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FHIRHLE LT, 9V VI RT I VHEED FARIY, YNRFF IV,
HT ¥ 53 YB LU NMDA BEAERED A~ ¥ F v R BEREER 2% BPSD I
MLTHYORS, $7, EHENHIFHKD BPSD 2 LTS B MR, i
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Molecular mechanism and treatment of fragile X syndrome

BMIERZ

Eiji Nansa

4

BECREE MR AR v —BEFRESY, RESRHERE T2

OREEs X IERRF (FXS) 3 X RBHFLICNET 2 FMR1 BEFOERRICL > TREL, MOUEE, BEXEA
MEVRLEEEZEEKRET 5. BAATORBERRBRL U PREL, BET 10,000 A1 AEEZSRD
ARBTEAHEINEZ I DBEREMGIUR) DY THIFREICTEL, F0LDHICSF T AORBMH
EEL, YFTABRREBOMBICEEELLSTIEPASHICERTETVS. ZORFOBIEN M

ICER & N, mGIURIESHRMPFEIL S h, ThICEDW/LA

EFRAEINTETWS. BMEROALLE ST,

EFTORKEBBRBITHOATSEY, MVWPRAREPHILEIND I ENVBFIATVS. &5, ZhoDA
BEMBOMMEECAAEICOCHETE SRS S Y, FBEN2. BEATH, ZORBMREHETD

AEHEREESLE TV ZENEETH S,

f'{,?,;d © IBSXIEREE(FXS), FMR1BIET. CGGHREUESIER, ULy = YBSaE

HE 59 X e {5 B (fragile X syndrome : FXS) i&
1943 FFIc XGESHEE RN A L DAIWEE & L
THRE X #1, Martin-Bell JEM&EE & & X7,
1969 12 X etttk Lo MasgEaz o3 & 212 Z 4,
1991 4F i FIRNE E T s Ny, EiEEom
EE & LTidd > L bFRNEA TS, FXS
BERKEN, BOELERRBHMEL, TALAR
MEIRIEE 2 C2 AT 2 L% 0, BIEEEIR
BEONNWHEELZ 2T 20, KETHBRESCHE
EDgEH %\, $RUC fragile X mental retar-
dation (FMR) 2 BEFEE E 4305, ZDIFE
AEIZFMRIBETORETH2Y, FXS DHHE
W, B 4,000 Az 1A, LD 8000 Al 1A
EBESINTLEY, RECL>TENH S, H
AANTIFBED 10000 ANz 1 AEHFEEZIN T
23 FXS ZAIEED R TIHEL S - L b
ATEDY, JREMRED S IEFIEOFEIfTH N,
WLEE TR RIGEMEICTE LTV S, 518,
COFXS THLMCENTELKORIER, b
DEENC X 2 HEECHBEL bHEEBL TV 3
EEZ 61, FXS OHIFEIZ 0 L O DBEEEED

MHgtic L EE Sk,
AFETIE FMRL %12k 2 FXSofERgL, %
FUCED CIEBRERIFE O BUR 2 b I iRRL T 5

& FXSOCGGHIE LESIRS

FXS Tl X ko lassifiticH 2 Xq27.1 12
fFES 5 FMR1 #ET O 5 FERIEREES 2 CGG
R LESIREFICEE L Tw Y, 20 CGG#
RUBINIIEETIEMM UNTH 20, BETIK
200 ##Z 5. FXS BEDEEIE 50~200 DK
LECYI(RIER) 2 b OREEZFTH 5. FXS L, &
BORLE % CGG MR LB FI DS B E I EET 2
LEWEETZ, Wh®B YLy FUE— b
WE LTRSS NAEETH Y. 2ol
FIERE D DNA DX F AL 75 L, % DFEE,
FMR1 BB FDOIEEIFNIC & D EEFORREL K
b s, —7, FXS ORiERZ b DREE D & d
> 5 50 LA Parkinson BRAEIR, FEEVER 4 &
2 829 A Magy XOiE e B B s IR A/ 2% BRI (2 B
(FXTAS) SRIET 2 Z IS4, AATHHE
EMH DD 5T %Y, FXTAS O F G i3
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Presynaptic
terminal

NMDA

receptor AMPA

’/ receptor

)

Postsynaptic
terminal

1 mGluR, mTORY JHIVEER, FMRPOREFEY

MEK-ERK-Mnkl ¢ PI3K-mTORBED 2 02 mGIURS O THRD > 7R E L TCHEET
%5, PP2A ® PI3K 7% & @ FMRP 73 & % mRNA IZ, ERK i L > THIlBR D K X v &
Y= LT XSk, U VL ERK 1d Mokl & S6K 24 L TIREEEL b0,
ERK DV VEE{LIZ PP2A R EDF A7 7 ¥ —Bic X DIl EN T3, FmRlI KO w7 AT
13 ERK DIEFRIE(LANE Z % 72 1 mGluRS ORIBUCBRNICEIG T 5. 2D & )i, ERK HEE
OB Y T 7 RAOBFRFHBEEOEEL 2 5.

mTOR DML 4E-BP 2 S6K O U VBl ki L TEERBROERS & %%, mGluRs 23
X5 & PI3K M3 phospholipid PIP2 % PIP3 C#8184 %, Z @ PIP3 235, Akt ZEIC
£DHCY B Ed, PKD1 2iEML3¥ %, Akt TiEHELE N/ mTOR & TSC(TSCL &
TSC2D~FT A =—)0Hl<$ %, TSC2H) vE{LEN 5 & 72D GAP IFEHENED L,
Rheb & mTOR #iEMHELE 3, 51, 2@ mTOR & Raptor &F5& L, 4E-BP & S6K i
T2, ZL T, elfdAF % E%2 AL CTEFRPBIR T 5. FMRP i mGIuR5 D HIHIC & % S65K
% PP2A OiEHEMEN L THEE N T 5,

MEK : mitogen-activated protein kinase kinase, ERK : extracellular signal regulated
kinase, Mnkl : mitogen~activated protein kinase interacting serine/threonine kinase I,
PI3K : phosphoinositide-3 kinase, 4E-BP : 4E-binding protein, S6K : S6 kinase, PIP2 : phos-
phatidylinositol 4,5-bisphosphate, PIP3 : phosphatidylinositol (3,4,5) ~trisphosphate, PDK1 : 3~
phosphoinositide-dependent kinase 1, TSC : tuberous sclerosis complex, GAP : GTPase-
activating protein.

