Sy TR e s &

(B M 48 PEaR M/ NI IS FRE O SEREFR AL . B HIRSWIIARESL & | JWRBEEAhIC RS
L5

WHgEHE fRE B

(M R N HCCH 22 2B SEREAs RO ST AR - /R - B R)

WIEEE « AT OMBIERISKH T2 AT 1A RERY 23 b BEREO RIS E 2 M5
T HEARMIC A I L, BAtE L7z, & X% 0.02mgkg/ B ONARE . 14 FRIEIE, 14
HRIREED Y 7 0T, 4 SRR 0 BT, #RREERIE 2 SOFHERE % v CRE BANICET
flil, ©F AREIC L DB BT ). RARICRPRSOREWRIEOT-D, BEK DY
WOTIERE IR 2 B A G URIEFR OBE 217 5. AFEIL AT BFE 2 B2 5L, 1 Hilic
Rz Lz, PRtk 9 » A S TOBEHMT, MREROUETR Sieh o708,
REMR OWEAT Z 3B S 5 AREMEP R BEEE S 4 BRI S 8 2 ATREME S RIB S 4L, & B IR

EY L, BT o AEERITIAON R0,

A. WHEE R

B A PR NN S FRIE (AT 1, T
PED/NMSEF 2 13 U b &9~ B FRIE IR (20
A WIEAREIE, mEEOERREAE, N
WELHRE, B EJERIE 72 & O Z iRk
EEEULBEGHERTH D, 1BFEILE
< HRIEIRICOWT b, EEIREE T
BEEICKT DAY T—2a MThi
TWDDHTE D, %< DBEN 10 KAk
ICHEWTBEIE R0 | FO% BIERITET
L. B#AFEIHEADL)SRICh B2 3T 5
£ oITh b,

A & U T OWFFE 7 V—"T73 AT D/
BTN T D AT A R(RZ A3 )
D EFIEOBM AR RS L, AT
DIV IZIRIE A b L A DO S HEE
SNTWVWDHDOT, FIREEREUIER{LIE
HaEHTHATOAL NIZLAMIERD%
BIIRWVCHIFFCX B, —FH, A7 AR

WITSREMBIER PR IER b H 5 DT,

INLOHRICHLEEDH D AT BE~D
HICHT- > Tk, BERICHT 5147
MNP LETH D,

WP TIIARE L D | AT BE KT 54
ALY XY R OF N & etk
ERErT DRI 2 B LT,

B. 3t HE

FRARIE IR 75 ELEC AR T ADL 23R Bh
TRz, O, MDlEERO EE e EE S
O 20 HERIMD AT BE L RIS L L,
ARET N BIR L S N2 BE L CIRIE
BTREAM 247V, 11 55 RSx4 2 #3884 B
HBL TV D,
WEEFRZ A XV 0.02mg/kg/H . 1 H
1 EINAR, 14 HEHRZE, 14 AR 1
I vE . 4 EROBESEIAR S Y KT,
TR RHE LREROBEREZ B S L
T, RIRBART R OBREATE 3 A i, 4P
eI RO TN & B iR A & 5T L7,
PR EROREM TR D 2 D OFAM R EE % v
TRERMIIT- 72,

(1) Scale for the assessment and rating of
ataxia (SARA) : /N RFH O BEREE T O 7=
DICZEHEFEMIZHNWO N TV RET, &\
40 A, BAREWIE EEAE,
(2) A-T neuroexamination scale toolkit
(AT NEST) : AREF4e53 38 TR T 5 AT 12
B oEBEZESN 2010 FIER LR
BT, KR OM, IREKEBEE . 5%
BEE. AHEEED, 7). RRmREE L
W o 7z AT OFRRAER & I8 B 127§ 5.,
B 100 8, BRSMEWIE EEIE,
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R L & B AN 2, BT R A Ry
Ml EFAek L, el Lz,
TRRBAART R OB | IR, iR
SERDRR A (BEEE MRI - M7 - fH B - WET R
& FREMA) & & HIZFEM 2 BIER OFF
iGHERERY 7 o L 2 ERER - AT IR R -
HEMRE - BB E21T 5, AT A
REHIZ L AL A b L ROELE KEd
HTm, 1 ERIZIRTE{LA P LA —F
—EZWET D,
SEEYMIE S E2 FEL TS,

(i PR it~ BLRE)

ARHFFEL, R @E ORRBEIC R
D fwEEET & 5\ WITEFHTRIC BT D fm
PR 2 MY L CEET 5, HBRE OREIC
BOTIIAMEREOB S HEA 2 HEC
BET L. MATICB W TIIHRE 022t %
REM L, BEREICTOREEE T 5,
WFFESR AT, O ER R OSSR R
HEALEEROFELZIT, KREH/,
AW FENFITRAR B ITAEAE L7200,

C. WFoest 3
WEERB L 11 B RICEB T 5 BE
FTO9,r ADORBIZTROEY TH 5,

1) FRRCRERIT R 2 S gh R

2 DOOFREFHIFEMN A 7 — L O SIE T
RHOLDITHER LT,

16 8 B pR (VAR B 1A T

il 35 H |6 H |94 H
SARA |22 215 (215 [23.5
AT NEST [55.5 53.5 |54 51.5

AT NEST DA BRF A NET FIT L b
FT RO Tix, IMRFHO R T, (K&
O T RO BIEE N RBFEE L T D,
RSk LT, SEE - (ke - BRRICR O
HARFEEER(I A7 v —X 2)OMEEEIZ I
BAMER N H Y . AR I
oMW Th o7, RECES)BEE EFREE,
5. RESREEICIZH O R B AR
VALY i
2) HEFER

9 » ADREFIZ, BENZ L IR
MWHEEREZIIA SN o7, BEERE -
b, SEHERRIR T, MIPERER Y - BB
BRI T 72 EOWNSWHRE T EZR D e

ol Atk TRIEBG | F1% O f%
PREERRE. B BRI, PO ATERER, IR
P2 & 119 %,

Lo~ ANDORERETHD 8 mkRiE, 18
FEATREAM 2 51T L7221 AT I2fE 9 HORE
PEY LN Z AR C 72 D ATRIE O Bl ik % T 1
LTedd, ZORPUIESGFIEIC LV EMEY
NIEAS TR, AAE 10 B &0 ARIEHE A BAA L
T5, SRIBFREOMRFENFT ARV
(CRAEEZ T 5,

