was
cotransfected as an internal control for transfection efficiency.
Transfected cells were harvested after 24 h and used for measuring
firefly and renilla luciferase activities in Dual-Luciferase Assay
system (Promega). Reporter activity was normalized by calculating
the ratio of firefly to renilla values. For each construct, the average
and standard error of the means were calculated in 6 independent
transfections.

3. Results and discussion

3.1. The mouse CAS shows developmental stage-specific methylation and
maternal allele-specific methylation in the brain

It has been confirmed by many experiments that maternal allele-
specific DNA methylation of the Snrpn promoter region in DMR1
originates from the egg and is maintained throughout development

(Shemer et al. 1997). However, the methylation pattern of the Snrpn
intron 1 in DMR1 has not been precisely analyzed except in several
recognition sites of methylation-sensitive restriction enzymes, BssHil
and Hhal (Fig. 1A) (Shemer et al. 1997; Gabriel et al. 1998). We first
performed methylation analysis of the Snrpn promoter region and the
mouse CAS in the Snrpn intron 1, which is located ~ 1.8 kb downstream
of the Snrpn transcription initiation site. Parental origin of the alleles
was identified by polymorphic sites in F1 hybrids between C57BL/6
and PWK strains (divergent strains of Mus musculus). Allele-specific
methylation of 16 CpGs in the promoter and 7 CpGs in the CAS was
examined using polymorphisms in PCR products of bisulfite-modified
DNA. Sequencing of clones from the PCR products revealed maternal
allele-specific methylation of the promoter region in the gametes and
somatic tissues {data not shown) as previously reported (Shemer et al,
1997), whereas the CAS showed a different methylation pattern
depending on tissues (Fig. 2). In oocytes and sperm, all 7 CpGs in the
CAS were not methylated (Fig. 2A). In blastocysts, the maternal allele
was slightly methylated, and completely methylated in the whole
embryo at embryonic day (E) 9.5. In contrast, the paternal allele was
not methylated in blastocysts and the whole embryos at E9.5, and
moderately methylated in the embryonic liver and muscle at E15. In
the embryonic brain, the paternal allele was almost unmethylated. In
the adult brain, the CAS was not methylated on the paternal allele,
while in the adult liver, muscle, kidney, and blood, they were
biallelically methylated (Fig. 2B). These data indicate that the CAS is
asecondary DMR, which is acquired in a tissue-specific manner during
development. These results do not conflict with the previous
methylation profile of DMR1, reported by Shemer et al. (1997). They
detected differential methylation of the Hhal site in the CAS in ES cells
and brains. In their Southern blot, the CAS is exclusively unmethylated
in androgenetic ES cells, while in the parthenogenetic ES cells, the CAS
is not completely methylated, although they concluded the maternat
allele-specific methylation. The reason why the CAS in parthenoge-
netic ES cells showed almost methylated might be that the maternal
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Fig. 2. Methylation of CpG dinucleotides in the CAS in gametes, tissues and culture cells in mice (A, B, C) and in human lymphocytes (D). Each row of dots represents the series of CpGs
in an individual sequence molecule, in which methylated CpGs are shown as solid circles and unmethylated CpG as open circles. (A) Mouse oocytes and sperm. The properties of the
mouse CAS are displayed at the top of the figure. (B) Embryonic and adule tissues of F1 hybrid mice. Blast.: Blastocyst, W.embryo: Whole embryo, M: maternal allele, P: paternal allele,
(C) Culture cells. Two independent sets (1, 2) of each type of culture cells were used for methylation analysis in the CAS. Fibro. : embryonic fibrablasts. {D) Human peripheral bood
from normal individuals (NIT and NI2). The properties of the human CAS are displayed at the left of the figure.
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allele in the CAS tends to rapidly acquire DNA methylation after the
genome-wide demethylation, even if the parthenogenetic ES celis
keep their multipotency during in vitro culture.