FXS & WBA-STHD, BlAMESESNE o BYETIL

16 <Y AD Fmrl BEFI, M EERD CCGRE
SEUESIE b7\, 207 i, CGGEHE L %
R X5 2 L RREECH 575, SEETHERE % X
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KlLlzesn<2A(Fmrl /v 777 F(KO)=
v R) BREFEINTHBY, /2, vavvay
NIBEDEFAGRFKESNTEL, ThH6DE
TNEYIIRESTHORS, BEXEN, 612
BEEEZEILPT VALY, b FOEROLEDD
HaBHEINTVS,

w FMRPO#EE Z DR

FMRI1 @5 T30 — ¥4 2%H, FMRP 132 €
FORTH D05, ML AEFRICHEIEC KT 5
RNA fE&EEHTH5Y, FMRP ik 3 >®D RNA #
HEMLCOOKH FXA4 > E1D2DRGGC Ry 7
A)&H 5, BOICEN mRNA @ 3 JERIERERIC
& T 5. FMRP 3N mRNA k& %25,
MREME TN D A% 563, o F 7 A1 2
PRERGEB D FATH mRNA &L TWw 5,
FMRP (3#21 mRNA OFERZ MG T2 2 Lic k
D F 7TADREAHERLTED, ZoBEEL»R
b s &y F 7 AREEICEE L6 L, HI
fEELEDIFREZET 5. ORI mRNA @
BHERENE I, Bl 2 RMAE Ly 2 VEBREE
(MGIUR) A 5D FF AHFESRIC K> TV 5,
ZD mGluR 5 D> 7 F IV O FEMIZHE & b
WKENTETWA(E1)., 512, mGluRs % H
95 EFMRPSAHICHY v, >+ 7
AD @A mRNA O 2R Emz5 2L ¢
ZEBHO RIS TwEY, YrYBlEn T,
Zw FMRP E, &L ABEEBER 2GS, Y
VL E 417 FMRP O AW EARIER 2 {H] © =
%. FMRP 1499 Ot V) v REEMICY VIR L X
N5, ZOEKICIEmTOR A 27 — RO ET,
BRAKIICIE S6 ¥ F— Y vEMhI N B T ki
£ D FMRP @V vt = 219

w FXSTOYF TR TEEORE
HIIRD FMRP REOEMEIZL DY F TR0 E
Wyl g3 N5, FXSTIRAE RO EES
MZELIE 22 A8, o F 7 A BHR 2B BE (K
D%, BEICE M- h b, REvTH
L EMRHS IR TV BRY KBk BEb
LA7e\aAs, WE4E, Down AEMERES Rett SEMREREL
EWCHFARRICY F 7 ABREREOBELBA SN D

ZEDHSLIIESTWS, £, ¥ FTADE
BRIIC & > T F T ADBEGRNET 5
T 7 ATEEFERESLETICERLRE S0,
b T AREME DN 2 R (LTP) ®
CDBEMNEIMET T 5 BHIMG (LTD) s £ D
EENLEHSR L EE R BERH 5. FXS TIESE
E/NID LTD 3 X d, KB WEE T LTP
W LZREI§ 2 &Ry, TEEDREIHREX
nTwz?, '

g (ALY =SS (MGIUR) 25

FXSTAaLND > F 7 AMEE, Wbk, & & %
S ORE & U HE T E 2 EEAN 2 mGluR
DS, 2004 4812 Bear 512 & o TH& I s,
COMBICE Y FXSIcBT 3, Oy F 72D
HOBRELCKRBY, @QFmrl /v 777D A
DFFREEFEEHIRE, @mGIuRS DEMHEIC X 3
> T ADR FEROEHARDEE, @DFXS &
ERT Y AETNVOTEHRE, 5E0TXTHHA
TE5. Z0HL, ZOHERYZ/ETIHEL
RENCHE SN, BEOBEEREEANLET>L
T35,

KERE AT 5 7-0121F, mGluR &L &
DEKRWLEEPLE L 125, Moy - 7RI
A A VT e VR E AL 2 RO ZEED
HFET L, A4 vF v 2 VAEZEBRIIRENLY
Ay FEMEL, 44 vz EEEmRE
EHELES. AMPA(y-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) %!, NMDA
(N-methyl-D-aspartic acid)®, X &5lzh4 =y
BlaEBBL A4y F v FABZEEE LCH
LNTWV3, MOAEEOHETH 3 LTD i3,
D AMPA ZBEEDBOBA I Lo Tl & Z
I,

—77, fREEL I8 2 v EEZEMA (mGluR) 138
bi2id G EBRAF T, 7 EIRE@EEE (7TMD) %
b2, mGuR IE 8 DDY 7% 4 Fliadi, i
O IIHEOEMM P EM WL ER R &0 5 3
DIN—=TIHEINB (=71, 0, ).
FXS CTE#E % mGluRl & mGIURS E 7L —711C
FEEIN, GEALBEAL, FARY—EC
ZIEH L ZE 5. FXSTEZ Vv —71 @ mGluR
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Protein synthesis
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(=)
@>@9@)
NMDA
mGIluRS receptor AMPA
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|

Protein synthesis

receptor

Fragile X syndrome

® 2 mGluRERY

A NS I VEEDS mGURS 2 HIBIL, o 7 ADEHK mRNA OBREMNHBE NS,

A}:&f))

ZOBEBRER

SF FATTEMEIC BRI RE 2 R L Tw 5 AMPA RBEGORENZRET 2, FMRP I C

DESERIHT 2 Z itk h AMPA ZREOWNENLEHEL T3
B:Fmrl KO=7 ZDMEIZL 2 &, FXS BEOMEHITIZ FMRP 7b WET A Z LIk h AMPA B
ROAREBRES N, ¥ F 7 AOBRENRI 3.

