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Oxidative DNA damage and neurological disorders

Yasushi Enokido and Hitoshi Okazawa

Summary Accumulating evidence suggests that oxidative DNA damage poses a potential risk of
brain aging and neurodegenerative disease. Oxidative DNA damage is thought to affect the expres-
sion of various genes involved in learning, memory and neuronal survival, thus initiating a program
of brain aging that starts early in adult life. Especially in postmitotic neurons that do not self-renew
and that consume a large amount of oxygen to maintain their effective energy metabolism, oxidative
DNA damage should be promptly and correctly treated throughout their long life. In this review, we
will focus on recent advances in our knowledge of the molecular link between oxidative DNA
damage and neurological disorders. The prevention and repair of oxidative DNA damage in neural
cells should prove be crucially important in developing effective therapeutic strategies against
various neurological disorders. The development of an effective assay system for evaluating DNA

damage in brain tissue can be expected in the near future.

Key words: Reactive oxygen species, DNA repair, Altzheimer's disease, Parkinson's disease,
Huntington's disease, Ataxia with oculomotor apraxia

I.I3U®IC

TV a3 — A% TR A L F — I
RELMAFTHMCTIE, LEROMBHREE Lo C
EL72BRIEA DL AZWDIZRER X B Sl
[EEB BRI L o CTEEL 2 5, TTH
FRILA b L A2 X ZDNAEIL, I &
LCTES CAEFLET S =2 —10 » ORREICT

PHISEDIREH & L TH 2 HER SN TE 72,
L LESMR 2 812, BRILIDNAG E OS2
MR ERLHENDOEEDOD & &L B DL I L 2R
FTEBRWFIE, TREECHREMS T
Lo lze RETIX, RIS 22 S 1L7-DNA
BHEERFETRE ) ¥ 7 L7258 B0 5195
AN Z AL %R L, MRERRRERE 2 & TS
MBS 5 BRALAYDNAG E ORI 5% £ 53 L

R ERHE RS BEE B T FE T A B A 4 i
T 113-8510 HUREHR S X 5 55 1-5-45

Department of Neuropathology, Medical Research
Institute and 21" Century Center of Excellence Program
(COE) for Brain Integration and Its Disorders, Tokyo
Medical and Dental University,

1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8510, Japan

— 273 —



EY)]

72w IR R DK% IV 72 FR L IUDNA
DMEIR, 53 T S F RNk E RS -
MRIEBDOBW %2 5 PITIHBREOREICE - T
XLICHELRREE 2L ETFHEND,

I.BEERTRS N2 ELEIMERN
DNABEELEZDBEX D=L

BN BRI, (LR, U2 &1
L0 HEERNTIIEEA L TEEODNAGEDA: L
BT EFMOENT VDAY, GHZE R MNP
Lo THREI N PMTIE, BLA L RIZE S
DNABED b BHEICAEL L EEZ LN T
bo WAFERCHEASNSE FEREEEZT VAV
(ROS) Zid, M OBETEL B A= ¥—FF
P F (02-) Re XTI Y% (OH-) 20
2 WREMED—DoTh 5 —H 2% (NO)
HEIT 5N 5, ROSIZ L 5 BALIIDNAGE 2
X, IFICET 5 W O DOFEEDAFAET B A5,
TNENRLLMBARREETBEINS
(1),

1) ML yE 28

DNAZ KT A X7 LA F FABLEh,
BB LT HBATHE SN D 2 & TH4 il
BENFIERIINLZEFNOENTVE, T
T O BRI 22384513, ROSHSDNAS D H
ELTHEETAEHDOX 7 LAFF (X7 LA

O S S )

F K7 =) SDNABOHFTHET LI 7 LI
FRERBETLI LI TEBEEICAELL S
EFMBENT WD, TR LNIEEREG I 3s-
X V-7TFFTGTP (8-0x0-dG), FI V7Y
I—)b, 2-FFV-7F X TATP (2-0xo-dATP),
2- FO ¥ -7% % VATP (2-OH-dATP) 7 &
Bhsb (K2),

