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Molecular mechanisms by which aberrant hypermethylation expands beyond
boundaries in Imprinting diseases
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Beckwith-Wiedemann syndrome (BWS), an imprinting disorder, is caused b

aberrant hypermethylation at the ICR1. Methylation status at the normal ICR1 differs between the two
parental alleles, and the maintenance of the differentially methylation relies on the interaction
of specific binding sites, namely the SOX2/0CT4 binding sites (SOBS) and the CTCF binding sites
(CBS). However, the underlying molecular mechanisms remain elusive. In this study, we generated a
panel of mutant mice with mutations introduced into the SOBS and four CBS sites of mouse ICR1 (10
strains) to investigate their impact. Our findings indicate that the key regions responsible for
ICR1 methylation maintenance are SOBS and CBS3. It is suggested that disruption of SO0X2/0CT4 and
CTCF binding to these regions leads to chromatin structural changes, resulting in aberrant
hypermethylation and subsequent alterations in gene expression that contribute to the observed
phenotypic manifestations including overgrowth.

Beckwith-Wiedemann DNA SOX2
/0CT4 CTCF



# X C—19, F—19—1, z—19 (L&)
1. WFEBRBYFDER
W) ATV T4 U THEBNy 7 T4 X B =T < VEGRE (BWS) (281F 2 A F /U {EES]

G2 L DNA A F /bR o &) —

ATV MBI TFORT VARH (RYET LAV ERHET LD 55— 2NEIRAIC S )
X, ATV T 4 v THIERER (ICR) @ DNA A F/ALICE W HIlSh TV D, Ry 77y
R B—=F v UEGERE (BWS) 1, R, BEE, EEEXE, W=7 RIEWEE R &4
BOEHRIIERERET DA TV T 4 TEBTH Y, 11pls FHIKICH H ICR1 O RE F A T
/Ut (gain of methylation: ICR1-GOM) ARIEIFIK DO —>TdH 5, [EH 72 ICRL [TRMET L /L3 R
FoAb, BHET LILDIEAF AL TH Y (K1), RMET LV TICRI-GOM 3E L 5 & il
FHIK - IGF2 Ot 7 L VR BLNER Shu, BWS OFERAHBLIT %, ICR1 1Z1E SOX2/0CT4 #E&
AL (SOBS) & CTCF A #8L (CBS1-7) 286 0, RHET LV DIE A F (k11X OCT4 & CTCF
DFEENEETH D Z ERHRESNTND 9, AT, SOBS IZEENEL S L OCT4 G
TE . ICRI-GOM MEHE X4 BWS BRIET D Z EDVRIN TN D 29,

FFEfR A 1%, SOBS O —Ha i #alZ X - TIHAE L7z BWS OFRED b [ FE B #1152
N5 L, BCA U7 ICRI-GOM A TZHE W T & B IZILFFH ORI ﬁéﬁ%amAx%wm

(EESR) #RWZLe Y (K1), E1:BWSEBMRODNAAF LI RETR

T-THID DNA A F/ULDER AR D L strLLEEFiil) 2
(o]
TE AT 1~ —_~
CTCF $EA# 1~4 (CBS1~CBS4) 1% _ }_//_{?? ? |c'R1? ?9Q T O
FIFLEE G 5%, CBS6 35 L O CTF7 T L, ggg ééﬁo
{i%&:jﬁb‘fﬁﬁ%@zﬁﬁ LTWA - L RKEZLIL(AFILE) gz: § % E § §
Mo 7 & CBS4 & CBS6 DT 100 DiAmo bowndery
DNA A FIUAb DR E 7 vy 79 55 e ®
2 g
4G (DNAme boundary) 737E(ET 5 = w
A
CeaFmENE (M), ke g @ L
BRIZ. Z @ DNAme boundary % & ¥ i x. vt 452 Socem-meel Y
HZ & (HE) TRAFUEEREL 5 %
CBS1 CBS2 CBS3 CBS4 CBS5 CBS6 CBS7
LEZ N,