DREHSEFICHEBLTED, ZiUtkb AMPA
ZHEEORNEAMNFERIENZIENID
mGuR BwDOFLTH 2 (K2). Jvy I v Bh
ZV—7 I mGluR 2 ¥ § % &, FXS Tk FMRP
@%EWﬂﬂtwk®K%W®nﬁNA®%Eﬁ

FICHEIRT 5. ZOKE, BRROEAAKIHE

BASHYIZ AMPA AR EZNENMIETL E
5.%L1/+727@ﬁ®%mv%%%%%%
SRRIY, COMmOEENLEILEE LT, Fnrl
KO =7 2128 W T mGluRb % 50% I2id & ¢ %
&, YT 7RO, BEHEHEE, BELR L0
RENYESNLMESRES L THEY, x5
COMmEE I 5% OWMEKBRIEE
NnNTw3,

Iz,

W AREEORRY

BB & LT, FXS OREE L L CREIIICHE
LU 72D DD, mGluR BiEgh SicE o x,
BYORE ST, b b B THERREEIRIE
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HoNTVD, BLRIBEELMFMICOWTES
RIS EEELEAOBBROETIZOWNT
A= L= THRSB I EDTE B (ttp//
www.clinicaltrials.gov). D EbH L L DITDOW
TS 5.

MPEP (3 mGluR5 ##Hi#E £ L TEERTILZ
FIEREROBEE 76 Ldd, EROEE
PEPEEL E S BRICHICIER S d o, &
W DEERIGFH X fenobam 2355AA S 417z, Z D EEH
1, BRYIIERABENL O ohbolkds, %
D% mGLURS DEFIZETH 5 Z L DRI L7,
Fenobam % F\ 7 FEKEAER O 55 TAHDSROERE T L
7o, 12 ADBRADEFEIC1BOARDEEZITV,
HEHOZEE, FH, —HORMPITE~DOLE
ZHET L7z, JORET, TELPENDBEIIT,
TEECEHEMELZ b WEL - 2 EPREIN T
3. INGOFRETESLVWHDOTH S, =
BHERTERVAOSBROBNPHLETH S, %
F#5 Tl fenobam DEE IZEE K E
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Acamprosate
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—_—
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GABA,
receptor
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STX107 \mMGIUR5 &z
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© Y¢
© QL @
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receptor
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L

Therapy

B 3 FXSOAE#HY
FMRP DRFEICEL D TNT I VEEREFEVSEE L, GABAREGBVWIH I+ 7 2%

RLTW»3,

TROFRDH 2EAIC L 3 FXS DY+ 7ARBEORESRE SN T3, v+ 7ATAHE
HORELZLET 5 LEX 515 mGluR5 Fl#, GABAfFE), GABASRAEMHEE), NMDA

ZENET, AMPA ZEEOHIE. 51,

LR EINT W3,

¢, HEMICORMEDGD 5, MEBRERE LT,
TN — )LHREEOIREERE L L RO 547 acam-
prosate B33 ADFFEBFICHALN, B2 I 2
=T = a v R EERIER O BED A 6 11
7o, 6T, FHHEBEKMHIEEPIZRICEIHL T
£, STX107(Seaside Therapeutics ; 7 X U 7
TIRELHIB I N FE), AFQ056(Novartis ;
TIVAR, AZUT, AL ATHEIEIPKT),
R0O4917523 (Hoffman-LaRoche ; 7 X U A TH I
FHDIFAIR) 72 & DGR ED 5T 5,

EEE mGluR ZAEMIC L 72BN 2, mGLuR
DEFRPTRDOS 7 F mELZHIET 2 5B LK
HINTVD, BRI, SOBEORERELLT
b Twa Y F s, VFT Lk
TN—71 mGuREEER &, SEXELDTR
SRS 2 EDHSHICR o TS,

gL, /%A 27V, acamprosate 7% &

S5, YFHFTABIDI VY I VEEORH % T
HEEBZHELREIN TS, Z4UTiZ GABAR
ZAREREIHE L L CTHIS 11T 5 baclofen 2341 6
nTkEhH, #5CE D Fmrl KO v 7 2 DFEEH
BEEEEZ D IS 2 ERESI N, ZTOR
Fx b £1T LT baclofen D R-EH:A(KTH 3 arba-
clofen (STX209) 3BF S 1, —EHEME I HDER
WIREEMTh LT3, %7, mGluR5 ¥ 7 F )L
@R o Z Iz kY matrix metalloproteinase-9
(MMP-9) 315 ¥ 0 3BRIFE B4 Fmrl KO <7 &
TRI>TWwE I EBHLPIIE>T, ZOfR
Zbiic, COREzNFITEI /A7)
(FrIH4 270 vD0E20T7Fu ) E/vk
27 ADWFETIE, WL OLDIERIZEIRELSH B
TEWRENTVDE, X5, b - OREPZLS
ED SN T3,
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FXS DWGEEEZ 5 L E121%, EHEEMORE
DAL BRI FBIEIC DWW T b EE T B 68
BhH5H, T TADEERTIZERLE VAL T
FERDIEE 5 2 FIREME O R S LTV 553, B
WIBET 2129k w I L&V, 207
DICIFERIARA 7 Y —= v 72 BEt T 2 08y
HY, MKTRIOMEIFBIN TS,

FXS TR ¥+ 7 AU BEDBHEDHS Ik
D, Z DR DM BE 2 & GEEORFIC
EoTw5, ZHUHMbOHMWEEPHEEZ ED
ETNELTHEEEEZ NS, FXSTHHEX
NHBERITEEE 2 SIS bIGAMSHRE L E 2 5
N, FTIZOEEHELE->TDS,

WK Tl FXS oFlfRRa vy —o 7 L%
U THEBIICHADED 5, BERORK%
fT>oTw3, HEATH, FXSEE~ADREICH
2o THFIZEZ THBERH L, FESIDE
WIFR, HARANEBZE~OBRELIHEICRS LI
BHIDEHEEZED T2, £ DHINEE b IAE
NORRUIZASTETE Y, HATH Rt
FEbTZEEGlz RE S, REZ2HEET 2 2 L HE
BTh5.
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Glutamate is one of the key molecules involved in signal trans-
duction in the brain, and dysfunction of glutamate signaling
could be linked to schizophrenia. The SLCIAI gene located at
9p24 encodes the glutamate transporter EAAT3/EAACI. To
investigate the association between the SLCIAI gene and schiz-
ophrenia in the Japanese population, we genotyped 19 tagging
single nucleotide polymorphisms (tagSNPs) in the SLCIAI gene
in 576 unrelated individuals with schizophrenia and 576 control
subjects followed by replication in an independent case—control
study of 1,344 individuals with schizophrenia and 1,344 control
subjects. In addition, we determined the boundaries of the copy
number variation (CNV) region in the first intron (Database of
Genomic Variants, chr9:4516796-4520549) and directly geno-
typed the CNV because of significant deviation from the Hardy-
—Weinberg equilibrium. The CNV was not associated with
schizophrenia. Four SNPs showed a possible association with
schizophrenia in the screening subjects and the associations were
replicated in the same direction (nominal allelic P < 0.05), and,
among them, an association with rs7022369 was replicated even
after Bonferroni correction (allelic nominal P=5 x 107>, allelic
corrected P=2.5x107% allelic odds ratio, 1.30; 95% CI:
1.14-1.47 in the combined subjects). Expression analysis
quantified by the real-time quantitative polymerase chain
reaction in the postmortem prefrontal cortex of 43 Japanese
individuals with schizophrenia and 11 Japanese control subjects
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revealed increased SLCIAI expression levels in individuals
homozygous for the rs7022369 risk allele (P = 0.003). Our find-
ings suggest the involvement of SLCIAI in the pathogenesis of
schizophrenia. © 2011 Wiley Periodicals, Inc.