Fe AL IR FE 566 12 X ADNAY X — VDB
. BT v X2 Lty FEY U REESR
WEBXZLTF FT= o0 L7 LA
F FOBZ, 75 IR FBEEREIC L 2
DNAH DEALIEREOKREIC L o> T T b b,
L7 v X7 Ly F=0) VR REER CTH
AMTHI®NTHLE, filREE I ba s P T7IC
HHEL, X7 VFF F 7= Vvhomg btz 5
HPERR$ %5, MTHI1132-0x0-dATP, 2-OH-dATP
B & U8-0x0-dGTPZ 43 L. NTHLIZF I 7
1) 2—)VB X U5-0H-dCTP% E 24T 5 2 &
WHHLNTWBEY, —J, HERFIEHIIDNA
TELEATICHEET AEGIEEE FNENE
RYEDNAZ Y 3L T —EHHHL, N-7Y 2
¥ FEEOEIMNIC L > T B 2 & TUHE %,
RACHUHRHIRAL (APY A ) ZF0RkT 5 4FEM
HIVRXZ2LT7 =¥ (AP FX 27 LT —
) ADNASED KA K Y T A FIVHEE % YW
L., THIZEoTHkZF v v 7ZDNAK Y X
F—EBDNAY H—E 1% EPHDL I LT
BAEMSET T 5% BREWT &2, b Mg

BILMIEEME DNA—ZR g4 b DNAZ A H YR
ROLAFET—) DNAIEE P OXE PARP1(Z& HIRIBEREID @ HEMBBRZIEE @ FEAKEERS
U)Tﬂ: R?bd‘z’-h‘ﬂ)&ﬂ’. 5%{]&XRCC1I)U7II,—F (HREEIRS, RTERAERS) l

BIETIROLAVE
SUUBSRBRICLD
HRIRE

DNAYYaS5—+HI
SLBMILERDORE

XRCC% B#LLi-Tor70
TV TRFOYIL—

Ku70/Ku80# & {KI&k 2
DNAB i D =41

2k % — R MR DR AL
. v '

APIURRILF7—EIZLD BRNIFIOEIVITRF AAMEHDNAZ ALV DNA-PK# & {KIc& D
DNAg D TatL vy ISk ZDNAMT SO T O 2205 HMX PR DR AL LiE op=R o

DNARY *5—+

UH—EIEBYIT R
e T 5L & 2 2 IRLADNAYGE & & OB

DNADEILTHE U 5 F 2 DNAGE & ZOBHEZRERER LTz, BTl - 7288513, DNARG D@ (Z

o L7eetia7aty v FRFDPIOGEE) A7 v 7

— 274 —



HEWEESHT Vol. 32, No 4 (2009)

NH,

2-0H-TAFLT7T=V

NH, -
N
NEN-N NEN-N HN
,L)I\> L\)I on G L o
HO” N 'l‘ NN H,N“N” N
dR dR

8-OH-FHHLT7T=>

|
dR

8-OH-TH*LJ 7=y

NH; o]
2 OH CH3
i l HN OH
OH
(o) I‘:l OJ\PII H
dR dR

5-OH-T#AFI VY

FSJ)a—-L

[ 2 BILA P L AL > THELAELRTFTAF X LAF R

WEDNAF DY k¥ ¥ E XA T 58-0x0-dGD A &
i3 ADNAZY) 22 7 —BOGGIVHEAET 5
A5, OGGUIMD 7Y 23 5 — 8 &, Bidh
B CTEWERHSASNSL Z £ 5, 8-0xo0-
dGIZ & 2 R LIDNAG & OB FE AR RERE &
W B B I REMEASRIE S LTV B9,

2) — R EHDNAYJ T
—ZREEDNALIHT (SSB: DNA single-strand break)

i3, DNATELEAD—FNRX 7 LT FORXR
B B Es-b L 33 Kimas b2 56 % 520
TUWF &b Z & THEL 5% SSBIZAKN TR
O EHZICAE U ADNAGETH ). —Hlilgd 72
D—HIZETEUEICRREEZ LN TV,
SSBIZROSIZ L A HFEO B EDM, Rt
EBEBEICL>TH AL S, ROSTEL
SSBOEEIL, RYADPY) R—ARY 2T —+¥
1 (PARP1) 2SSSBZEMT AHIZL > THHE
%o PARPLIZ, —ARSHUIMIIEE IS LE L EAE
BEBRBROEE L B & %4 AXRCC1E ) 7V
— T 5, FREDSSBICB VT, YHFshz—
AREEDNADZIKEEFERS-Y) ¥ BEFRAIAT & DAL
i 2T TWAH 72, DNAHZIEL D%
EEbErICIINT EELZEBICRT 20D
WE (o F7akyr ) PEE2 5, T
Yy RTavkyrriE, SSBOBIEMAED H Tk
bERRIEICE CBERILFAROSTH 1 . Il O
B OREEIC L > TRELZEART I N EH
9o I H BN HPNKPRAPE], DNAKY X 5
—¥ 3 (pol3) WZINA. FltHi7z \CHRERES)