D. B4

AT Ti, &7/ %, IRERKE
., My - WETEE, REEEE,
RIEHREREE 22 & SRR RER 24
bo INGIE, RERSESCEEEMEL -
I, AT BEDOEFEOE#KT S, AmT
BEBASEDOT, BFEOHENEG-
LTS, 2008-10 FFAINT T, A X VT D
Pignata & D 7 /L— 773 AT O/IMI<FRIZ %
TBHRE A b BREEO AN B WS
L7z, AL, AT BE 6 ikt LT, ¥
AP 0.0lmg/kg/ H &Y 0.03mg/kg/ A %
FNEN20 AMEE L, #ERT, ®E5KT
E1R, BET 20 B 1% O/NKKTE O B
Z SARA ZHWTHE LI b DO Th D, i
BHEENTIZBWTH, BEKTEREIC
X SARA ODUERRBD LN, 7770, #&
BT 20 H 121X SARA O FFHE FH M A3 R
i, RN T H B AIFEME DS RIS S
Nic, SEFEA L, FREOERRORE
iz B A ER R SC 2 Bdh U7, AR
& LT SARA (2% ATNEST Z# 8 L. /)
SR TR LS DR AE AR )3 D 3B b MR
Lz, £, BEHREOLZEMEE KT 5
720, BIEHOFEMZRELIT-> TV 5D,
AENRFEEZBIA L8 1 BT, 9 #» H
OBEIAR P, 2 S OFAHR E O 5 1%
B bHE Uiz, THEBFHME T, /MK
TR D R D RER R OV T i BB LA ) A3
BN T, AL ORREEMN AT O B ARFE &t
WLTRELSEZD200, bbb, A7
oA FRENETERETHS AT OIER
HEAEMSE ) 500, 12OV TiE, &
DICEHBOBRNALETH D, —F., &
FEHR PR EB OB N R b,
AT BEICR O N A FEEEEN T, IR, 2
PEE), IS4 m—X A, NYRL, VR
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F=7, FuralffEallRBIN, £D
ARE K OB B IR IZI0 H TRy, K
BN R b N E S TR E T (KM
JERZCIMEHED I 47 v — X R L HEE
SND, ATaA RNEETOEBMEC S
DEHITHERT DD, 2 AT DR
WTHELESEIDZON, ITOVTHE
BORFNLETH D, -, ATIZBIT S
it A b L2 PR OBIfR, Ziucxt
THARATaA OISOV THRETT 57
W, U HIREBE | FRORFEILA F L
A —H—%RETH,

AT BBE~DAT oA NE#HEEIZHT-
o Tk, BERONSWERER ZloxtT 5
BIERIC D REENMLETH D, KHIT
134 E TORBFIZH S RBIEH 23890
TWRWD, 5% S BICEH O M5
AWML TV,

SEAELIRRIE, AREED 2 BHIIN AT 72 E
WOZMERL, RETEED L TETH 5,

E. f#
SRIORERF TiE, X& A5V bk
IZ LD AT HEIR O ELZ RTZ LIET
Eleholo, LU, #RIEROHEITE 5
&5 Al REtEC A EE EE 2 X85
AREMEIZ DWW T, SRR 280 L TR
TOMENH D, BEMREF, % - NS
WHERBIC KT T D B2 G AR LI REESE
LUTRO b T, KIRFEOLZ LN RE X
i,

F. {Efats
Bz L,

G. W93k
1. FmCHsE
BRioip L

2. FERFER

1. EREO#EER S 47 o —X X LK E
MOBMEI A7 o —X 25K LE 2
. FERSLAR RO e AR/ N R R &
FEE, RRHIR T fh. 25 5 [EX—F v
VN - EEEEEE a7 LR 2011

10 H 6~8 H

LENE

H. FnRPT A HE O BRI

1.
2. EHHEBH

3.
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JEAES A TR R B & (HRATER B IR T 3E)
TR E

BRI PRk e/ NI ICEIIE O FEREFHAE . B WIEMENT & . BRI B3
BT

WHFEs A B R
CUHNE NBCREBEE e B UTIERT - IS8 /AR AN DR - T nyx s b — & —)

e s« B A RN NI R TE (A-T) DR S M 2 IR 5 = L 2 BT, A-T2
HIRRBI O/ & KIMFEERAEZ C DNAJRE DFR{ELA NV A~ —h—DEHERIT LT & 2 A,
I O BERTIID CIEE Ok A b L 2ADTLER G-, £7-. A-T TOKRMELELN

BEWPONITT D0, e Ofie~—70 —

BT ARERGEITo - A, T a—

VT2 AR RBEEBEEORHENEEIN T, EBICHAERTO AT FESESHIZET
TAT A=Y T Y RRNIFTET S 3FENEE LD TEEE2EH-T1-,

A. BFEEW

A A8 B g MR 2 I 2 BRI (A-T) D 4%
B2 AT 5 & & bic, BEFERES
BRRAL L, ARREIR 6 A AR ERY AV
ez & BrElRRER R A2 BE5 T, MR,
A-T HIEIM O/ MK ERZ % . GABA R
FEAPFRFERE Cd 5 glutamate decarboxylase &
TN T BB R ENS T D sk b
Getb (SuE e K 0 BRI L=, —fRiC
A-T BT /VENM O /RN TIZER(EA b L
ADEENRHEEINTHEN, B METE
TR S TR, AR, TR
DN & RIMFEEEZ COBLA B L AZ R
FL7c, —J, AT BT, MRS
Mz T, KRIMAEIEREZHREICEK T 5 KRR
HEN AN AHA, b FOKRMEERTOD
FE 2R S A L SRR BN T T 2 2
Molz, 2T AT TORMEEBFED
JREEZ B NI A7, Flx Ok - 7
U 7R oE~ — b — BT B Y E
EiTol, ELITHEFERE, 16 EiF7e AT
BEOA—Y 7 YA MML)ZFMBLT,
FIERENE B L C, RIS o —I8
LT, 3 FELHREPNO T—RIZE
L7,

B. 3t iE
1) A-T 2 FIRR B9 sz, 31 s B )i R
\EE RO IR WEREY SRV T,

AN &R S JEE B 0 3 e B0 R A AE AR
DNA - [ HEOBR{LA DL A~ —H —
8-hydroxy-2’deoxyguanosine  (8-OhdG)
4-hydroxy nonenal (4-HNE), N O F72 51
bR CTh D superoxide dismutase(SOD)
(CwZnSOD, MnSODZ i3 % fyEg et 2 17
U RZERYICEEE L7,

2)  A-T2 HIBREI(19 w31 B )oK
b A JEAL . BRPR O b iz s T, Ak
Mg - 7 A budA b I s)TOw
— 71— T& 5D MAP2 - GFAP - CD68., T
a—LT I UERCREREEE T R— X3 v
FRFEDFEIE TdH 5 tyrosine hydroxylase(TH),
L RGN AR DR TH DN T A
& & % B (calbindin-D28K, parvalbumin) &
dopamine receptor 2, RMMELJERZ D AR
~—#—"T 5 calcineurina, KMILEEE D
IrTERRRE & YA ERINET - A ORE~ — D
—substance P + methionine-enkephalin, = 5
(AT REARAE P9I BEEE M) & AR LR A O 1
TRV B TR AL BT 5 2 & 2V
bbbz, U Uil ao— X
LA v, U ERE TDP43 (k4 B 5 )i o
21707,