Key words: transporters; glutamate; postmortem brain;
antipsychotics

INTRODUCTION

Schizophrenia is one of the most mysterious and costliest mental
disorders and it affects 0.30—0.66% of the population. Despite its
high heritability estimates, the identification of specific molecular
genetic variation has not been easy. Recent findings have suggested
that a small proportion of schizophrenia incidence could be
explained by rare structural variations [van Os and Kapur, 2009;
Vacic et al., 2011].

Glutamate transporters (excitatory amino acid transporters,
EAATS) play important roles in maintaining extracellular gluta-
mate concentrations. To date, 5 subtypes of Na'-dependent
glutamate transporters—EAAT1 (GLAST, SLCIA3), EAAT2
(GLT-1, SLCIA2), EAAT3 (SLCI1AI), EAAT4 (SLCIA6), and
EAATS5 (SLCIA7)—have been identified [Shigeri et al., 2004].
Removal of extracellular glutamate in the forebrain is controlled
by three major EAATS, that is, EAAT1, EAAT2,and EAAT3 [Amara
etal., 1998; Danbolt, 2001]. EAAT1 and EAAT?2 are mainly glial and
EAAT3 is mostly neuronal [Rothstein et al., 1994]. EAAT3 is
encoded by the glutamate transporter, solute carrier family 1
gene (SLCIAI), which is located on chromosome 9p24. EAAT3
(termed EAACLI in rodents) is predominantly expressed in the
cerebral cortex, basal ganglia, and hippocampus.

On the basis of pharmacological evidence, dysfunctions of
glutamate neurotransmission have been implicated in the patho-
physiology of schizophrenia [Coyle, 2006; Tuominen et al., 2006].
EAACI may control activation of some subtypes of N-methyl-p-
aspartate (NMDA) receptors and vice versa in the hippocampus
[Waxman et al., 2007]. Environmental enrichment has been shown
to decrease the mRNA expression of EAACI in the hippocampus
[Andin etal.,2007] and EAAC1-deficient mice have shown reduced
neuronal glutathione levels, and, with aging, they developed brain
atrophy and behavioral changes including decreased spatial learn-
ing abilities and cognitive impairment [Aoyama et al., 2006]. It has
also been suggested that EAACI deficiency leads to impaired
neuronal glutathione metabolism and oxidative stress [Aoyama
et al., 2006]. Thus, the glutamate hypothesis [Coyle, 2006], oxida-
tive stress hypothesis [Sarandol et al., 2007], and parallel effects of
environmental enrichment and antipsychotic treatment in schiz-
ophrenia [Andin et al., 2007] suggest the involvement of EAAT3 in
schizophrenia.

Dengetal. [2007] genotyped eight even-spaced single nucleotide
polymorphisms (SNPs) that were separated from each other by an
average distance of 14kb in the SLCIAI gene in 100 Japanese
patients with schizophrenia and 100 Japanese controls. Although
a potential association between rs2228622 and schizophrenia was
found, the association was not confirmed in an additional sample
comprising 300 schizophrenics and 320 controls. Since the average
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summary odds ratio (OR) of nominally significant effects of 24
genetic variants in 16 different genes was shown to be ~1.23 by
systematic meta-analyses [Allen et al., 2008], large sample sizes
are required to detect SNPs associated with schizophrenia. The
present study aims to investigate associations between SNPs in the
SLCIAI gene and schizophrenia by a large case—control study of
1,920 Japanese schizophrenic patients and 1,920 Japanese control
subjects.

MATERIALS AND METHODS
Subjects

The screening groups were comprised 576 unrelated Japanese
patients with schizophrenia and 576 mentally healthy unrelated
Japanese control subjects. The replication groups were comprised
1,344 unrelated Japanese patients with schizophrenia and 1,344
mentally healthy unrelated Japanese control subjects. Patients with
schizophrenia (1,055 men and 865 women; mean age + standard
deviation (SD), 48.2 & 14.7 years) were diagnosed according to the
Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV; American Psychiatric Association (APA), 2001)
with consensus from at least 2 experienced psychiatrists, and the
control subjects (1,051 men and 869 women; mean age = SD,
47.6 £ 13.4 years) were those whose second-degree relatives were
free of psychosis on the basis of self-reporting by the subjects. All
the participants provided their written informed consent. The
association analysis was approved by the Ethics Committees
of the University of Tsukuba, Niigata University, Fujita Health
University, Nagoya University, Okayama University, and Seiwa
Hospital.

Human Postmortem Brains

Brain specimens were obtained from Japanese individuals of 43
schizophrenic patients and 11 age- and gender-matched controls.
Tissue blocks were cut from gray matter in an area of the prefrontal
cortex referred to as Brodmann’s area 9 (BA9). The Japanese
subjects met the DSM-III-R criteria for schizophrenia. The control
subjects had no known history of psychiatric illness. The study
was approved by the Ethics Committees of Niigata University,
University of Tsukuba, Tokyo Metropolitan Matsuzawa Hospital,
and the Tokyo Institute of Psychiatry.