A o o
N

T
z

H NJ\\N)\/)I\ N>: 4

OH OH
<E#72dG> <BLHMRBIG : 8-0x0-dG>

GMBAADIEHR

8-ox-dG & dA®D
SARTER

3 8-0x0-dGD I & GC2» H AT DI Hxt 25
ROSIZL > CFFF 77 = v DM D i
ML S, 8-ox0-dGH AU %, DNAH
LHARTT T = VAN SN £
BE IRV E, DNASIOLIRTRG-C 5
AT~ RPBE LB 2 L L e b,

T IV T 3 v IUAE % £ 5 35 8708 i 2 58 e
(AOA) OETBIZTENT 77 5F v &
DAL HIIEEG % 521 ) 725 KIHDNAIZ A § 5 T~
F7uty /T TH D LGS,
Iy F7aty 7k BEEZITTVWRND
9 —J ODNAMFi#H % $55 & L Tpol g X°pol 6/

— 275 —



EY)]

e PEEIM 2D, E5IZDNAY A —XY A8
B Z RS L CIBESE T T 5,

3) ZRFADNAYI T

DNAHE 5 A DT H OFEASFERE I S
TLE 9 ZAHDNAYK (DSB: DNA double-
strand break) (X, DNABED T TR EELR D
DEEZHLNTWEY, ERNTIL, HE, Mk
2. BEERISEZ 2DNAOREZEILICZ .
ROSIZL 2 EHIZDOWE, 512 LFLO—44H
DNAYIBHEE S A& AT b AT LTk 5
TH U %, DNAZARFAIE OABAE 2 (3 [R5
% (HR: homologous recombination) & JEAH R
U k& (NHEJ: Non-Homologous End-Joining)
D OO SN T 5, HRIGHIIE L O
SHiEGaAIc BV CH—DEEFERET I — FF
5 A OFRIDNA % FHEUCH W BB E O W s
BB TH L, INEfTH) ZENTELDIEH
JEHIL D A TH % 720 HRIZF IO TIEE
V2 FE AR O e <o s i BR AR 7 &

L S S I

2B 55, HRIZMRE11/RADS0/NBS1®D 3 D
DEHEDS 256K (MRNEARE) 1I2X-
TDNAZAKRGHYIMT IR SN D Z LI & > Thh
Ft, SHI2, INHLOEAEKRDODTZ Y KX 7L
7 =B & o T3 KGR IZ50-1008E F 0 5 7%
5 —ARPEMEIRAD  H N7tk RadSTIZAE
FENAHRad7 7 IV —HEHESPRPAL LI &
D, HIFIDNA%Z §H & 3 2 ff x Pk (K1)
F—h k) OFHB L U AREDNADKE S -
MBS BZ bl b,

—J7. NHENIAHF %Rl 2 nm e, HE
% F7-DNAZEHOKimF L& EHEE S S &
HIBEIIETH A" NHEJIZ 4 T O E I
BT R ZENTELD, IEGHEMILT
HhHoa—arill o Tid EELDSBBERE
B #EZ2 5N TWwh, NHENZ T $Ku70,Ku80h®
AT O T A <= %D L) RGBT & 7R
L CHIBRMEEIZT 55 KRICDNA-PKes % 815
fLICH & FE 72, & 5I1ZXRCC4-DNAY ' —
PN ERHET S LI L > TDNAKH R+ % F