3) AT MLIZPTET 2 3 FIEIC L AT
A RA==F FRY L L— N T TV HRIT
DEEEAE L,

—21—




(PR E ~DELFE)

R % B O T R B P RO AT 1, B
Mk N R E SR AR OMEERES
DERBEH/BTUT- T2, £, AT BEFE
KEEOTEEIEANFRREICHE L T
»i,

C. WroehsR

1) Bt A h LA~ —H— D5t T,
19 £ D /INiK R B ¢ —ER D BERL AR A
RS ESBLA F L A~ —H—D 4-HNE T
B LT 1A), —J7, 31 B/
MR, TEE O/NREREE, & BICIX G
@kﬂ“’%fi B BRI BT R 2 3R 22
> 77, PRt EESRE TH 5 Cu/ZnSOD -MnSOD
WX A saE e Tid, mElE BT, /NN
FE DT Purkinje MifA, /NESFE - B
Bor U TR, STH & R B HRT A
NHER SN 7-(X 1 B),

Bl 1 /EEREOREA ML AR EYLE
(A9 BEER /NI F B BERLIE D 4-HNE
PR RGBT Gy £ - 7= M)

(B)31 kBB AFT 2D Purkinje MR
Ff1) T MnSOD ﬁ’eé P2 FR D7

o

2) REMEEEAZ, R TIX, A-T 2 G119
e, 31 BB L BT MAP2 e
AR DME T 4L GFAP BBMET A b a1 b
L CD6S eI 7 a7 ) 7T oBEIMERD 7
Moz, TH BTk, 19 mMEpl s
TR OFRARHME - neuropil & L XEEH, HREK
TEEEZ MBIV T, tRE T
TEENEZNTODIZ b b, B
BHEMET LW (K 2), SMTEMRIEED
AN LfEEEH & dopamine receptor 2,
& 5 % < — 57 — calcineurina . ¥ E ERHN
#i « 4 &i @ substance P *+ methionine-
enkephalin DFHIE, Wi & xFHERE T,
PR e Tnie, 61 3 D U &
LB HORERE TITRE REBEEREF
ETERhoTz,

B2 REMEER TORERE

(A)31 FEBMER . RO HEARHE - neuropil
TO TH LN E - Tz

B)19 &M . B DFRREHRHE - neuropil
TO TH EEMEMET LTz
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3) 2011 FDOERAEZFIHAL T, A-T ML IZ
FTE % 3 FE(EE . W E TR, FH
RS, ZENEEE, BERE(EE). B
BEMNSERT 4 Ao—F 0 RIZES L, 8
A27TH, b= T IHFEROLVA T
YICBWTHIHRERE 2 GO LT
& Wk, FIEE D ICBWT, TA-T BF
FWEDE] OAFHELTIY =27 n—|h
(Share the Heart)| 2MEZR S 41, 5%, ML T
B EIRDD LT,

D. &4

1) A-T BEHROMAL, €7 L8 Tl
AR L ADOTUEPRHE SN TN D, Fhk 21
ORI\ NT, AT R/
LAETERERE O BRI E D & /MM YR A
U % AT-like disorder [F]Ja{5] o> & #i4 T .
DNA b A b L A2 Mrell KB EHE T
INREMEEET A AL LE
(Acta Neuropathol 2010; 119: 513-20), 4[al,
A-T 2 FIRBIO H B, 19 B0 /MR B 18
KA CHEE OB (LA b L ATLER S DI
Too —H. MNOET- 5 HiER{LEESE SOD @
FHITLEBRORI-N TR Y, $ilby 257
LADOBEFEIZL AR L ATLETE 2
<nolz, 5%, FIREIOEEZES L TH
Rz ®D 5 & & bic, 4R, BatL
To/ . RIMARIERZ . IR LAS D BRI B
LTHEbA ML AT D REY % 1T
75,

2) A-T B CIELAATL » REEEEE 2 &0
HEAABIERD LIELIERRO N Z &R
HMHENTEY, #HMORKMEEZICBO

THEFREABEAREZ AT S TE 2R,

BHREOBLE RHTZ LIXTE oz,
Al 2 FRGIRo 1 FllcnT, EER
MR CEERERZ T N— I 2 &
AT a—=NT I UERROEEBERETCH D
TH O# N, e THEISEDR RN TV 5
Whhhbbd, BEEIN TV, 0k
578 TH Y@ MR T ik, Wl 72 & Rk
JERZ AP G A B DR N A =T
THOLIL, AT BEICALNAREEE
B b RIMELEZ OMrE R E L BhE L T\ 5
AEEES R SN, — . MERE LT
By LA ML ADOTLE, U UEB(LE
HOEEITFRD bivd | TH B KT OR

WHERHZ o 72, BAEA b L AR & [RlER
2. A%, BIREIZEC L TR EED D
WEPENRIZ S LT,

3) A-T BEFRS ORI AS T, MRS
I ML 280 U AREE XML 25 H LT
BE - FEIZCLDEAEOTESZ LN
T&E, SHIFEBEEOAFMIBE L TEN
mEINTZ, 5%, BF, FEREEZ A
BOSELES>Z LIcky, FECAEE
LRWET, AT BEFESOR S Bs
TFETH 5,

E. f&i

1) A-T 2 5B 1 610> /INibd Bz B TERL A
TIEEOIB{LA L ADOTLER DI,
—J7. PUER{LEEEE SOD D3 H T A 7~
NTWe, &, HREl oz B L TH
BRIcfRAT 2D, A-T BEREMN, =5
VBN CHERR STV AL A F L AD /N
MMZEVE~ DR B2 B B 5,

2) A-T 2 #1650 KEMEL R IZ 30
T, TOWRICEERERH LR THT a2—
T X v H K SR E B R tyrosine
hydroxylase D3 HIAMEE 4, BRI 72 HE
{RSMESIEIR & OB AN R Sz,

3) AT BEZRFESORSIZAT T, ML %
FMALEBRE - FRICE L8200 TR
ST, SBVEEVEZBVIET I LITED .,
FlER DRI % BT,

F. TSR
Bz L,

G. Wrgesesk

1. MSCHE

1. Hayashi M, et al. Lesions of cortical
GABAergic interneurons and
acetylcholine neurons in xeroderma

pigmentosum group A. Brain Dev. 2012
Apr; 34(4): 287-92.

2. Miyata R, Tanuma N, Hayashi M,
Takahashi Y. Focal encephalopathy having
recurrent episodes of epileptic status and
cluster =~ mimicking  hemiconvulsion-
hemiplegia- epilepsy syndrome. Brain
Dev. 2012 May; 34(5): 360-3.
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Hayashi M, et al. Brain vascular changes
in Cockayne syndrome. Neuropathology.
2012 Apr; 32(2): 113-7.