(2) SOX2/0CT4 F&E GBI Fa~ 7 AUZI T D A F /AL EHIE

RHET LIV DIERA FNALIZ OCT4 & CTCF OFEANEETHD Z Lid, v~V AET /L THiE
HENTWS D, £7-, CBSIZOWTIL, ¥ ADT T, +_XT?D CBS #ZREIHE/-T7 L)L
ERNOIRESED ERET LLO ICRI-GOM BE L D Z ERNHAE SN TN D Y,

<17 A ICRI 1T A EFELIL  BE2:mOSHIRI<HIFHDNAme boundary

1]
30 . B 450 CB BT LIV (FEAFILE) 3
THYH. SOBS & CBS 0 98 o o -
(CBS1-4) %>, 22T, « — 1eFz }—+— - lcm‘ . —oFm
—p
7 A SOBS [ H (mSO) %3 RETLIL (AFILAE) %% %%

AL BDLIFRESE L ////// \\\\\\\\
- CBS2 DNAme boundary CBS3

Z A (mSO/+) . SOBS 775 CBS2 4 100 100
2 TR A F LIS HE R o
LTV /=735, SOBS 75 CBS3 o
DM TEHAFMEOERRET  © o R ——
oy 73TV (®2), o ' we o Vo les

50 50



£V, b b E[AEERIZ DNAmeboundary 23 fF/E L, ZALZ D B Z 700 & DNA A FU{biTERE L
RN EPRB I T, ETo, AR, Ig2 Om T LVIEELR & BWS TAE U S ZITERD bl
oz,

boundary (ZOWTiE, #FEEMIIZIZ, = =R et —% —IEHTH 0% 7
By I THA L AL—F— HLNEI~NTrrsuxF ooy 7wy 73555 (Chromatin
boundary) &FFE SN TWEN, BETED AU —2 857 T — ¥ — @Y HG 92
oD a~F o —TAMERE L TR STV D, K2, CTCF, ik — v ZOMo
[K7-23%& G L C Topological Associating Domain (TAD) DEES# k3 2% ik 2 5 L. TAD OHf
LU R LT 5 89, L L7e 5  DNA A F /UL A3 JE AL 29~ 5 B boundary
DIFFER D) FHIRIZ L A LR SN TR LT, CpG 74 7 K« a7 ® Spl fEEEALA L b
2 A )VARY X —% DNA AT UL BEESC E WS N5 DA TH 5 10, F5eEHE 1
V72 L 72 DNAme boundary (Z1% Spl fE & LIL /2 - 72, L7=h > T, ICR1 IZEBWTiX, SOBS
& CBS BN ED K 9 12148 L T DNAme boundary % #8 2 3 IZHE A F AL ZHERF L TV D O TR
fRADEETH D

2. ROBW

ARFFED H )X, DNAme boundary % 2 THE DNA & A F /LR T 5 FEIZ SOBS &
CBS ED X IZHB L T D h, DF Y REE ICR] @ DNA JF X FLLHERFIZ 1T 5 SOBS &
CBS Oy Tt 2R+ 5 2 L TH D,

3. MRDOFE ®3: ICRIZRY S Z/CH) B4 L LICRY
(1) ICR1 &5~ 7 2% )L DOERL - _% | 0:‘5\ C.ﬁ%”‘"o‘b .«‘5" c.,<5“ | &_
R} Zig 2=
R ICR1 @ DNA JE A FALHERE o o —
IZB1+ 5 SOBS & CBS D4y ik %
mcC1 _ . | — e—— — | .
fRBH4 % 7= 8. CRISPR-Cas9 > AT A
ZHWT. ~ ™ 2ADOFHET LILICR] O o NN = XTI : -
SOBS & 4 T CBS |2 ZE R A A L e — e R
FER< T 2V EERL LT, 2O mcs __ N  —— Co |
B~ 2L, B 10 RZHEDOE mes:ca  __ A | . G e | .
H< 17 Z (mSO, mSO+CBS1 (mSOC1) . msoct _ NNl X -
mSO+CBS2 (mSOC2) . mSO+CBS3 I — —
(mSOC3) . mSO+CBS4 (mSOC4) .
msocs ___ [  ——— — o—— | .
mCBS1 (mC1) . mCBS2 (mC2) . mCBS3
msocs __ R [ [ G S | .