FAOYAh

Merge

[ 4 i~ AN TH SN ADNA T EHHEYIN~ — 5 — O
AR & OV~ 7 AEE#DNA_EHUIM ~—» —TH 2 ) YERfbe A b »2AX (y H2AX) $ifk
(k) & =z2—1 D~ — 5 —"Td 5Neuron-Specific Enolase (NSE) ¥k (k) HBHWIZ7 A haA
I~ —7—T&HABHGFAP (FR) MW THRIERDLEITo7, B~ T A= 2—10 VK Ty H2AXD¥N
PEIEEIND, KENET A M OHY A4 MEONLE, HOMHE % BHIEICT 57290 IZDAPL (F) JbofEE
EMerge & ¥ 72 (FE). CAL : ERECAIFEIE. Py @ $iAMIAE ., A7 —Wid25pume (CHRI3 L DX

%5 1H)

— 276 —



HEWEEHT Vol. 32, No 4 (2009)

Wed %,

IERA L, N TV N VIERIIEN O = 2
— 0 YDRIZBWT, DNABEHOESF - LT
5N HHMGBI& HE DS BUKT & DSBOSHZE
BIWMAALNDL ZEEZHLNIILTWS (K
4) NS F U P IETIRI FI Y R TR
ReEEZ L) BRLA + L XA DB A S TH
Do IS OFERIL, BRSRIZBIT AR
FDNAGE L LT, EIRERBHIRPSSB7ZIT T <,
DSBODEFEDS, MIRHRAE I 2 e 2 1 2 J R T
BACITEL DB Z L ZRIELTWA,

II. BR{ERIDNARIZERERT
EROEGHEREMRS

BEZE N Z & 12, DNABEGIZFORE LM
HL7-b MEEICIE, BB R ATINZ .
MRERZEHRE T2 OPEELGAT B,
Z D Z kid, DNABIEBEETF MR D% E
RHEREMERFICLHOBREI ZH LT 5 2 L EK
LTWw5h, 5T, BRIEMDNAY X — U1
EEEFEREERE) Vo LEE e
PEEATH 7 A S, BRI AL %
> 2B LIIDNAG B & O Z DB R IR A
L7oRREA 1 = ALK EGBLHFE LN T
w5 (1),

/

D BRERESN AT LK T V7 3 U IE % 1D B
AN ISR

MREREENIAT LA 7V 7 3 v IIE % D B8
/NINSEERIE (AOA: Ataxia with oculomotor apraxia)
. NG &R RN R 2 ) v VR
BB R TH DL, TNFETIZ2D0DH
7547 (AOA17: 5 WNIZAOA2) HHIHNTH
D, WFNLERLADNAGECEL 52—k
5 N ZASHDNAYIMT B B R T D ERIZ L o
THRIET A LEZDLN TS,

AOAlIZ e M 4etufkop13ICf BT 2T 7T %
¥ 2~ (Aprataxin | APTX) #Z T ORI X
S THAE L. AARICBIT 5% gt iRy s int:
BFRUNNATESE O T3 D EEDTE WY, )
A (2-61%) 2 HISIET B AT O IREREB) L
AT &N 2 B & L. 20~ 305 A% T AN
WREEE LT VT I VIEDSEE L B b, T
T XL ANIBRT I BEIEPL BB X 0 L
F MK REESR T v AT 2T —HEDL R
FUUEMME HIT) 773 —&AETH
%, ¥7-, DNABIE S /37 HXRCC1B L O
XRCC4 L ftie Ly —ASHDNALIWHEIR I LBz
DNADS K A5 5 AMP % BUY B & %
oo (M5), BETHONDZEROKH G
HITR A A VIZBRESNLZ &R, TTI5F
T U R L 7RSRME 2 5 UNICAPTX R IH

*1 DNAMBSAE R IAF 258 & B3l L 72 i A 1k 26

it J5 R R

LA

2 VAT FREBER

RV RE (XP) XPA, XPB, XPD, INESE, AT EERRRE AT
XPF, XPG

a7 A VHERERE (CS) XPB, XPD, XPG, JINGEE . AMEATPEANAR 2 T
CSA, CSB

TR ZVE BRI E Wi (TTD) XPB, XPD, INTEAE
TFB5/TTD-A

CARHDNAYI B

EMIMAEEIRYEEB) JFAE (AT) ATM FEBYSRFH AT AR

FA I = VHEMERE (NBS) NBSI /NGRSE

F I/ NGEAE 1 &L (MCPHIL) MCPHI/BRIT1 /INBESE

—AREHDNA I

HRERE B AT LA TV 7 X > I APTX

%D RN IAE 1 8 (AOAL)