Tanaka R, Iwasaki N, Hayashi M, et al.
Abnormal brain MRI signal in 18q
syndrome not due to dysmyelination.
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Nakajima K, Hayashi M, Tanuma N,
Morio T. An autopsy case of
polymicrogyria and intracerebral
calcification dying the intracerebral
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Miyata R, Hayashi M, et al. Oxidative
stress in mild encephalitis/ encephalopathy
with a reversible splenial lesion (MERS).
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central tegmental tract in autopsy cases of
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Decrease in acetylcholinergic neurons in
the pedunculopontine tegmental nucleus in
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layer-formation of human developing
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of layer-specific marker expression.
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disease. 15" International Congress of
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AR R E (AR B TR E )

SR E

B AE PEARME/ NI S FRGE O EREFRA . BHASWIiEmEST & . BB
BT |

WA &F Bk

(SZATEOE N ENDRBeE R RER 2 2 — - BRIRAFZEH - #0)

WFFEEEE « B SRR MM T 1A T E O/ MM IS . B B L9, SaIE Rk fr
METHEEMEDEBTH D, FERODERNSEAZIE., BEL, KBRS ICZHESH
LB LD, I RGEIIZMICEET 256 607020, T L) R4,
ISKEAE T T D ATM BB FOERPEEDZHE & 705, L L, PCR &I L= T,
AT BRICRKREZFEEZA L TOZEE, MITE 2V, £ 2T, MLPA(Multiple Ligation
Probe Amplification)i%% FIVNTH D allele DER O LB SN TV 5D AT BE L ZFDOfH
DTy Y RO RIEIZEBICOWTHRN Uiz, f5E Lz AT BE LWHO ATM
BERTICEREELETEENFELRO I ERH LN -0, 4%, E5I2% L DfE

PITORNBLELEEZ LT,

A BFEEE™

A PRaR I M AR 1L, ATM GBAR
T OERIZE D HEREREEOEBIERE
LHWBTHD, SFETIZ, 500 L EDE
T ERPRE SN TS, Fex A, LLET
WE LI L DT AT BB hika @
TAHAERIIEFEET DN, < OBRIT ATM
BETOEBIC, MELTWS, BE
R, Foa it RO FMM M E LR/

M SFIE 10 JEBI D ATM BRFERITOUVY

THRE LI, 2R A FOT LvD ATM
B TAR LB TERVIESN 10 JE
W 5 ERITELE LTz, EROMRTIT,

—%AIZ PCR THAIE L 7= DNA W4 % %Kiz
L C, HEES E2PET D, Z DHETI,

R 5O allele (2, K& 72 KR F 721X EENF
ETHHERETERNEW END 5,
AT #F . Multiple Ligation-dependent Probe
Amplification (MLPA) £ & L5 HEH L
THRBTOTTA~—% T4 — A%
W T 52T, =7 VU ORRRE
AT D HENESR LT, 4,

oo, BRMICIE ATM B 2615 1
FEFNZ DX, MLPA % W T, ATM Eix
FTOKRYK, EEOEFT AT 12,

B. Wf5e 5k

PCR Z R\ ER SN A IRE LT & 2 A,
FHEOT LVZid, cDNA ki 7883dels,
77 I B, exon53 TTATA @ Sbp DKk
(Ensembl ATM-201:108203583-108203587)7%%
FIELT=. & 5 A H D allele DA EI IR T
ALY il

MLPA [E., 77 /LI /"A F L AT AR,
SALSA®ATM P041, 042 D3 v k& iz,

(B E ~ D BLE)
EEFERICEL T RMERERS
iE O R RE R F FER & OYSEIEAHEFE O
fERR) & LT, B RSP ERPFRE MRS
BEOEREETND,

C. WFoERER

XHE LIBE GAT2 13E 1 ITRT LD
W2, SO U R [EE A LT, Hia i
M AT OEREZRL TV,
[gA8.3mg/dl LIKfE% 7R L., ConA, PHA {Z
TARIGHEBIETL W, RERED
KEETHY | AFP L EEER L, BMME
LR M RTE IS T 2R Th - 72,
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12\ [B% & BFLT-Ataxia—telangiectasiafE HI(GAT2)

R 128 BR

EB L R

RIKE BRI ETenl

BELEEE  7EMA3338. 2100glc THE, AEMERHICRBERBOON LMo, £5%
187 AC2H Tk, ERTEAORREERLU, TOH%, MIBESTEEE
FEBEMN B, HEELBHONT, TOLH, TREBCHENTHA,
BRERIEDR. 1gA, IGEDIRIE. V2 BRGBL RIS AMEMBTHY  ATEBIFE

f_

BHE TROE1F (126825 A8 A &Y, S/ S OMRICE Shh T
S MEFUR SR EICRY, SO R BRBSNA TV, LML, T
HRTE4R REMNSBEUER L/ EORASBOHD NI =0, FIE4H25
BT TAREAE T2,

BIKFIR &&128cm(—38D). {AH28kg (-1.7SD) 8 36.5°C ki
70/min. WHBLVT7T/IFOMERSHY . HEIRSKEEO MM EHKE
HY F[E R K E2emB LU 1emZE2{ERLH, 45 1.5cmE 1{EH,
BTFRLURE A BRmed,

WA, . BIESTE LU ERESHY

AR RER R

K
RBC 534X10° / Thil 02mg/dl EB-VCAIG X640
Hb 136 g/dl AST 2910/ml  EB-VCAIM  XIORT
Ht 23% ALT 2010/ml  EB-VCAIgA X103
Pl 36.4X10° /¢t [LDH " 587W/L|  EB-DRIG X10
wBC 10000 / 1 Ca 42 mEq/L  EB-DR [gA X107
Neutrophil 816% Amylase 1911U/L  EB-EBNA X1053%
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ABSTRACT: A recent challenge for investigators studying
the progressive neurological disease ataxia-telangiectasia
(A-T) is to identify mutations whose effects might be al-
leviated by mutation-targeted therapies. We studied ATM
mutations in eight families of Japanese A-T patients
(JPAT) and were able to identify all 16 mutations. The
probands were compound heterozygotes in seven fami-
lies, and one (JPAT2) was homozygous for a frameshift
mutation. All mutations—four frameshift, two nonsense,
four large genomic deletions, and six affecting splicing—
were novel except for ¢.748C>T found in family JPAT6
and ¢.2639-384A>G found in family JPAT11/12. Using
an established lymphoblastoid cell line (LCL) of patient
JPATI11, ATM protein was restored to levels approaching
wild type by exposure to an antisense morpholino oligonu-
cleotide designed to' correct a pseudoexon ‘splicing muta-
tion. In addition, in an LCL from patient JPATS8/9, a
heterozygous carrier of a nonsense mutation, ATM levels
could also be partially restored by exposure to readthrough
" compounds (RTCs): an aminoglycoside, G418, and a
“ novel small molecule identified in our laboratory, RTC13.
Taken together, our results suggest that screening and
functional characterization of the various sorts of muta-
tions affecting the ATM gene can lead to better iden-:
tification of A-T patients who are most likely to bene-
fit from rapidly developing mutation-targeted therapeutic
technologies. T O R ‘
Hum Mutat 33:198-208, 2012. © 2011 Wiley Periodiéals, Inc.
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Introduction