3.2. Allele-specific methylation of the mouse CAS is not neuron-specific in
culture cells

In the embryonic and adult brains, most clones from the paternal
alleles at the mouse CAS were not methylated but small numbers of
clones were methylated, especially in the F1 hybrid (C57BL/6 xPWK)
brain. To know the cell origin of the methylated clones, we analyzed
the methylation status in cultured neurons, glial cells and embryonic
fibroblasts, which were separately cultured from embryonic tissues at
E15.5 (Yamasaki et al. 2005). Prior to the analysis, we confirmed by
immunostaining with the brain precursor, neuronal and glial makers
that over 95% of the two cultured cell types were postmitotic neurons
and astrocytes, respectively (data not shown). In neurons and glial
cells, most clones from the paternal allele were not methylated, but
more methylated clones were detected in glial cells than in neurons,
while in the embryonic fibroblasts, many but not all of the paternal
clones were methylated (Fig. 2C). We could not detect distinct
differences in the methylation profile between cultured neurons and
glial cells, as we previously reported in Igf2r DMR2 (Yamasaki et al.
2005). Although we could not completely deny the possibility that the
tissue-specific methylation profile might not be stably established
during in vitro differentiation in the embryonic cell culture, these data
suggest that the paternal allele escapes methylation during neurogen-
esis and gliogenesis.

3.3. The human CAS shows allele-specific methylation in the normal
lymphocyte

The methylation pattern of the human CAS has previously been
reported using genomic DNA from the cell lines derived from
uniparental disomy (UPD) patients of PWS and AS (Rodriguez-Jato
et al. 2005). Because our bisulfite methylation analysis revealed that
the CAS is biallelically methylated in most adult tissues including the
lymphocytes in mice, we tried to confirm the methylation status of the
human CAS in the normal lymphocyte. A G-nucleotide number
polymorphism (Gn; n=711) was used to differentiate parental alleles
in two normal individuals. We could not identify the parental origin of
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the alleles because no parental DNA was available, however, the
human CAS showed allele-specific methylation in the human peri-
pheral blood lymphocyte (Fig. 2D). We also examined allele-specific
methylation in tissues of seven fetuses, but failed to prove it because
we could not find any polymorphic sites flanking the CAS in the
samples. Although based on a limited number of samples, our data
about allele-specific methylation in the normal lymphocyte, in addi-
tion to the previous report about the maternal allele-specific me-
thylation in the cell line of UPD patients, strongly suggests that the
human CAS is a DMR in differentiated tissues.

3.4. The mouse CAS has a methylation-sensitive activator function

The human CAS was reported not only to activate the SNRPN
promoter, but also the heterologous promoters in transient expression
assays (Rodriguez-Jato et al. 2005). To see if the mouse CAS also has
such a promoter activating function, transient expression assays were
performed in mouse neuroblastoma Neuro2a cells (Fig. 3). The entire
80 bp of the mouse CAS was inserted to luciferase reporter constructs
that include a 754-bp segment of the Snrpn promoter {from positions
~679 to +75) or a 159-bp segment of the Snrpn minimal promoter
(SMP) (from positions -84 to +75) {Hershko et al. 1999). Constructs in
which the mouse CAS was cloned downstream from the mouse Snrpn
promoter or the SMP showed approximately 3.5-fold increase in
reporter activity, compared with control constructs lacking the mouse
CAS. Similar results were obtained independent of orientation and
position of the CAS in Neuro2a (data not shown).

Since the mouse CAS shows the tissue-specific and developmental
stage-specific methylation, an effect of methylation on the promoter
activation function was examined. The methylation effect on two Hhal
sites in the mouse CAS was analyzed in the constructs with the Snrpn
upstream promoter U1 (Fig. 1A), because the U1 promoter sequence
has no Hhal sites. The U1 promoter region was cloned into a luciferase
reporter construct that included the CAS positioned downstream of
the reporter in the forward orientation. Transient expression assays
revealed that the U1 promoter was activated by the CAS relative to a
construct lacking the CAS (5.5 fold). In vitro methylation by Hhal
methylase prior to transfection of Neuro2a cells activated the Ul
promoter activity to a less extent (2 fold) than no methylation in the
CAS. In vitro methylation of the five CpGs within the U1 promoter and
seven CpGs within the CAS by Sssl methylase resulted in a complete
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Fig. 3. Methylation-sensitive enhancer activity of the mouse CAS. Reporter constructs with the Snrpn promoter (a, b), the Snrpn minimal promoter (c, d), and the U1 promoter (e, f, g,
h, i, j) Jacking or carrying the mouse CAS (arrow) were assayed by transient expression assays. In the constructs (g, b, i, j), in vitro methylation with Hhal (g, h) or Sss! (i, j) methylases
was performed. Short vertical lines below the lines and arrows (h, i, j) indicate methylated CpGs. The constructs containing the Snrpn promoters (). or the U1 promoter (e) without
the CAS are arbitrarily assigned the value 1. The fold increase induced by the CAS or in vitro methylated CAS is indicated on the right.
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shut-off of the promoter activity. These data indicate that the mouse
CAS has the promoter activation function and its activity depends
partially on the methylation status of the Hhal sites in the CAS.

