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ICF syndrome is a rare recessive disorder which shows DNA hypomethylation at
pericentromeric repeats. In this study, we found that CDCA7 and HELLS, which are mutated in ICF
patients, make a protein complex, and facilitate non-homologous end-joining repair of DNA
double-strand breaks (DSBs) and the accumulation of proteins on nascent DNA, including the
DNMT1/UHRF1 maintenance DNA methylation complex as well as proteins involved in the resolution or
prevention of R-loops. Consistent with the hypomethylation state of pericentromeric repeats, the
transcription and DSBs caused by aberrant R-loop formation were increased in CDCA7 and HELLS
knockout cells. Hence, we propose that hypomethylation due to inefficient DNMT1/UHRF1 recruitment at

pericentromeric repeats by defects in the CDCA7/HELLS complex could induce

centromeric/pericentromeric instability via ectopic expression and pathological R-loop formation,
which may explain a part of the molecular pathogenesis of ICF syndrome.
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1. WFZERAG S WO

Immunodeficiency, centromeric instability, facial anomalies (ICF) JEEREIZ, B hu AT - XU %
v ha AT KIEESID DNA KA F bl ~T a7 a~F o O S FaiEt: (5
DEAZH TH D, BEOIEML L. B Mg TiX, EAF bl hr A7 - XUk bR
AT AT U TR D YR B G U Te A R RN m B TR DAL D D b ASEMERE D Fr
WCh 5, IRFEMIHE 51T 2015 FZ CDCA7 & HELLS % AJEGRE D JFIR AR & L CRE Lz
P I BBIRTFOEREN ED K5I ICF JEMRFE ORI VD < DI AR TH -7,

2. WEDB
(1) CDCA7 & HELLS 723 ffmN TR 7= &E| & fifiH L. ICF JEERE D RIEMERF & fifiH 4 5,

(2) =T =RT 4 v 7 HHEEAE D G AR EMEDOHERHC R I TR 2B 600N T 5,

3. WrED 5k

(1) SfEike-% o7 NGBS (IP-MS/MS) 52T, B4R K OVERA CDCAT L BAEKE K
B 2 Ry R EE L, BE SN=H X378 L CDCAT OFEAEMN, MmN T
EO XS BAERMBEREF OO EMIT 5,

(2) Isolation of proteins on nascent DNA-# > 7 LB #4347 (iIPOND-MS/MS) 1£1Z°C, #iki A DNA
B EA~DOEFEIZ CDCAT Z M H L % % 237 B 2 MFERICRE L, CDCAT7 Ol T D4R
M7l % S SICH LT 5,

4. BFSTAR
(1) CDCA7/HELLS # &I IR AR A% DNA 5518 21287 2% (Unoki et al., 2019)
2015 2, AFFEREEH BIX CDCA7 & HELLS % ICF JEMEREDJRIKE 5T & L CRE LA,
INOLDOBIG TR a— RT X AT EOHIRITIZE A EDh> TWRho Tz, D78, 5L
REF 1T IP-MS/MS 1EIZ T, BRI OVE BA CDCAT EEEREIERT % & v /R 7 B OREEET
RRE &R, TORER, BAER CDCAT LA FRA CDCAT O FIZEWFESBREEZ AT 5
X8y L LT HELLS W[EE v, 7284 M CDCAT IZix@m WA BtE2 H 9 508, &
BRI CDCAT & OFEEBIFMEIT KW & 87 B & LT, Ku80 & DNA-PK 23 [AE X7z, Kuso &
DNA-PK [F3EFHRI RSG5 S (non-homologous end joining: NHE]) (ZEHE /e X L X7 ETHH I &
DEHBNTEY ., & MRETIER L CDCA7 KON HELLS /K42 HEK293 #ifiliZ. DNA &
EREIERT S & B okkx 2R3 (DNA 850 RS, R for i, 7R h—
TAMIBROEEINIR &) AR Uo7, BFEREF 1T CDCAT/HELLS #HA R, FEFE RIS &
I DNA JEEEICE G35 A REM A2 % 2. NHE) L ER—4—7 v A 2B 27\, ZOafEk:
Rt Lz, T OfE%, CDCA7 (N HELLS % Hl% siRNA T/ v 7 X795 & NHEJ O
MRMETF T2 Z LMY, CDCAT7 & HELLS 28 NHE] 2325 = Envbinotz, £z,
FRE 2 87 B A Ku80 (GFP
-Ku80) A fHFEIZIHELT 5 CDCA7
Je N HELLS KAB AR DNA {8154
L—H—ThHzxztZ A, BEMT
I% GFP-Ku80 |XB#HFIZ DNA 815
NATEEFET D DI L, CDCA7 J Y
HELLS KIBHIfE ClE DNA fBEENL
~OERDE, B S BE T
LB ENphotz (K1), fRiF#E
WHEHE O Z DR E LR AR T < L
T. CDCA7 & HELLS |37 n~F >

VETY IR ERT DEAGRE
RS e s B1 L—H—IZLHDNABRIEEER, FARMIATL, BI5% 52 T/
BT 2 & 0REDNH Y, LIRIZGFP-Ku80 AMBISERIICEIEL TWLHDIZxL (KEN) . CDCA7
CDCA7/HELLS #HA&{K1Z., 7 n~F  BRUHELLSRIBMRTIZGFP-Kus0DRIEA BHONGEMoF=,

GFP-Ku80'IE & # IR HHE

Eagespilb il CDCA7RIEMRE  HELLS RIBHARE

DNABIS# 0 K (7))