Ataxia-telangiectasia (A-T; MIM# 208900) is an autosomal reces-
sive neurodegenerative disorder characterized by progressive cere-
bellar degeneration, ocular apraxia and telangiectasia, increased
cancer risk, immunodeficiency, sensitivity to ionizing radiation (IR),
chromosomal instability, and cell cycle abnormalities [Boder and
Sedgwick, 1958; Gatti, 2001]. A-T is caused by mutations in the
ATM gene (MIM# 607585) that usually encodes a 13 kb transcript
that produces a 370 kDa protein [Gatti et al., 1988; Lange et al.,
1995; Savitsky et al., 1995]. Intranuclear ATM protein is low or ab-
sent in most A-T patients, despite the presence of relatively normal
levels of ATM transcripts. ATM is activated by autophosphoryla-
tion after binding with the MRN (Mrel1-Rad50-Nbs) complex at
sites of DNA double strand breaks [Bakkenist and Kastan, 2003;
Kozlov et al., 2006], and subsequently phosphorylates hundreds of
downstream target proteins involved in cell cycle checkpoints, DNA
repair, and apoptosis [Bolderson et al., 2009; Matsuoka et al., 2007;
Shiloh 2006]. ATM also appears to play a critical role in resolving
chronic inflammation [Westbrook and Schiestl, 2010].

A-T patients are usually compound heterozygotes, carrying two
distinct mutations. Mutations occur throughout the entire gene
without hot spots. Founder effects are commonly observed in many
ethnic isolates [Birrell et al., 2005; Campbell et al., 2003; Cavalieri
et al., 2006; Gilad et al., 1996a; Laake et al., 1998; McConville et al.,
1996; Mitui et al., 2003, 2005; Telatar et al., 1998a, b] wherein
patients often carry mutations in a homozygous state. We have
previously shown [Du et al., 2007, 2009, 2011; Lai et al., 2004]
that accurately analyzing the functional consequences of mutations
in individual A-T patients enables the grouping of patients into
“mutation categories” that are most likely to be corrected by future
customized mutation-targeted therapies.

The aims of the present study were to: (1) characterize the
ATM mutations in Japanese A-T (JPAT) families; and (2) identify
which JPAT patients might be candidates for personalized mutation-
targeted therapy. We report that three of eight JPAT families exam-
ined are potential candidates for mutation-targeted therapy based
on partial restoration of functional ATM protein production.

Materials and Methods

Cell Lines

Lymphoblastoid cell lines (LCLs) [Svedmyr et al., 1975] or acti-
vated T-cells [Minegishi et al., 2006] were established from affected

© 2011 WILEY PERIODICALS, INC.
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members of eight Japanese A-T families, including three sibling
pairs (JPAT4/5, 8/9, and 11/12). The families came from different
geographical regions. Clinical descriptions of patients from these
families have been reported previously {Morio et al., 2009].

Short Tandem Repeat (STR) Haplotype Analysis

Standardized STR (short tandem repeat/microsatellite) genotyp-
ing for the ATM gene region was performed as previously described
[Mituli et al., 2003]. Briefly, we used four fluorescently labeled mi-
crosatellite markers located within a 1.4 cM region of chromosome
11q22-q23: D11S1819, NS22, D11S2179, and D11S1818. Markers
NS22 and D11S2179 are located within the ATM gene, in introns
45 and 62, respectively [Udar et al., 1999; Vanagaite et al., 1995].
Allelic sizes were detected with an ABI 3730 DNA analyzer (Ap-
plied Biosystems Inc, Carlsbad, CA) and standardized to a reference
sample (CEPH 1347-02).

ldentification of Mutations

Total RNA was isolated from patient-derived T-cell lines using
RNeasy (QIAGEN, Valencia, CA), and cDNA was synthesized using
random primers and the Superscript III reverse transcriptase (In-
vitrogen, Carlsbad, CA). The entire ATM coding region was divided
into eight overlapping fragments (Regions 1-8) ranging from 1,500
to 1,800 bps [Du et al., 2008]. These regions were PCR amplified
and then sequenced using 19 different primers. Mutations on the
cDNA level were confirmed in genomic DNA (gDNA) by sequenc-
ing relevant exon and intron boundaries. Mutation analysis is based
on the same ATM reference sequence used for ATM mutations in
the Leiden Open Variation Database (www.LOVD.nl/ATM; NCBI
reference sequence:NM_000051.3).

Maximum Entropy Scores and Search for Exonic Splicing
Enhancers (ESEs)

The strength of the 5" and 3’ splice sites (ss) was determined by cal-
culating and comparing the wild-type and mutant 5 and 3’ ss using
the Maximum Entropy software available at http://genes.mit.edu/
burgelab/maxent/Xmaxentscan_scoreseq.html [Eng et al., 2004;
Mitui et al., 2009; Yeo and Burge, 2004]. We scanned for puta-
tive binding motifs for serine/arginine-rich (SR) proteins using
the ESEfinder software available at http://rulai.cshl.edu/tools/ESE
[Cartegni et al., 2003; Smith et al., 2006].

Long-Range PCR and Breakpoint Regions
for Genomic Deletions

To amplify large gDNA fragments, 500 ng of gDNA was used as
template, followed by 35 cycles of 95C for 1 min, 68°C for 10 min,
and extension at 72°C for 15 min using EX Taq polymerase accord-
ing to the manufacturer’s protocol (Takara Bio Inc, Shiga, Japan).
Fragments containing large genomic deletions (LGDs) were isolated
from agarose gels and sequenced to determine the breakpoints.

Multiplex Ligation-dependent Probe Amplification (MLPA)

A total of 100 ng of gDNA was used as starting material for the
SALSA MLPA P041 and P042 ATMkits (MRC-Holland, Amsterdam,
Netherlands, www.mrc-holland.com) [Schouten et al., 2002]. The
P041 probe mix contained probes for 33 of the 65 exons as well as
three probes for exon 1. The P042 ATM probe mix contained probes
for the remaining ATM exons. Both probe mixtures also contained

probes for control genes. After hybridization, ligation, and ampli-
fication, according to the instructions of the manufacturer, 1 pl of
PCR product was mixed with 0.2 pl of ROX-500 labeled internal
size standard, separated on an ABI Prism 3100 Avant automatic se-
quencer (Applera, Norwalk, Connecticut, CA), and analyzed using
the GeneScan software ver.3.1. For MLPA data analysis, we used
Coffalyser MLPA DAT software developed by MRC-Holland. For
each probe, a range from 1 + 0.2 was considered as a normal
exon dosage, while a deletion was determined as being between 0.3
and 0.7.