In the human and rodent CAS, potential binding sites for transcription
factors Sp1, YY1, and NRF-1 are highly conserved (Rodriguez-Jato et al.
2005). Itis reasonable in our study that methylation of the two Hhal sites
at the NRF-1 binding sequence directly decreased the enhancer activity
because of methylation-sensitive binding of NRF-1 (Smith et al. 2004),
however the fact that the CAS with methylated NRF-1 binding site still
have enhancer activity suggests other factors including Sp1 and YY1 may
coordinately constitute the enhancer complex at the paternal CAS.

In addition to the methylation-sensitive enhancer activity, the
evidence that the mouse CAS is not methylated in oocytes and not
methylated on the paternal allele in the brain, correlates with tissue-
specific expression of IC transcripts, which initiate in U exons (Un) that
are distributed in a 500-kb region upstream of Snrpn and overtap with
Snrpn exons except exon 1 (Fig. 1A). In mice, IC transcripts are
exclusively expressed in the ovary and brain, especially in oocytes and
neurons (Mapendano et al. 2006), where the CAS is unmethylated and
differentially methylated, respectively (Fig. 2A, C). The function of IC
transcripts remains unknown, but the tissue-specific methylation of
the mouse CAS and its methylation-sensitive enhancer activity may
control tissue-specific expression of IC transcripts, resulting in the
establishment of imprinting in cocytes (Mapendano et al. 2006) and
neuron-specific imprinting of Ube3a in the brain, possibly by the
antisense Ube3a transcript as a part of IC transcripts.

On the other hand, in human, there is no simple correlation of
expression level of the IC transcripts and the CAS methylation. IC
transcripts are expressed in some tissues including adult heart, brain,
and ovary, but not in blood (Dittrich et al.1996), where the CAS is
differentially methylated (Fig. 2D) and associated with allele-specific
histone modifications and interactions with multiple regulatory
proteins (Rodriguez-Jato et al. 2005). Such difference in DNA methyla-
tion in the CAS and expression of IC transcripts between human and
mouse may support divergency of imprinting mechanism among
species (Johnstone et al. 2006). The targeted replacement of the
mouse PWS-IC with the equivalent human region in mice failed to
maintain methylation on the maternal allele in somatic tissues and to
protect the upstream genes (Ndn and Mkrn3) during de novo methylation
in early embryogenesis (Johnstone et al. 2006). They suggested that the
factors responsible for postzygotic maintenance of the imprint have
diverged between human and mouse. Because their targeted PWS-IC
region contains the CAS, where methylation is postzygotically acquired
in mice, methylation status of the substituted CAS might be altered in
oocyte andfor in early embryogenesis, resulting in failure of main-
tenance of imprinting. It is still controversial in human whether the
methylation imprint at the SNRPN promoter region is established in
ovulated oocyte or during/following fertilization (Fl-Maarri et al. 2001:
Geuns et al. 2003), however the timing of DNA methylation acquisition
at the substituted CAS in the targeted mouse will clarify the basic
difference in imprinting machinery among human and rodents,

In conclusion, we have demonstrated that the Snrpn intron 1, which
was previously thought to be a part of a germline DMR in mouse, shows
developmentally dynamic changes of DNA methylation in mouse, and has

the methylation-sensitive enhancer activity. The tissue-specific methyla-
tion of the mouse CAS and its methylation-sensitive enhancer activity
may control tissue-specific expression of IC transcripts, resulting in the
establishment and/or maintenance of imprinting in the Snrpn locus.

Acknowledgements

TXK. was supported in part by a Grant-in-Aid for Scientific Research (C)
and thaton Priority Areas from the Ministry of Education, Culture, Sports,
Science and Technology of Japan. TK. and M.LK were supported in part by
a Grant-in-Aid for Scientific Research from Nagasali University, Japan.

References

Bourc'his, D., Xu, G.L, Lin, CS., Bollman, B, Bestor, TH., 2001. Dnmt3L and the
establishment of maternal genomic imprints. Science 294, 2536-2539.