SNP Selection and Genotyping

The selection of tagSNPs for genotyping in the SLCIAI gene was
conducted with the use of the International HapMap Project.
A total of 19 tagSNPs were selected in this study (Fig. 1, Table I).
The SNPs tagged by the selected 19 tagSNPs are shown in the
Supplementary Table L

The SNPs were genotyped by the TagMan SNP genotyping assay
(Applied Biosystems, Foster City, CA). Product information on the
TagMan SNP genotyping assays used in this study is listed in
Supplementary Table II. The TagMan reaction was performed in
a final volume of 3pl consisting of 2.5ng genomic DNA and
Universal Master Mix (Eurogentc, Seraing, Belgium). Genotyping
was performed with the ABI PRISM 7900HT Sequence Detection
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FIG. 1. Theresults of SNP association with schizophrenia and the position of the CNV analyzed in the SLC1A1 gene. a: Results of the association study.
Squares indicate the allelic P-value in the screening population. SNPs in bold letters were also analyzed in the confirmation population and squares
. ..of them are the allelic P-values in the combined populations. b: Schematic representation of SLC1A1. The 12 exons'and 11 introns of the SLC1A1
‘gene and the approxamate location of each polgmorphlsm genotgped in the present study are shown here. The polymorphisms represented in bold
) showeda posmve assoclatlon in this study. The bold line indicates the copy number variation (CNV] region. c: Linkage disequilibrium and haplotype
blocks in the SLC1A1 gene region. Each box represents the D' value corresponding to each pair-wise single nucleotide polymorphism combination.
D’ is color-coded; the red box indicates D' = 1.0 between two loci. d: The sequence and position of breakpoints of the CNV. e: An example of
genotypes of the CNV amplified by PCR with the primers A, B, and C shown in (d). The ladder marker on the left side lane is 2-Log DNA Ladder
{New England BiolLabs, MA). [Color figure can be seen in the online version of this article, available at http://wilegunlinelibrarg.cqm/juurnal/ajmgb]

System (Applied Biosystems). Because the SNPs potentially asso-
ciated with schizophrenia were in the haplotype blocks that include
exon 2, resequencing of SLC1A1 exon 2 was performed by direct
sequencing with the ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems). One-third (1,152) of the samples were genotyped
twice for 5 SNPs using TagMan genotyping (Applied Biosystems),
and genotype concordance was 99.5% for rs10814995, 99.4% for
1rs1980943, 99.8% for rs7022369, 99.7% for rs10758629, 99.9% for
154641119, respectively. The average missing genotype rate was
1.2% (0.2-1.6%).

Determination of the Boundaries of the CNV
and Genotype

The boundaries of the copy number variation (CNV) region where
157022369 is located were determined by directly sequencing the
genomic DNA around rs7022369. This region was amplified by LA
Taq (Takara, Kyoto, Japan) with the primers 5'-AAGATG-
GAATTGGGGAGGAT and 5-CGGACGGCTTAAGTGTCAAC,
and this produced a product of approximately 14 kb. The CNV
was genotyped by the size of the PCR products with the primers 5'-
TTAATGCCAGTGTTGCATGAG (common 5 -primer, the primer

A in Fig. 1), 5-GCCCTGGTGTGTGATATTCC (deletion 3'-
primer, the primer Cin Fig. 1) and 5'-CATTTGCAAAAGTCTCTT-
TACCTT (wild-type 3’-primer, the primer B in Fig. 1). The 283 and
219bp PCR product indicated the deletion type and the normal
wild-type, respectively.

Real-Time Quantitative PCR for SLC1A1 Expression
in Brains

Total RNA was isolated from human brain tissue (BA9) with an SV
Total RNA Isolation System (Promega, Madison, WI). SLC1AI
expression was quantified by real-time quantitative polymerase
chain reaction (PCR) with a TagMan Gene Expression Assay and an
ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems) as per the manufacturer’s instructions. Primers and
probes were purchased from Applied Biosystems (Assay ID:
Hs00179051_m1). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control, and measurement of
the threshold cycle (C;) was performed in triplicate. Data were
collected and analyzed with Sequence Detector Software (SDS)
version 2.1 (Applied Biosystems) and the standard curve method.
Relative gene expression was calculated as the ratio of SLC1A1 to the
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TABLE I. Genotypic and Allelic Distributions of the SLC1A1 Gene Polymorphisms in the Screening Population
Genotype count (frequency) Allele count (frequency)

SNP No. dbSNPID  Subjects n genotypic Pajeic HWEP
1 rs2150192 AA AG GG A G

Sz 569 259 {0.46) 238 (0.42) 72 (0.13) 756 {0.66) 382 (0.34) 0.138

C 576 267 (0.46) 253 (0.44) 56 (0.10) 0.28 87 (0.68] 365(0.32] 0.34 0.726
2 rs1360329 T 16 GG G G

Sz 568 477 (0.84) 85(0.15) & (0.01) 1039 (0.91) 97 (0.09) 0.318

C 566 472 (0.83) 89 (0.16) 5 (0.01) 0.90 1033 (0.91) 99(0.09) 0.86 0.724
3 rs972519 GG GC cc G c

Sz 574 503 (0.88) 66 (0.11) 5 (0.01] 1072 (0.93) 76 (0.07) 0.093

C 558 488 (0.87) 68 (0.12) 2 (0.00) 0.52 1044 (0.94) 72{0.06]) 087 0.821
4 rs10814991 cc cT 7 C T

Sz 571 119 (0.21) 275 (0.48) 177 (0.31) 513 (0.45) 629 (0.55) 0.523

C 567 123 {0.22) 282 (0.50) 162 (0.29) 0.67 528 (0.47) 606 (0.53) 0.43 0.989
5 rs7032326 7 TC cc T C

Sz 572 95 (0.17) 258 (0.45) 219 (0.38) 448 (0.39) 696 (0.61) 0.201

[ 565 86 (0.15) 245 (0.43) 234 (0.41) 0.54 417 (0.37) 713 (0.63) 0.27 0.102
6 rs7860087 GG GC cc G C

Sz 572 458 (0.80) 107 (0.19) 7 (0.01) 1023 (0.89) 121 (0.11) 0.780

C 572 473 (0.83) 92 (0.16) 7 (0.01) 0.50 1038 (0.91) 106 (0.09) 0.29 0.299
4 rs10814995 AA AC cc A C