Antisense Morpholine Oligonucleotide (AMO) Design
and Treatment

A 25-mer antisense morpholino oligonucleotide (AMO) was de-
signed to target the 5 aberrant splice site of a pseudoexon mutation
in pre-mRNA of JPAT11/12. The AMO-J11 sequence was: CCTG-
GAAAAATACTTACAATTAAAC. AMO748C (ATTCACACACTC-
GAATTCGAAAGTT) and AMO4956GC (CTTGGATAACTGCAA-
CAAATTGACA) were designed to target wild-type sequences to
determine potential regulatory elements at the site of a mutation(s).
AMOs were synthesized by Gene-Tools (Philomath, OR). Treat-
ment of LCLs with AMOs was performed as previously described
[Du et al,, 2007]. Cells were suspended in 5% FBS/RPMI medium
and the AMO was added directly to medium at the concentrations
indicated. Endo-Porter (Gene-Tools) was added to the medium to
assist in intracellular incorporation of the AMO. Cells were collected
after 48 hr for RNA analysis, and after 84 hr for ATM protein detec-
tion. Vivo-AMO was also used to treat JPAT 11 to enhance cellular
delivery (Gene-Tools).

Irradiation Induced ATM-Ser1981 Foci Formation (IRIF)

Immunostaining of nuclear foci of ATM-Ser1981was performed
as described [Du et al., 2007, 2009]. In brief, LCLs were first treated
with the relevant compounds for 4 days before being irradiated with
2 Gyand then incubated at 37°C for 30 min. Next, the cells were fixed
with 4% paraformaldehyde and then permeabilized on cover slips.
The cover slips were blocked for 1 hr and incubated with mouse anti-
ATM pSer1981 for 1 hr (1:500; Cell Signaling Technology, Danvers,
MA). After a second blocking, cells were stained with Alexa Fluor
488 anti-mouse IgG (1:150; Invitrogen) for 1 hr and mounted onto
slides.

Flow Cytometry Analysis of ATM-Ser1981
Autophosphorylation (FC-ATM-pSer1981)

FC-ATM-pSer1981 was used to verify the restoration of Ser1981
autophosphorylation by readthrough compounds (RTCs) [Duetal.,
2009; Nahas et al., 2009]. The cells were treated for 4 days with RTCs,
resuspended in PBS, and irradiated with 10 Gy. After 1 hr, the cells
were fixed and permeabilized using FIX & PERM (Invitrogen). The
cells were then incubated with 1 pl of mouse ATM-s1981 antibody
(Cell Signaling Technology) for 2 hr at room temperature. After this
time, cells were washed and resuspended in 100-pl PBS with Alexa
Fluor 488 anti-mouse IgG (Invitrogen) for 45 min, and then washed
and resuspended in PBS with 0.2% paraformaldehyde, before being
analyzed using a FACSCalibur (BD, Franklin Lakes, NJ).

Western Blotting

Nuclear extracts were prepared by following the NE-PER protocol
(Thermo Fisher Scientific, Rockford, IL). Proteins were separated
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on a 7.5% SDS-polyacrylamide gel. Western blots were prepared
as described [Du et al., 2007}, and probed with anti-ATM (Novus
Biologicals, Littleton, CO), -SMCI1, or -KAP1 antibodies (Novus
Biologicals).

Results

Mutation Analysis

We initially screened our A-T patients for two previ-
ously reported Japanese mutations, c.4776(IVS33)+2T>A and
¢.7883_7887delTTATA [Ejima and Sasaki 1998; Fukao et al., 1998].
Neither of these mutations was detected.

STR genotyping of the ATM genomic region was performed for 11
JPAT patients, but since parental gDNAs were unavailable, we could
only verify that one patient was homozygous for all markers (JPAT2):
[S1819, 131; NS22, 165; S2179, 143; $1818, 162] [Mitui et al., 2003].
As a result, we set out to directly sequence the entire ATM coding
region after PCR amplifying eight partially overlapping fragments
from patients’ cDNA [Du et al., 2008]. We identified 12 of the 16
expected mutations (75%) and confirmed them upon sequencing
gDNA (Table 1). Only one patient (JPAT2) was homozygous, sug-
gesting that most JPAT patients do not result from consanguineous
marriages. The 12 mutations included four frameshifts (counting
the homozygous JPAT2 twice), two nonsense, and six splice vari-
ants (Table 1). The remaining mutations (4/16; 25%) were four
LGDs, which we identified after performing long-range PCR using
gDNA as template. Fourteen mutations were novel; two had been
previously reported: ¢.748C>T in JPAT6 [Teraoka et al., 1999] and
€.2639-384A>G in JPAT11/12 [Sobeck 2001]. All mutations resulted
in the absence of ATM protein (Supp. Fig. S1 and data not shown).

Splicing Mutations

The six splicing mutations identified were analyzed by using Max-
imum Entropy software (MaxENT) to estimate the strength of the
splice sites [ Yeo and Burge, 2004] and type of splice defect [Engetal.,
2004]. The mutations found are described below, and diagrams for
potential splicing mechanisms are shown in Figure 1.

(1) ¢.331+5G>A (1VS6): This mutation changed the MaxENT
score of the 5’ ss from 9.8 to 3.6. A shorter PCR product
compatible with exon 6 skipping was observed at the cDNA
level in patient JPAT1 using primers for exons 4 and 7 (Figs. 1
and 2A, lane 3).

(2) c.748C>T: cDNA from patient JPAT6 showed skipping of
exon 9 (Figs. land 2B, lane 5). This allele with substitution
¢.748C>T predicted an amino acid change from Arg to a stop
codon (CGA >TGA). Given that ¢.748C>T did not affect the
scores for consensus splice sites, nor affect an ESE site, we
hypothesized that it affected an as yet unknown splicing reg-
ulatory element. To test this idea further, we designed an
AMO targeting the wild-type sequence at the site of the mu-
tation in order to block the interaction between any regula-
tory molecule(s) and the wild-type sequence. Wild-type cells
treated with increasing concentrations of AMO748C (Fig. 2G)
showed skipping of exon 9, supporting idea model that the
region around nucleotide 748 most likely contains a regula-
tory splicing motif.

(3) ¢.2639-384A>G (IVS19): The ¢.2639-384A>G variant in pa-
tient JPAT11/12 creates a novel splice acceptor site within
IVS19 (Fig. 1), thereby creating a cryptic splice and “pseudo-
exon” of 58 bp is created in intron 19 (Fig. 2C, lanes 5 and 6).
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Table 1.

Consequence

Genomic DNA mutation

cDNA change

Patient

Ex/Int

Aberrant splicing (1V)

Frameshift
Aberrant splicing (111}

¢.331+5G>A (5's5 9.81>3.58)
¢.748C>T (R>X)

¢.397_398insT

239 (deletes exon 9)

€.902_1065del164 (deletes exon 10)

146 (deletes exon 6)
€.2639_2640ins58

¢.397_398insT

€.663_901del

¢.186_331del

JPATT?