Constancia, M., Pickard, B,, Kelsey, G., Reik, W,, 1998, Imprinting mechanisms. Genome
Res. 8, 881-900.

Dittrich, B, et al., 1996. Imprint switching on human chromosome 15 may involve
alternative transcripts of the SNRPN gene. Nat. Genet, 14, 163-170.

El-Maarri, 0., et al., 2001. Maternal methylation imprints on huran chromosome 15 are
established during or after fertilization. Nat. Genet. 27, 341-344,

Gabriel, J.M,, Gray, TA, Stubbs, L., Saitch, S., Ohta, T., Nicholls, RD., 1998. Structure and
function correlationsat the imprinted mouse Snipn locus. Mamm. Genome. 9, 788-793.

Geuns, E., De Rycke, M, Van Steirteghem, A, Liehaers, 1, 2003. Methylation imprints of
the imprint control region of the SNRPN-gene in human gametes and preimplanta-
tion embryos. Humn. Mol. Genet. 12, 2873~2879.

Glenn, C.C, et al, 1996. Gene structure, DNA methylation, and imprinted expression of
the human SNRPN gene. Am. J. Hum. Genet, 58, 335-346.

Hata, K., Okano, M, Lei, H, Li, E., 2002. Dnmt3L cooperates with the Damt3 family of de novo
DNA methyltransferases to establish maternal imprints in mice. Development, 129,
1983-1993.

Hershko, A., Razin, A, Shemer, R, 1999. Imprinted methylation and its effect on
expression of the mouse Zfp127 gene. Gene, 234, 323-327.

Johnstone, A, DuBose, AJ., Futtner, C.R.,, Elmore, M.D., Brannan, C.1., Resnick, J.L., 2006. A
human imprinting centre demonstrates conserved acquisition but diverged
maintenance of imprinting in a mouse model for Angelman syndrome imprinting
defects. Hum. Mol. Genet. 15, 393-404.

Lucifero, D., Mertineit, C, Clarke, HJ., Bestor, TH, Trasler, JM.,, 2002. Methylation
dynamics of imprinted genes in mouse germ cells. Genomics 79, 530-538.

Mapendano, CK, et al,, 2006, Expression of the Snurf-Snrpn IC transcript in the cocyte
and its putative role in the imprinting establishment of the mouse 7C imprinting
domain. }. Hum, Genet, 51, 236-243,

Nicholls, R.D., Knepper, }.L, 2001. Genome organization, function, and imprintingin Prader-
Willi and Angelman syndromes. Annu. Rev. Genomics Hum, Genet. 2, 153-175.

Rodriguez-jato, S., Nicholls, R.D., Driscoll, DJ., Yang, T.P, 2005. Characterization of cis-
and trans-acting elements in the imprinted human SNURF-SNRPN locus. Nucleic
Acids Res. 33, 4740-4753.

Schweizer, ., Zynger, D., Francke, U, 1399. In vivo nuclease hypersensitivity studies
reveal multiple sites of parental origin-dependent differential chromatin con-
formation in the 150 kb SNRPN transcription unit. Hum. Mo). Genet. 8, 555~566.

Shemer, R., Birger, Y., Riggs, A.D., Razin. A, 1997, Structure of the imprinted mouse Snrpn
gene and establishment of its parental-specific methylation pattern. Proc. Natl
Acad. Sci. USA 94, 10267-10272,

Smith. KT.. Coffee, B., Reines, D., 2004. Occupancy and synergistic activation of the
FMR1 promoter by Nrf-1 and Sp1 in vive. Hum. Mol. Genet. 13, 1611-1621.

Surani, M.A,, 1998. Imprinting and the initiation of gene silencing in the germ line. Cel} 93,
309-312.

Tilghman, S.M., 1999. The sins of the fathers and mothers: genomic imprinting in
mammalian development. Cell 96, 185-193.

Yamasaki, Y., et al, 2005. Neuron-specific relaxation of igf2r imprinting is associated
with neuron-specific histone modifications and lack of its antisense transcript Air.
Hum, Mol. Genet. 14, 2511-2520,

Yoshida, K., et al, 1995. The modified method of two-step differential extraction of sperm
and vaginal epitheliaf cell DNA from vaginal fluid mixed with semen. Forensic Sci. Int. 72,
25-33.