YUET VT BB I T, Ku80 @ DNA HENL~DOEMAEET 5 2 & T, A DNA
Uiy (DSB) @ NHEJ BUEMEIZR 5T 5 & & 2 bl

(2) CDCA7/HELLS & R ITHRIEILLTRIHERF DNA A F b 2128525 (Unoki et al., 2020)
RFWFFEE 1L, CDCA7 KON HELLS RIFBIZ BT S, ICF BEMLFEREICE S ba 27 -
XUt r ha AT KAEESIO DNA KA FIUALRRD D Z L& R U, £7o, Ye%Eio
AF AL LU, AR Z R B A REBLSETHEIE LenwZ &226, CDCA7 & HELLS
1% denovo DNA A F /AL TlE72 <, #EFF DNA A F/ULICEES 45 Z L 26 L-, LvL
72535, NHEJ [ZWZHD Ku80 78 FAMAL TIE MY FLHHI D DNA KA FIUKIFEE S e hro7o 2
L XV, CDCA7 }e N HELLS OZE 543, NHEJ OB LIS OB T, IR A F bz slER o3&
EZ b, & ZCREMIEE L. CDCATHELLS HAKN, 7o~F L VTV I E2B IR
5T, HEFF DNA X T IARICBA G 32 % X7 O A DNA 84 E~OEREZ{EE L T\ D
DTIEIRNDE OIGERZ LT, CDCAT FEAFAE N CTHHL G DNA 84 BICEM &l b ¥ v

N7 e AT Y CDCA7 K48 CDCATRIBMRIC . 7455 FEDNAGEE ~
i % AT iPOND-MS/MS 112 DEFEHEM L,’CL\;‘:{SD/ \JH (21.5)
n=

THEfEICFEE L (K2), £0
i, CDCA7 KM T, Frlle
i DNA 84 F~DOE/RENHE LT PR\ vav Y =l AT =

(0.66-1.5)
WX LB L LT 265 fER n=198
TE S 4L, & DO HIZHERF DNA £ T /L
{KIC % Td 5 DNMTI1 & UHRFI
NEEN T, it ICF JEERE CDCA7RIBMAT, F1 S HDNASE £~
R DEBNBADL TN =22 /378 (£0.66)
HE T DNA X FIEMET LT n = 296

W AAER L] DNA BRGEEE ! K2 #HiRSHDNAE E~DEREIZCDCATARELSN DAV I BEDORE,
. - FAR KU CDCAIRIBMEEZERALVT., iPOND-MS/MSEHTEH o1,
ThHrZENMEINIT (E1:X  CDCAZRIEFBIT. 1R E FRDNASE E~DEHHE DL TN =296E D5
Py h AT A TeNT 1 IS, HEEDNAAF LB IS B DDNMT1 EUHRFIMEEN TLV =,
~F U S < EEFL. 2020 FFIZ DNA BRI A IHERF DNA A FAAKIZBEE S 5 —H D
FOGHE Z Dl Ch D Z & 03 S7z), DNA HRGELARIHERF DNA 2 T /U LIS IZ B
T. UHRF1 NXZ LAY —AIZEGENDHE A Y H3 X FoAbT 5 2 &0, RSP
HETHLN, X7 LAY —ANEEOTZ~I A F L DNA X DNMT1 © B WEE T2z
BB EN TS, Lo T, CDCA7HELLS &KX, 7 re~F VET Y 7 &N LT,
DNMT1 B X 7 LAY — DTEE A2~ A F /L L DNA % A F U b4 Bl %z LT 5 aThE
PERFR R I NTZ, 2L, Za~TFr UET U7 LR DNA X F UL 2O 5
HERMATH D, —7F 2020 FI2, HFEE D DOIE LIZITFHA 2 [E U< L, HELLS 2% DNA
BRIEILBT DOHERF DNA A T /UALEUSIZB S LTV D 2 E B3 S, HEEE OIGELA TR X
Fani,

(3) CDCA7 O HELLS KIBHIfE Cld, DNA KA F/ALIZEER T 5 R /L—7"78 DNA 1815 % Fil
L. G BIRRLEMRDIRIK & 722 (Unoki et al., 2020)

REMZEE L. iR L7z IP-MS/MS 75} O iPOND-MS/MS ¥ T CDCA7 & #HAIRE R L.
B AR DNA 85 E~DEFEIZ CDCAT 2B L5 % VR B EBHFEIE LT, TOH T, j#%
LWEtEo b, MFEETHBE L CRESNEY V7 E%E 7 Dl2k -7 (Ku80, DNA-PK,
DDX21, SUPT16H, Histone H4, Histone H2B, SMARCAS), fXFEAM7EE L. Z D F o DDX21 73
R /L—7"2 (1 2: DNARRNA /A 7 U » K& 1 AR DNA /572 5 3 BHEHEE) OMIEICEE ¢
RNA~UB—ETHDHZ L L, SUPTI6H *° (J£3: B A h vy ThbH FACT HEEKD
MR T) 28 R —TTERBAE IS < Z L ICKR DD X ICF JEMERED 73 TR HEIC R /L— T AR
NG LTV D A[REMEZ % X 72, #RH (Caenorhabditis elegans) TlLt A k> H3K9 O A F /L1



BREESDO~T 7 a<wTF L REEOHFHIEETHY . MANRFFS2 50 X b H3K9 X
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S 2 B HE P < - =3I F U RERBE-PCROKE R, V585 & DIt 1=
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NRY 'y hr AT KRS &G e s Tk 2 — N OEREIZIE, EEIERE 28RV E
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EEHNL 5 HEset A2 1 HALE L, ARG AR Lo TiEL 100 SHEIEERHZ Dz - TR D IR L
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