HRERE B AT LR TV 7 X > MM SETX

&) TR AR 15 (AOA2)

R = 2 — O XF— R fE) TDP-1

HFHNRETE (SCANT)

SEENIH . AT

R ERES) AT
TEBYSFH ATV
HR BRE B 24T

TEENIGH . EATIEA A

L ESEEEN = PAE A

— 277 —



FHA NLS

XRCC1,XRCC4  BBITITFI
LORE
X5 T XY DR

RYLAFEMKS R

DNALDO#EE

TTIE R E, BRITY 7V (NLS) Offl, XRCCIXR°XRCC4 & DM EANER 2B 5 FHA
(Forkhead associated) #HIz, X 7 L 4 F NFIKDREERE/ DT v A7 27— BICRFE SN AHIT
(Histidine triad) 8%, DNA & OfE& 128 5 ZNF (Zine finger) FEBAHEAET 5o

< AT —ARSDNAYIM OERK L 215D
BEGEHEORTABESNL Z L5, AOAL
DFREIRDS —AREEDNABERFIZ L 2 2 L A8
MCRIEEN TS, —J7, AOA2iT b Mfn
K9q34I1fiE T At F ¥ ¥~ (Senataxin:
SETX) BIZFOZEEPEKNTH Y, EEME
(GEEFRE10-227%) OEATHEIREREB) AT &/
BRI E 7567, $72, £ FFFT 0D
ERIIFEROAEEETRETH 5 HEEEHE
FRMEMZRELAE (ALS4) THHISEN TV B,
tF T FT 26777 I BRENS Y, C
K IZDNA/RNANY B —¥ 1 77 3 —&H
BN R EF — 7 s O, /0. B
DSenlpEHEBE L mWHRAMEZRSOZ L2 b,
DNABIERRNAT Ot ¥ ¥ F DM 5ARIE &
NTWw5, Fiilt, AOGA2EE L &7l
VW, £ F S F VUL A N L AIZE T
A= U 7-DNAZAREYIWASIE I B b 2 & & A jiE
BNy INHDT ENG, AOA2DJRKH AT,
AOALFIKE, LA F L AIZ X ADNAY A —
BERFIZLAIEIRBEEINL L LI,
F 57X UDEALA L ALK o THE LU ADNA
TEBAUMEE, b LAIENSICEDL B HES
FORBHHICHEG T EEZ LN TS,

2) fhER A = 2 — 1T — & E D TR NN EE

HRE = 2 — 10X T — 2 1) B RNIN SR AE
(SCANI1: Spinocerebellar ataxia with axonal
neuropathy-1) (&, & M3t fk14q311CHLE S %
TDP-1 (tyrosyl DNA phosphodiesterase 1) iH1{zn -

DEEFRN & o THEU 2 BREEE R ks thEn
FHRBTH DY, TDP-1IEFK AR /8—F¥DA —
IN—=7 7 I —EOAEE L THRERICE VB
ZRL, PRAVAT—F¥IDFOL S EAE
DNAD3 K ) Y BEOEDORA R Y T ATV
WA EIKGHRT 5, ZOENMIZ, DNAOTLE
LB AR TH U 72DNAD TARHETE D W AT A
EIICRTE, PRAVAT—F¥ITIZL->TE
HI7-DNA—AKRGHUIRT 2 IB15 5 2 72D I H &
b, SHITERE, BILA MLV ATHELEZ—K
SHDNAYIWT OBHICTDP-17% 5 ICR Y X 7 L
+F F¥F—+ (Pnkl) DLETH 5 I LI
BEHWZEBRTRENL?Y, F72, TDP-1KIE
IYADZ2—arTIE, BILA ML ADT—
# —Td 5 8-0x0-dGDENN 7 H IZROSIZ & 5
DNA—ARSHYIBISEIGEOK T2 HE S Tn
52, INHDZ MG, TDP-IAMKRA VAT
—E 17217 T% <. BILIDNAEREIC X 5SSB
BEICOHEETH LI EDREIN TV,