JPATG"

JPAT6®
JPAT8/9*

IVS6

Large genomic deletion
Aberrant splicing (I1)
Aberrant splicing (IV)

Nonsense (TAG)

€.2639-384A>G (5'ss 0.36>8.54)

€.902-19_1065+869del1052

10

c.2639:2838d61200 (deletes exon 20)

c.2877C>G

JPAT11/12%

1VS19
1VS19
20
35

-7del13 (3'ss 8.8>3.4)

€.2877C>G (Y>X)

€.2639-19_2639

JPAT3*
JPATS/9®

Aberrant splicing (111)
Nonsense (TGA)

¢.4956GC>TT (LQ>FX)
.5415G>A (W>X)

¢.4910_5005del96 (deletes exon 35)

¢.5415G>A

JPAT4/5°

JPATT®
JPAT11/12°
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€.6807+272_7516-275del5350
¢.7925delGA

.8419-643_8507del732
.8585-1G>C (5'ss 10.252.0)

c.8624delA

1166 (deletes exon 60)
¢.8585_8671del87 (deletes exon 61)

c.8624delA

¢.6808_7515del708 (deletes ex 49-52)

€.7925_7926del2(GA)

¢.8419_8584del

JPAT10°
JPAT2"

JPAT4/5"
JPAT10

1VS48
55
60
61
61

Large genomic deletion

¢.8852-2kbdel17kb (CRAT [B] mutation?)

€.8851_9697del847

JPAT3®

1VS63

Bolded mutations have not been reported previously.

*First allele.

bSecond allele.
"Homozygote.

Nucleotide numbering is based on +1 being the A of the first translation start codon in exon 4 (NCBI reference sequence: NM_000051.3).
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Type Il
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Figure 1. ATM splicing mutations. Genomic mutations causing splicing mutations were analyzed for changes in splicing scores calculated by
Max ENT. Classification of splicing mutations is reported accordingly to Eng et al. [2004]. See text for additional details.

4

(5)

This results in a frameshift and a predicted secondary prema-
ture stop codon.

€.2639-19_2639-7del13 (IVS19): In Figure 2D (lane 3), the
PCR products from JPAT3 c¢cDNA showed a normal and an
additional prominent lower band (783 bp and 583 bp, respec-
tively). Sequencing of the 583-bp band revealed skipping of
exon 20. gDNA sequencing identified a 13 nt deletion in in-
tron 19 at position ¢.2639-19_2639-7. The 3’ MaxENT score
changed from 8.8 to 3.4 (Fig. 1).

c4956GC>TT:  In  family JPAT4/5, we  identi-
fied a c4956GC>TT substitution within exon 35
(p.LQ1652_1653FX) that leads to skipping of exon 35
without affecting an ESE or canonical splice sites (Figs. 1 and
2E, lanes 3 and 4). Exposing wild-type LCLs to increasing
concentrations of AMO4956GC, targeting the mutation site,
revealed skipping of exon 35 (Fig. 2H); these results suggest
that nucleotide 4956 is part of a regulatory protein binding
site, which when disrupted influences the aberrant splicing
observed in JPAT4/5.

¢.8585-1G>C (IVS60): JPAT10 harbors the IVS60-1G>C mu-
tation that changed the MaxENT score of the 3’ ss from 10.2
to 2.0, resulting in a skipping of the exon 61 (Fig. 2F, lane
4). Interestingly, the second allele of this patient was a splic-
ing mutation that is predicted to result in exon 60 skipping
(Fig. 2F, lane 4). We sequenced gDNA for exons 59-62 but
failed to find a mutation that would account for the skipping
of exon 60 (however, see additional results on JPAT10 below).

Large Genomic Deletions (LGDs)

(1)

¢.902-19_1065+869del1052  (del ex10): Two siblings
(JPAT8/9) yielded an abnormal 369-bp fragment when cDNA

2

3)

4)

— 34

was amplified from exon 9 to 11 (Fig. 3A, cDNA gel, lanes 3
and 4). When this band was isolated and sequenced, we found
a deletion of exon 10. No mutation was observed in exons
9-11, ruling out a conventional splicing mutation. Using
long-range PCR to amplify the genomic region from exon
9 to 11, we obtained a 3.3 kb fragment (Fig. 3A, gDNA gel
lanes 3 and 4), whose sequence revealed a 1,052-bp deletion
from IVS9-19 to IVS10+869; this deletion included exon 10
(164 bp).

€.6807+272_7516-275del5350 (del ex49-52): Two siblings
(JPAT11/12) showed an abnormal PCR fragment of 1.1 kb
when ¢DNA was amplified from exon 48 to 53 (Fig. 3B, cDNA
gel). The sequence of the PCR product showed a deletion of
exons 49-52. A long-range PCR performed on gDNA using
primers for exons 48 and 53 produced a 1.1 kb band instead
of the expected 6.4 kb (Fig. 3B, left). Sequencing of the 1.1
kb band revealed a 5,350-bp genomic deletion that starts in
intron 48 and ends in intron 52.

¢.8419-643_8507del732 (del ex 60): In patient JPAT10, we
suspected that skipping of exon 60 might reflect an LGD. We
amplified the gDNA surrounding exons 59-61 and found a
732-bp genomic deletion extending from IVS59-643 to nu-
cleotide 89 of exon 60 (Fig. 3C).

¢.8851-2kbdel17kb (del ex64-65): When mutation screening
failed to identify a second pathogenic mutation in JPAT3, we
were prompted to search for an LGD mutation with Multiplex
Ligation-dependent Probe Amplification (MLPA). We ob-
served a significant decrease in peak height for the final exons
64 and 65, indicative of a deletion carried in heterozygous state
(Fig. 4A). Previous studies have demonstrated two LINE-1 se-
quences between IVS63 and downstream of exon 65, as well
as a 17 kb genomic deletion in the ATM gene of A-T patients
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Figure 2. Effect of splicing mutations on cDNA. Agarose gel images of PCR products showed aberrant spliced products. Patient cDNA were
used as templates for PCR amplifications in the regions displaying splicing mutations. M {lane 1) is 1 kb plus ladder {Invitrogen), wild-type cDNA
was used as control (lane 2). (A) Skipped exon 6 in JPAT1 {lane 3). (B) Skipped exon 9in JPATS (lane 5) and skipped exon 10 in JPATS {lane 6). (C)
Pseudoexon of JPAT11 and JPAT12 {lanes 5 and 6). {D) Skipped exon 20 in JPAT3 (lane 3). (E) Skipped exon 35 in JPAT4 and JPATS (lanes 3 and 4).
(F) Skipped exons 60 and 61 in JPAT10 (lane 4). (G) AMO-treated wild-type lymphoblastoid cell line (LCL) produced alternative spliced product that
skipped exon 9. JPATS, carrying the ¢.748C>T mutation, showed a skipped exon 9 product {lane 6), (H) AMO 4956GC treated wild-type LCL produced
alternative spliced product that skipped exon 35. JPAT4 that has 4956GC>TT mutation showing skipped exon 35 products as a control (lane 6). See

text for additional details.

with Costa Rican, Dutch, and Brazilian backgrounds [Broeks
et al., 1998; Coutinho et al., 2004; Mitui et al., 2003; Telatar
etal., 1998b].