Sz 572 310 (0.54]) 222 (0.39) 40 (0.07) 842 (0.74) 302 (0.26) 0.976

C 561 278 [0.50) 227 (0.40) 56 (0.10) 0.11 783 (0.70] 339 (0.30) 0.04 0338
8 rs10491732 GG GA AA G A

Sz 569 417 (0.73) 137 (0.24] 15 (0.03) 971 (0.85] 167 (0.15) 0.358

C 567 402 (0.71) 148 (0.26]) 17 (0.03] 0.66 952 (0.84) 182 (0.16) 0.36 0.455
9 rs1980943 AA AG GG A G

Sz 572 183 (0.32) 292 (0.51) 97 (0.17) 658 (0.58) 486 (0.42) 0.286

C 571 153 (0.27] 289 (0.51) 129 (0.23) 0.03 595(0.52] 547 (0.48) 0.01 0.737
10 rs10814998 AA AG GG A G

Sz 572 265 {0.46) 252 (0.44) 55 (0.10) 782 (0.68] 362 (0.32) 0.660

C 575 260 (0.45) 259 (0.45) 56 (0.10) 0.93 779(0.68) 371(0.32) 0.5 0.463
11 rs7022369 cc C6 GG C G

Sz 572 432 (0.76) 115 (0.20) 25 (0.04) 979 (0.86] 165 (0.14) 0.000009

C 566 383 (0.68) 156 (0.28] 27 (0.05) 0.01 922 (0.81) 210 (0.19) 0.01 0.04
12 rs2026828 AA AG GG A G

Sz 570 202 (0.35] 273 (0.48] 95 (0.17) 677 (0.59) 463 (0.41) 0.865

C 569 181 (0.32) 268 (0.47) 120 (0.21) 0.13 630 (0.55) 508 (0.45) 0.05 0.262
13 rs4641119 AA AC cc A C

Sz 573 431 (0.75) 128 (0.22] 14 (0.02) 990 (0.86] 156 (0.14] 0.230

c 576 384 (0.67) 170 (0.30] 22 (0.04) 0.002 938 (0.81) 214 (0.19) 0.001* 0.559
14 rs3780415 i TC cc T C

Sz 574 429 (0.75) 132 (0.23) 13 (0.02) 990 (0.86) 158 (0.14) 0.454

C 568 419 (0.74) 134 (0.24) 15 (0.03) 0.89 972 (0.86) 164 (0.14) 0.64 0.283
15 rs10974625 GG GA AA G A

Sz 565 180 (0.32) 262 (0.46) 123 (0.22) 622 {0.55) 508 (0.45) 0.134

C 564 183 {0.32) 266 (0.47) 115 {0.20) 0.85 632 (0.56] 496 (0.44) 0.64 0.309
16 rs3780413 GG GC cc G C

Sz 567 289 {0.51) 223 (0.39] 55 (0.10] 801 (0.71) 333 (0.29) 0.216

C 569 299 (0.53) 218 (0.38) 52 (0.09) 0.86 816 (0.72) 322 (0.28) 0.57 0.183
17 rs10974629 AA AG GG A G

Sz 571 314 (0.55) 216 (0.38] 41 (0.07) 844 (0.74) 298 (0.26) 0.646

C 569 308 (0.54) 201 (0.35] 60 (0.11) 0.12 817 (0.72) 321(0.28) 0.26 0.002
18 rs2072657 o IT T6 GG T G

Sz 573 282 (0.49] 229 (0.40) 62 (0.11) 793 (0.69] 353 (0.31) 0.135

C 564 303 (0.54]) 212 (0.38] 49 (0.09) 0.24 818(0.73) 310(0.27) 0.08 0.176

(Continued)
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TABLE I. (Continued)

Genotype count [frequency]

Allele count (frequency)

SNP No. dbSNPID  Subjects n cenotypic aieic  HWE P
19 rs3087879 GG GC cc G c
Sz 574 432 (0.75) 131 (0.23) 11 (0.02) 995 (0.87) 153 (0.13) 0.771
C 568 422 (0.74) 127 (0.22) 19 (0.03) 032 971 (0.85) 165 (0.15) 041 0.018

Pgenotypics the Cochran—Armitage trend test; Pyyeric, Fisher's exact test.
*Permutation P-value = 0.02.

internal control (GAPDH), and the mean of the three replicate
measures was assigned to each individual.

Statistical Analysis

Allelic and genotypic associations were evaluated by Fisher’s exact
test and the Cochran—Armitage trend test, respectively. The detec-
tion power with this sample size was greater than 0.95 assuming an
allelic relative risk of 1.23 and risk allele frequencies from 0.2 to 0.8
according to the Genetic Power Calculator in the total subjects
[Purcell et al., 2003]. Deviation from the Hardy—Weinberg equi-
librium (HWE) was evaluated by the chi-squared test. Linkage
disequilibrium and haplotype frequencies/associations were eval-
uated with the Haploview program (http://www.broad.mit.edu/
mpg/haploview/). In this study, we evaluated 19 SNPs for allelic
associations with schizophrenia in the screening population, and
subsequently genotyped SNPs with P < 0.05 at the screening step to
confirm the association in the replication population. Corrected
P-values were calculated with the Bonferroni method for SNP
association analysis and with the use of 100,000 permutation as
implemented in the Haploview program for haplotype association
analysis.

Differences in SLCIAI expression as determined by real-time
quantitative PCR were analyzed by the Wilcoxon test with JMP
software version 8 (SAS Institute, Cary, NC), and P <0.05 was
considered significant.

RESULTS

The genotype and allele distributions of the 19 tagSNPs in the
screening population are shown in Table I. Four SNPs (rs10814995,
11980943, 157022369, and rs4641119) showed nominally signifi-
cant allelic association with schizophrenia. Among them, the
genotype distribution of rs7022369 deviated significantly from
the HWE in both patient and control groups (Table I). Because
SNP 157022369 is located in the CNV region (Database of Genomic
Variants, http:/projects.tcag.ca/variation/ variation_33067, 10284,
and 2785, http://projects.tcag.ca/variation/), we determined the
boundary of the CNV region (Fig. 1) and developed a method to
identify the CNV by PCR. The CNV was deleted between 4516798
and 4526818 (NCBI ref: NT 008413.18; Fig. 1d) with an allele
frequency of 2%. The CNV was not significantly associated with
schizophrenia (Table II). When individuals with the CNV were
excluded, the genotype distribution of rs7022369 did not deviate
from HWE in the control subjects (Table II). Therefore, we
excluded individuals with the CNV in the following analysis for
this SNP. Among four SNPs with nominally significant association

in the screening subjects, 17022369 was associated with schizo-
phrenia in an independent case—control population even after
Bonferroni correction (allelic nominal P-value = 0.001; allelic cor-
rected P-value = 0.004 in the same direction as in the screening
subjects; Table IT). The genotype distribution of 157022369 did not
deviate significantly from HWE in the replication and total samples
when individuals with the CNV were excluded (Table II). The data
in the combined populations revealed significant allelic associa-
tions of rs7022369 (nominal allelic P=5 x 107>, allelic OR = 1.30,
95% CI: 1.14—1.47) and rs4641119 (nominal allelic P=5 x 1074,
allelic OR = 1.24, 95% CI: 1.10—1.41; Table II). Haplotype analysis
withrs7022369 and rs4641119 showed that the haplotype frequency
of the C of 157022369 and A of rs4641119 was significantly higher in
the schizophrenia group (0.84) than the control group (0.80;
permutation P= 1.0 x 107%).