(mC3 ). mCBS4 ( mC4 ) .
mCBS3+mCBS4 (mC3+C4)) THERK SN TV 5 (X 3), BRI~ T X L PWK i~ 7 X %t S
B BET VOVICE R E T D EAE ST FORER X OWTE, B, &0 b Uiz,

(2) KBVLfEAT

PR L 7B e~ 7 ARV ORBIA (IWAERBRRLE OA M) 2T Uiz, 1dpc OREA CTEAE
B~ 7 ZOYEH2SD LA ETh H5E IR & Lz, Z ORI, BWS OKZERHICHW S
HEHELIZIERICTHD D,



(3) DNA * F/UAUMRMT & 38 As T-FE BUART

DNA 2 F /U LIZEI L CiE, SOBS & 4 » Ff®d CBS % Z LZHUHEIET 5 PCR primer % 325t L
72, bisulfite ZLEL L7282 DNA % #5IZ PCR 21T\, T-vector |27 0 —=" 7 Ly —F
AEATH Z L TAFIALEIT LTz, BRI, FlEss0 6hHiH L7e RNA ZHW -, IgR
DFEBIZHOWTIL, RT-PCR WA > — 7 = Z L, B6 & PWK OLRIAFIH L CTRET L%
AT Uiz, Igf2 & HI9 OFIEBIRIZ OV TIE, TagMan probe % 7=V 7 /L% A I RT-PCR T
Es LT,

(4) 7 va~TF URIELREIC X D CTCF/Rad21 fE A IRREDfiRHT

mSO, mC3, mC4, mSOC3, mSOC4 ™ 10.5 H L% H T, $L CTCF Hifk, i Rad21 Hifk (=
E— U URERR ) IZ R D7 m~ T ke (ChIP) %17V, CBS1-4 {22V T qPCR #4172
77

4. HFERE
(1) KBUVfEHT

B~ Z28FLD 9 B, mSOC3, mSOC4, mC3+C4 ([Tl 27D, £ OHEIL mSOC3
28 EIFEEE & b= <. mSOC4 & mC3+C4 1 4 FILL FORBE Th o7, Z OB OEFEIHE
FHERRAEZE (x28E) Bholc, ZOMDER~ U A TITMREZRO RN ST,

(2) DNA * F/UAUSRMT & 38R T-FE BUART

Wk %7~ L72 mSOC3, mSOC4, mC3+C4 (22U T, DNA A FILALMRMT & i fn 1 F BURAT
Z1T- 72, DNA A2 F/LIZEI L TiE, mSOC3 T ICR1 IkiZ/= @ E i A F AL AE L,
Igf2 DT VARE ERBEEORIN, 3L ONHI9 ORBUE T 2780 7-, mSOC4 |%, ICRI 2|2
Dl TEAFIMMEERBO TN ORI T, K72 CBS3 IfE D A F AL T >
72, mC3+C4 X, CBS3, CBS4 % H.)Z SOBS % il 2 Ca A F /U L& 587223, CBS1 & CBS2
D A FIAITRD TRECTh o7, T7bH, ICRI IO E A F/ULITRD b7z,
mSOC4 & mC3+C4 TlE, Igf2 Ol 7 LIVIRBLE B EDWEN, HI19 HEBUK T 2807208, Igf?2
DRI BRI & > TR 2 AlREMEN R S L7z, BREZ R 2D o fefllDZEF~ 7 2
T, BRAZEA U720 BRI R U7z A F b 278D 7228, ICRI &kicbi=5 &
5 IR IEREIRICIE RIE R o 1o, E 7o, Tgf2 OWT LVREL L BB, HI9 FBUL T LB

<77,

(3) 7 a~TF U RSEIEREIC X D CTCF/Rad21 #5 G IRREDFEAT

mSOC3 TlE, +_XTD CBS IZHB W T CTCF & 2t — v OfEANKIBIZIK T LT e, —
J7. mSOC4 TiE, AR A A L7 CBS4 T CTCF OFEANHEEIIL T LZH DD, CBS1-3 ~D
RAITBEDETICE EE-o T, 72, It —2 rOfAIE, 1Y CBS4 TIXBAFICIK T
L7223, CBSI1-3 TlHiEF & A EE(L L7572, mSO TiL, CBS1/2 ~® CTCF D& H3 LK
TL., 2= OfEEIE CBS2 DA TREM T L7z, mC3, mC4 Tik, ARAZEAL CBS
DFH T CTCF DB B I a b = U OfREEIMET L7223, ZhLSd CBS TIXZE(LL72h 5
77