Figure 4B summarizes the locations of primers, LINE-1 se-
quences, and an LGD for this region.

We used two sets of primers: Primer set #1 (P1Fw and P4Rev)
was 23 kb apart, flanking the 17 kb deletion. Because of the na-
ture of our PCR conditions, no PCR product was anticipated from
the wild-type allele, while the mutant allele should yield a 6 kb
fragment. Primer set #2 (P2Fw and P3Rev) was placed within the
17 kb deletion, which should have produced a 2.4 kb fragment from
only the wild-type allele [Telatar et al., 1998b]. Figure 4B (lane 2)
shows that wild-type gDNA produced the 2.4 kb fragment, while
CRAT [B] (a Costa Rican patient homozygous for a 17 kb deletion)
produced the 6 kb fragment (lane 4). A CRAT [B] heterozygote
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produced both the 2.4 kb fragment and the 6 kb product from the
deletion (Fig. 4B, lane 5). The CRAT [B] band pattern was also ob-
served in the gDNA of JPAT3, suggesting the presence of an LGD be-
tween two LINE-1 sequences (Fig. 4B, lane 3). Available breakpoints
and surrounding sequences were analyzed using Repeat Masker
software to search for flanking repetitive elements [Babushok and
Kazazian, 2007; Kazazian and Goodier, 2002; Telatar et al., 1998b]
(see Fig. 3). Because the breakpoint was in a highly homologous
repeat sequence, the ends could not be accurately determined. The
other Japanese patient (JPAT8) who did not have a deletion in
this region showed a pattern identical to the wild type (Fig. 4B,
lane 6).

The STR haplotypes for JPAT3, CRAT [B], and BRAT3 differed.
JPAT3: S1819 [131,133]; NS22 [173,175]; S2179 [137,137]; S1818
[160,168]; CRAT [B]: S1819 [131]; NS22 [171]; 52179 [141]; S1818
[160] [Mitui et al., 2003]; BRAT 3: S1819 [133]; NS22 [155]; S2179
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Figure 3. Large genomic deletions (LGDs). (A) Schematic representation of cDNA showing deletion of exon 10 and agarose gel image of PCR
products (using primers GFw and GRev) (left): Lane 1is 1 kb plus ladder (Invitrogen), lane 2 is wild-type control, lane 3 (JPAT8) and lane 4 (JPATY)
showing deletion of exon 10, lane 5 is JPAT control. Agarose gel image (right) for genomic DNA {gDNA) PCR products (using primers EX9Fw and
EX11Rev) showing deletion of 1 kb in JPAT8/9. Schematic representation of DNA shows LGD, as well as repetitive elements within the region (at
bottom). Sequence data with junction sequences are shown on right. (B) Schematic representation of cDNA change in JPAT11/12 between exon
48 and exon 53, which are analyzed by PCR (using primers FATFw and FATRev). Agarose gel image (left) for cDNA shows aberrant spliced products
of JPAT11 {lane 5). Lane 1is 1 kb plus ladder, lane 2 is wild-type, lanes 3and 4 are JPAT control. Agarose gel image (right) for gDNA shows deletion
of 5.3 kb (using EX Taq polymerase with LREX48Fw and LREX53Rev primers). Schematic representation of gDNA (at bottom) shows large deletion.
Sequence data with junction sequences are shown on right. (C) Schematic representation of JPAT10 cDNA shows deletion of exon 60. Agarose
gel image (left) shows aberrant spliced products. Agarose gel image (right) for gDNA PCR products (using primers EX59Fw and EX61Rev) show
reduced size in JPAT10 (3.6 kb) compared to wild type (4.3 kb) and schematic representation of gDNA showing deletion at ¢.8269-643del732, which
includes the first 89 bp of exon 60. Sequences are shown at right.

[147]; S1818 [146] [Mitui et al., 2003]. These results suggested that
the ¢.8851-2kbdel17kb mutations in the three patients were not
ancestrally related.

Correction of Type Il Pseudoexon Splicing Mutation
using an AMO

In family JPAT11/12, we identified a type II splicing mutation
[Eng et al., 2004] ¢.2639-384A>G, which created a cryptic acceptor
splice site resulting in the inclusion of 58 bp of intronic sequence
(Figs. 2C and 5A). We designed AMO-J11 to target the cryptic 5’
splice site (Fig. 5A) [Du et al., 2007; Eng et al., 2004]. The LCL of
JPAT11 was treated with AMO-J11 for 4 days followed by RT-PCR
analysis. Mutant splicing was almost completely abrogated in an
AMO dose-dependent manner and normal transcript was restored
(Fig. 5B). Nuclear extracts from treated JPAT11 cells also showed a

full-length ATM protein (data not shown). In order to enhance the
delivery and efficiency of the AMO, we also designed a structurally
modified AMO referred as “Vivo-AMO” [Morcos et al., 2008; Moul-
ton and Jiang, 2009]. Notably, a significant amount of functional
ATM protein was induced by 0.5 uM Vivo AMO-J11 (Fig. 5C). How-
ever, “Vivo-AMO?” started to show possible cytotoxicity at 0.8uM
(Fig. 5C, lane 4).

Correction of Nonsense Mutation in JPAT8 using RTCs

The JPAT8/9 siblings lack ATM protein because they carry an LGD
and a nonsense mutation (¢.2877C>G, p.Tyr959X). Functional ATM
protein is inducible with compounds that readthrough premature
termination codons [Du et al., 2009] even when the LCL carries
the nonsense mutation in a heterozygous state [Lai et al., 2004]. We
treated JPAT8 LCL with the readthrough compound RTC13 for 4
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Figure 4. Analysis of LGD in patient JPAT3. (A) Multiplex Ligation Probe Amplification (MLPA) analysis using MLPA P041 (A} and P042 (B) kits.
For each of the two analyses normalized peak area histograms of JPAT3 are shown. The dotted lines indicate the normal exon dosages between
0.8 and 1.2. The heavy black arrows indicate the exon probes of decreased signal, corresponding to the genomic deletion of exons 64 and 65. (B)
PCR products depicting a LGD between two LINE-1 sequences. Lane 1is 1 kb plus ladder, lane 2 is wild-type control, lane 3 is JPATS, lane 4 is
homozygous CRAT [B] patient with a very similar mutation, lane 5 is a heterozygous individual with CRAT [B] mutation, lane 6 is JPAT8. Schematic
diagram (below) shows the relative locations for four different primers at the region of the LGD.
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