3) EAH M AE LR E B SR
EANMAEIREES)LFRE (AT: Ataxia-telang-
iectasia) 13 & M gefafR11q22.312001E 5 5 ATM
(Ataxia-telangiectasia mutated) Hfn DRI X
LEREBESEERTRETH ) . ARUEED,
BAHET B AT O IRERSEB I AT & /N 250
SRR ELR EOMKERE I E 750, F 72,
AOAXSCANI & 3587 1) . ATHEE TITMEEAE
Rz TEMLAELR, REAE, SHIT,
BHEDH10-15% CTHEME) X E2 503 5 %

— 278 —



HEWEEHT Vol. 32, No 4 (2009)

&L EFEREORIRE R T, ATMIE3,0567 3 / 18
BIEDS D), CRBICPI3F F — PROHEE %
Hox )/ ALt =r¥F—¥ra—-FK¥5,
ATMIZDNA ZE YW ICIDE L TisH b L.
DNA . E UMM R oL, Ml EH 7
Y v 7 RA Y MRpS3% s LolilastesE s 7
VB L OBETRBROHEICER R EEH L
TWBZEDPHLNT WD, ATMOBHIRERIC
B AEEIIOVWTIE, ATMEBR TR~ 7 A
TERILA b L A1 X 2 DNABE DN B 12
FEELTWD 2R, MiEnriHle ODNAT &
HUIN G E~NOERZENR LN R 22,
HRIZF8E BRI 12 BV TDNA —EHE YIS 8/ L
Jom =0 Y EBRRIGICI) B 75— b F =
— L CTHEHERFEHELZEL VWL EEZLNT
V5P,

V.&hH)IC

FRALDNAGEZ R L CHD B L,
TEH 1 72 PR RE S BLOMERR 12 & o TREARITR
Thb, £/, ZOREIMEIRESLWHENLD
EHEOG & &L b 2 EPEEF LNV THS
NeoTETWL, LLBAETH, [24E
FRCTEAE AR VR R D FE IR AR 78 O BN B A7
T AONE D ? |, [ LOREODNAGE
DER L o THRREIRLHBIENEL 5D
2] 51T, [HAEERIZE 35~ b %2DNA
BEBET I EOREFET 2O R LE
B REAH S 2Tk o TR W, 4% i
PRI B 3 72 2 DNABIEEIZT- DRI EIC
A BRI % V728 4 2 DNAG E DR
- E L OREAS, AP B R0 i I
S O JR RESTAR R VA R % 0 72 2 AT 22 © D
LETEOICEERDDICRAETFHEEINL,

SE R

1) Sakumi K, Furuichi M, Tsuzuki T, Kakuma T,
Kawabata S, Maki H, Sekiguchi M: Cloning and
expression of cDNA for a human enzyme that
hydrolyzes 8-oxo-dGTP, a mutagenic substrate for
DNA synthesis. J. Biol. Chem., 268: 23524-23530,
1993

2) Sarker AH, Ikeda S, Nakano H, Terato H, Ide H, Imai
K, Akiyama K, Tsutsui K, Bo Z, Kubo K, Yamamoto
K, Yasui A, Yoshida MC, Seki S: Cloning and charac-

3)

4)

5)

6)

7)

3)

9

10)

11)

12)

13)

14)

15)

— 279 —

terization of a mouse homologue (mNthll) of
Escherichia coli endonucleasell. J. Mol. Biol., 282:
761-774, 1998

Dizdaroglu M, Karahalil B, Sentiirker S, Buckley TJ,
Roldén-Arjona T: Excision of products of oxidative
DNA base damage by human NTHI protein.
Biochemistry, 38: 243-246, 1999

Barnes DE, Lindahl T: Repair and genetic consequences
of endogenous DNA base damage in mammalian cells.
Annu. Rev. Genet., 38: 445-476, 2004

Karahalil B, Hogue BA, de Souza-Pinto NC, Bohr VA:
Base excision repair capacity in mitochondria and
nuclei: tissue-specific variations. FASEB J., 16: 1895-
1902, 2002

Caldecott KW: Single-strand break repair and genetic
disease. Nat. Rev. Genet., 9: 619-931, 2008

Date H, Onodera O, Tanaka H, et al.: Early-onset ataxia
with ocular motor apraxia and hypoalbuminemia is
caused by mutations in a new HIT superfamily gene.
Nat. Genet., 29: 184-188, 2001