PLEX U | ICRI &~ DNA A FIALNERT B 72D Dk L 72 HHA0IL SOBS & CBS3 Th



N

zn

Z 5 OFEIRIC SOX2/0CT4 3 LN CTCF MR TE il b Lty u~F U EmE{r L,
WZEWE A F AL E LD, BRELER S5 BETFREZ(ENEZ 52 LR RS

nic,

<G HSCHR>

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

Sparago A, Cerrato F, Vernucci M, Ferrero GB, Silengo MC, Riccio A. Microdeletions in the human
H19 DMR result in loss of IGF2 imprinting and Beckwith-Wiedemann syndrome. Nat Genet. 2004.
36(9):958-60.

Higashimoto K, Jozaki K, Kosho T, Matsubara K, Fuke T, Yamada D, Yatsuki H, Maeda T, Ohtsuka
Y, Nishioka K, Joh K, Koseki H, Ogata T, Soejima H. A novel de novo point mutation of the OCT-
binding site in the IGF2/H19-imprinting control region in a Beckwith-Wiedemann syndrome patient.
Clin Genet. 2014. 86(6):539-44.

Szab6 PE, Tang SH, Silva FJ, Tsark WM, Mann JR. Role of CTCF binding sites in the Igf2/H19
imprinting control region. Mol Cell Biol. 2004. 24(11):4791-800.

Demars J, Shmela ME, Rossignol S, Okabe J, Netchine I, Azzi S, Cabrol S, Le Caignec C, David A,
Le Bouc Y, El-Osta A, Gicquel C. Analysis of the IGF2/H19 imprinting control region uncovers new
genetic defects, including mutations of OCT-binding sequences, in patients with 11pl5 fetal growth
disorders. Hum Mol Genet. 2010. 19(5):803-14.

Sun F, Higashimoto K, Awaji A, Ohishi K, Nishizaki N, Tanoue Y, Aoki S, Watanabe H, Yatsuki H,
Soejima H. The extent of DNA methylation anticipation due to a genetic defect in ICR1 in Beckwith-
Wiedemann syndrome. J] Hum Genet. 2019. 64(9):937-943.

Hori N, Nakano H, Takeuchi T, Kato H, Hamaguchi S, Oshimura M, Sato K. A dyad oct-binding
sequence functions as a maintenance sequence for the unmethylated state within the H19/Igf2-
imprinted control region. J Biol Chem. 2002 Aug 2;277(31):27960-7.

Hori N, Yamane M, Kouno K, Sato K. Induction of DNA demethylation depending on two sets of
Sox2 and adjacent Oct3/4 binding sites (Sox-Oct motifs) within the mouse H19/insulin-like growth
factor 2 (Igf2) imprinted control region. J Biol Chem. 2012. 287(52):44006-16.

Ma Z, Li M, Roy S, Liu KJ, Romine ML, Lane DC, Patel SK, Cai HN. Chromatin boundary elements
organize genomic architecture and developmental gene regulation in Drosophila Hox clusters. World
J Biol Chem. 2016. 7(3):223-30.

Sikorska N, Sexton T. Defining Functionally Relevant Spatial Chromatin Domains: It is a TAD
Complicated. J Mol Biol. 2020. 432(3):653-664.

Senigl F, Plachy J, Hejnar J. The core element of a CpG island protects avian sarcoma and leukosis
virus-derived vectors from transcriptional silencing. J Virol. 2008. 82(16):7818-27.