Because the SNPs associated with schizophrenia are in the
haplotype blocks that include exon 2, we resequenced exon 2 in
32 randomly selected patients. However, we did not identify any
nonsynonymous mutations. Therefore, we suspected that the SNPs
associated with schizophrenia found in the present study were
markers regulating SLCIAI expression. We explored the associa-
tion of rs7022369 and rs4641119 with SLCIAI expression in the
postmortem prefrontal cortex of 43 individuals with schizophrenia
and 11 control subjects. SLCIAI expression was higher in brains
homozygous for the major C allele of rs7022369 or the major A
allele of rs4641119 than brains with the other genotypes (P=0.003
and P=0.02, respectively, Wilcoxon test; Fig. 2). This associa-
tion was particularly obvious in the patient group (P=0.01 at
1s7022369 and P=0.12 at rs4641119, Wilcoxon test). However,
we should take into account the fact that the number of control
brain samples was small. The effects on gene expression of
sample pH, postmortem interval, sex, or age at death were not
significant (data not shown). SLCIAI expression was not signifi-
cantly different between the patient and control groups (P=0.17,
Wilcoxon test).

DISCUSSION

The present study identified the association between SNPs near
exon 2 of the SLCIAI gene and schizophrenia. These findings need
to be replicated in other populations before accepting them.
Because the OR of 157022369 for association with schizophrenia
was only 1.30 (95% CI: 1.14—1.47), more than 1,500 patients and an
equal number of controls need to be examined to exceed 80% power
in replication studies.

In the present study, we did not provide evidence that the SNPs
examined directly cause the association with schizophrenia and/or
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TABLE II. Genotypic and Allelic Distributions of the SLC1A1 Gene Polymorphisms in the Replication and Combined Populations

SNP no.  dbSNP ID/population

7 rs10814995
Screening
Replication

Combined

9 r51980943
Screening

Replication
Combined

11 rs7022369
Screening

Replication
Combined

rs?022369
Individuals with the CNV

CNV
(Combined population)

13 rs4641119
Screening

Replication

Combined

Subjects

Sz
C
Sz
C
Sz
C

Sz
C
Sz
C
Sz
C

Sz
C
Sz
C
Sz

Sz
C
Sz
C
Sz
C

n

572
561
1,324
1,323
1,896
1,884

572
571
1,337

1,304

1,908
1,875

551
541
1,275
1,271
1,826
1,812

89
87

1,915
1,899

573
576
1,342
1,341
1,915
1,917

Genotype count (frequency)

AA,
310 (0.54)
278 (0.50)
738 (0.56)
680 (0.51)
1048 (0.55)
958 (0.51)

AA
183 (0.32)
153 (0.27)
432 (0.32)
389 (0.30)
615 (0.32)
542 (0.29)

416
364
937
870
1353 (0.74)
1234 (0.68]
C del
79 (0.89]
76.(0.87)
2 Copies
1826 (0.95)
1812 (0.95)
AA
431 (0.75)
384 (0.67)
983 (0.73)
927 (0.69)
1414 (0.74)
1311 {0.68)

(
(
(
(
(
cc
(
(
(
(

0.75)
0.67)
0.73)
0.68)
(a.

- AG
222 (0.39)
227 (0.40)
494 (0.37)
540 (0.41)
716 )
767 )

0.38
0.41
G
292 (0.51)
289 (0.51)

638 (0.48)

930 (0.49)
928 (0.49)

115 (0.21)
156 {0.29)
312 (0.24)
359 {0.28)
427 (0.23)
515 (0.28)
G del

6 (0.07)
8 (0.09)

1 Copy
85 (0.04)
84 (0.04)

AC

128 (0.22)
170 (0.30)
325 (0.24)
382 (0.28)
453 (0.24)
552 (0.29)

(
(
(
(
(
A
(
%
639 (0.49)
(
(
c6
(
(
(
(
(

NV region: chromosome 4516798~4526818 (NCBI ref:NT 008413.18]; Fenarype: Cochran—Armitage trend test.

GG
40 (0.07)
6 (0.10)
92 (0.07)
103 (0.08)
132 (0.07)
159 (0.08)
GG
97 (0.17)
129{0.23)
267 (0.20)
276.(0.21)
364 (0.19])
405 (0.22)
GG
20 (0.04
21 (0.04
26 (0.02
42 (0.03
46 (0.03
63 (0.03
del del
4 (0.04)
3 (0.03)
0 Copy
4 (0.00)
3 (0.00)
cc
14 {0.02)
2 (0.04)
4 (0.03)
2 (0.02)
(
(

8 (0.03)
4 (0.03)

P, genotypic

0.04
0.03

0.004

0.03
0.37

0.04

0.01
0.009

6.8x107°

0.93

0.001
0.02

59x 107

Allele count (frequency])

A
842 (0.74)
783 (0.70)
1970 (0.74)
1900 (0.72)
2812 (0.74)
2683 (0.71)
658 (0.58
595

(

A

(0.58)

(05
1502 |

(

(

(

C

2)

1417
2160

0.5
0.
0.
2012 (0.