Moreira MC, Barbot C, Tachi N, et al.: The gene
mutated in ataxia-ocular apraxia 1 encodes the new
HIT/Zn-finger protein aprataxin. Nat. Genet., 29: 189-
193, 2001

van Gent DC, Hoeijmakers JH, Kanaar R:
Chromosomal stability and the DNA double-stranded
break connection. Nat. Rev. Genet., 2: 196-206, 2001
McKinnon PJ.: DNA repair deficiency and neurological
disease. Nat. Rev. Neurosci., 10: 100-112, 2009
Lieber MR, Ma Y, Pannicke U, Schwarz K: Mechanism
and regulation of human non-homologous DNA end-
joining. Nat. Rev. Mol. Cell. Biol., 4: 712-720, 2003
Qi ML, Tagawa K, Enokido Y, Yoshimura N, Wada YI,
Watase K, Ishiura SI, Kanazawa I, Botas J, Saitoe M,
Wanker EE, Okazawa H: Proteome analysis of soluble
nuclear proteins reveals that HMGB1/2 suppress
genotoxic stress in polyglutamine diseases. Nature Cell
Biol., 9: 402-414, 2007

Enokido Y, Yoshitake A, Ito H and Okazawa H: Age-
dependent change of HMGB1 and DNA-double strand
break accumulation in mouse brain. Biochem. Biophys.
Res. Commun., 376: 128-133, 2008

Bogdanov MB, Andreassen OA, Dedeoglu A, Ferrante
RJ, Beal MF: Increased oxidative damage to DNA in a
transgenic mouse model of Huntington's disease. J.
Neurochem., 79: 1246-9, 2001

Kovtun IV, Liu Y, Bjoras M, Klungland A, Wilson
SH, McMurray CT: OGGH initiates age-dependent
CAG trinucleotide expansion in somatic cells. Nature,
447: 447-452, 2007



16)

17)

18)

19)

20)

21)

EY]

Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N,
Krainc D: Transcriptional repression of PGC-1alpha
by mutant huntingtin leads to mitochondrial dysfunction
and neurodegeneration. Cell, 127: 59-69, 2006
Moreira MC, Klur S, Watanabe M, et al.: Senataxin, the
ortholog of a yeast RNA helicase, is mutant in ataxia-
ocular apraxia 2. Nat. Genet., 36: 225-227, 2004
Chen YZ, Bennett CL, Huynh HM, et al.: DNA/RNA
helicase gene mutations in a form of juvenile
amyotrophic lateral sclerosis (ALS4). Am. J. Hum.
Genet., 74: 1128-1135, 2004

Suraweera A, Becherel OJ, Chen P, et al.: Senataxin,
defective in ataxia oculomotor apraxia type 2, is
involved in the defense against oxidative DNA damage.
J. Cell Biol., 177: 969-979, 2007

Takashima H, Boerkoel CF, John J, et al.: Mutation of
TDP1, encoding a topoisomerase I-dependent DNA
damage repair enzyme, in spinocerebellar ataxia with
axonal neuropathy. Nat. Genet., 32: 267-272, 2002
Ben Hassine S, Arcangioli B: Tdpl protects against
oxidative DNA damage in non-dividing fission yeast.

A A

22)

23)

24)

25)

26)

27)

— 280 —

iy

EMBO J., 28: 632-640, 2009

Katyal S, el-Khamisy SF, Russell HR, et al.: TDP1
facilitates chromosomal single-strand break repair in
neurons and is neuroprotective in vivo. EMBO J., 26:
4720-4731, 2007

Herzog KH, Chong MJ, Kapsetaki M, et al.:
Requirement for Atm in ionizing radiation-induced cell
death in the developing central nervous system. Science,
280: 1089-1091, 1998

Lombard DB, Chua KF, Mostoslavsky R, Franco S,
Gostissa M, Alt FW: DNA repair, genome stability,
and aging. Cell, 120: 497-512, 2005

Rass U, Ahel I, West SC: Defective DNA repair and
neurodegenerative disease, Cell, 130: 991-1004, 2007
Lu T, Pan Y, Kao SY, Li C, Kohane I, Chan J, Yankner
BA: Gene regulation and DNA damage in the ageing
human brain, Nature, 429: 883-891, 2004

Lee CK, Weindruch R, Prolla TA: Gene-expression
profile of the ageing brain in mice, Nat. Genet., 25: 294-
297, 2000