Brioude F, Kalish JM, Mussa A, Foster AC, Bliek J, Ferrero GB, Boonen SE, Cole T, Baker R,
Bertoletti M, Cocchi G, Coze C, De Pellegrin M, Hussain K, Ibrahim A, Kilby MD, Krajewska-
Walasek M, Kratz CP, Ladusans EJ, Lapunzina P, Le Bouc Y, Maas SM, Macdonald F, Ounap K,
Peruzzi L, Rossignol S, Russo S, Shipster C, Skoérka A, Tatton-Brown K, Tenorio J, Tortora C,
Gronskov K, Netchine I, Hennekam RC, Prawitt D, Tiimer Z, Eggermann T, Mackay DJG, Riccio A,
Maher ER. Expert consensus document: Clinical and molecular diagnosis, screening and management
of Beckwith-Wiedemann syndrome: an international consensus statement. Nat Rev Endocrinol. 2018.

14(4):229-249.



7 6 1 3

Sun Feifei Hara Satoshi Tomita Chiyoko Tanoue Yuka Yatsuki Hitomi Higashimoto Ken Soejima 185

Hidenobu

Phenotypically concordant but epigenetically discordant monozygotic dichorionic diamniotic 2021

twins with Beckwith?Wiedemann syndrome

American Journal of Medical Genetics Part A 3062 3067
DOl

10.1002/ajmg.a.62364

Tomiga Yuki Sakal Kazuya Ra Song- Gyu Kusano Masaki Ito Ai Uehara Yoshinari Takahashi 35

Hirokazu Kawanaka Kentaro Soejima Hidenobu Higaki Yasuki

Short- term running exercise alters DNA methylation patterns in neuronal nitric oxide synthase 2021

and brain- derived neurotrophic factor genes in the mouse hippocampus and reduces anxiety- like

behaviors

The FASEB Journal -
DOl

10.1096/fj .202100630R

Koganebuchi Kae Sato Kimitoshi Fujii Kiyotaka Kumabe Toshihiro Haneji Kuniaki Toma 85

Takashi Ishida Hajime Joh Keiichiro Soejima Hidenobu Mano Shuhei Ogawa Motoyuki Oota

Hiroki

An analysis of the demographic history of the risk allele R4810K in <I>RNF213</i> 2021

of moyamoya disease

Annals of Human Genetics 166 177
DOl

10.1111/ahg.12424

Higashimoto Ken Watanabe Hijiri Tanoue Yuka Tonoki Hidefumi Tokutomi Tomoharu Hara 58

Satoshi Yatsuki Hitomi Soejima Hidenobu

Hypomethylation of a centromeric block of ICR1 is sufficient to cause Silver-Russell syndrome 2021

Journal of Medical Genetics 422 425

DOl
10.1136/jmedgenet-2020-106907




Mori Hitoe Takahashi Hirokazu Mine Keiichiro Higashimoto Ken Inoue Kanako Kojima 12
Motoyasu Kuroki Shigetaka Eguchi Takahisa Ono Yasuhiro Inuzuka Sadataka Soejima Hidenobu
Nagafuchi Seiho Anzai Keizo
TYK2 Promoter Variant Is Associated with Impaired Insulin Secretion and Lower Insulin 2021
Resistance in Japanese Type 2 Diabetes Patients
Genes 400 400
DOl
10.3390/genes12030400
Kodera Chisato Aoki Saori Ohba Takashi Higashimoto Ken Mikami Yoshiki Fukunaga Masaharu a7
Soejima Hidenobu Katabuchi Hidetaka
Clinical manifestations of placental mesenchymal dysplasia in Japan: A multicenter case series 2021
Journal of Obstetrics and Gynaecology Research 1118 1125
DOl
10.1111/jog.14647
38
Lecture 2021
108-115
DOl

Chubu Cytogenetics Conference

2022




19

2022
2021 2022
BRCA1/2
86
2021

Soejima H, Sun F, Yatsuki H, Higashimoto K, Hara S.

Phenotypically concordant but epigenetically discordant monozygotic dichorionic diamniotic twins with Beckwith-Wiedemann
syndrome.

European Society of Human Genetics Conference

2021




IGF2-DMRO  DNA IGF2 PO NA
14
2021
DNA Beckwith-Wiedemann
66 28
2021

Beckwith-Wiedemann

29

41

2021

4

Soejima H, Ohba T

2021

Springer

346

Fetal Morph Functional Diagnosis




2021

218

MOOK36
2021
218
MOOK36
2021
218
MOOK36

https://www.biomol .med.saga-u.ac.jp/mbg/