6)
54)
57]
54)

947 (0.86)
884 (0.82)
2186 (0.86)
2099 (0.83)
3133 (0.86)
2983 (0.82)

Without CNV
3737 (0.98)
3708 (0.98)

A }
990 (0.86)
938 (0.81)
2291 {0.85)
2236 (0.83)
3281 {0.86)
3174 {0.83)

302 {o 26)
339 (0.30)
678 (0.26)
746 (0.28)
980 (0.26)
1085 (0.29)
G
486 (0.42)
547 (0.48)
1172 (0.44)
1191 (0.46)
1658 (0.43)
1738 [0 46)

155 [0 14)
198 (0.18)
364 (0.14)
443 (0.17)
519 (0.14)
641 (0.18)

With CNV
93 (0.02)
90 [0 02)

/156 {0.14)

[

214 (0.19)
393 (0.15)
446 (0.17)
549 (0.14)
660 (0.17)

Allelic OR
Pattetic (95% C1)
0.04
0.02

0.004 1.16 (1.05—-1.28)

0.01
0.09

0.01 1.13 (1.03-1.23)

0.01
0.001

5x107° 1.30 (1.14-1.47)

0.88

0.001
0.02

5x107* 1.24(1.10~1.41)

HWE P

0.976
0.338
0.453
0.769
0.520
0.754

0.29
0.74
0.26
0.65
0.71
0.83

0.001
0.41
0.996
0.508
0.08
0.309

0.006
0.055

0.23
0.56
0.25
0.32
0.11
0.65

"IV 14 IHONTIOH

SE



36

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

a b
™ - d
=" =
Q2 * [ IRE] *
@ &
45 10 w 10
S8 . S8 .
g s 3 s
g g
%‘) 4 5 F
2 * 2
&= 2 p 2
™
3 ] ® s —$—
[ x 0
GG CcG cC AA AC cc
rs7022369 54641118

FIG. 2. Expression of SLC1A1 in postmortem brains classified according to the single nucleotide polymorphism rs10758629 and rs4641119
genotype. Expression of SLC1A1 was normalized to that of glgceraldehgde-B-phosphate dehydrogenase. a: The difference in expression between
the TT genotype and AA genotype in rs10758629 is significant {Wilcoxon test; P = 0.003). AA genatype, n = ?; TA genotype, n = 30; TT genotype,
n =52. b: The difference in expression between the AA genotype and CC genotype in rs4641113 is significant Wilcoxon test, P = 0.02]. CC
genotype, n = 7; AC-genotype, n = 28; AA genotype, n = 52. The horizontal line indicates the mean. ‘ '

the association of SLCIAI expression in the prefrontal cortex. A
survey of 193 neuropathologically normal human brain samples
(Myers et al., 2007) showed the location of a potential cis-acting
region regulating SLCIAI expression within the 15kb between
r$1980943 and rs10758629, as calculated with PLINK [Purcell et al,,
2007], where rs7022369 is located. The calculated lowest allelic
P-value of 0.006 was at rs10814997, which is in complete linkage
disequilibrium with rs1980943 (according to the HapMap data,
r’=1 in the Japanese population). An association between
rs1980943 and schizophrenia was suggested in the present study
(nominal allelic P=0.01, Table II). Thus, the cis-acting region
regulating SLCIA1 is likely to be located in the first intronic region,
although its exact position requires further investigation.
Decreases in EAAT3 have been observed in the striatum of
schizophrenics [McCullumsmith and Meador-Woodruff, 2002;
Nudmamud-Thanoi et al., 2007]. Preclinical studies have demon-
strated that chronic treatment with clozapine or haloperidol can
downregulate EAAT3 in the infralimbic cortex and hippocampal
CA2 [Schmitt et al., 2003]. Therefore, EAAT3 expression is influ-
enced by antipsychotic treatments, but it is difficult to distinguish
between the cause and effect on the basis of postmortem brain
studies. In the model of diminished glutamate activity in schizo-
phrenia, potential therapeutic effects on some symptom dimen-
sions is expected by glutamate re-uptake inhibitors, such as EAAT3
antagonist, which could increase the synaptic availability of gluta-
mate and increase glutamatergic action at the postsynaptic neuron
[Miyamoto et al., 2005]. In the present study, the risk genotype was
associated with increased SLC1A1 expression levels in the prefrontal
cortex. On the basis of these findings, we speculated that individuals
with atendency toward increased EAAT3 expression are susceptible
to schizophrenia. Higher EAAT3 may be linked to lower synaptic
availability of glutamate or more direct mechanism(s) leading to
improper functioning of NMDA receptors in some cases. Because
different regulation of EAAT3 among brain regions is likely and the
associations between SNPs and SLCIAI expression were not ana-
lyzed in regions other than the prefrontal cortex, further studies

regarding the same are required. Furthermore, in our findings, the
relationship between SNPs and SLCIA] expression in the prefrontal
cortex was observed more obviously in the patient group than the
control group. Therefore, the possibility remains that the associ-
ation between SNPs and SLCIA1 expression reflected antipsychotic
treatment responses.

The polymorphisms in SLCIAI have been reported to be asso-
ciated with obsessive-compulsive disorder [Arnold et al., 2006;
Dickel et al., 2006; Grados and Wilcox, 2007; Stewart et al., 2007].
More recently, a SLCIAI haplotype was reported to be associated
with obsessive-compulsive symptoms induced by atypical
antipsychotics [Kwon et al., 2009]. These polymorphisms that
were associated with obsessive-compulsive disorder or other
symptoms span from introns 2 to 6 of the SLCIAI gene, and
they are not in linkage disequilibrium with SNPs identified as
associated with schizophrenia in the present study (Fig. 1).

In conclusion, our findings provide evidence that the SLCIAI
gene might be involved in susceptibility to schizophrenia. Further
studies on the involvement of the SLCIAI gene in the pathophysi-
ology of schizophrenia and confirmation of the present association
in other populations are necessary.
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We implemented a two-step approach to detect potential predictor gene
variants for neuroleptic-induced tardive dyskinesia (TD) in schizophrenic subjects.
First, we screened associations by using a genome-wide (Illumina Human-
HapCNV370) SNP array in 61 Japanese schizophrenia patients with treatment-
resistant TD and 61 Japanese schizophrenia patients without TD. Next, we
performed a replication analysis in 36 treatment-resistant TD and 138 non-
TD subjects. An association of an SNP in the DPP6 (dipeptidyl peptidase-like
protein-6) gene, rs6977820, the most promising association identified by the
screen, was significant in the replication sample (allelic P=0.008 in the
replication sample, allelic P=4.6 x 1075, odds ratio 2.32 in the combined
sample). The SNP is located in intron-1 of the DPP6 gene and the risk allele
was associated with decreased DPP6 gene expression in the human postmortem
prefrontal cortex. Chronic administration of haloperidol increased Dpp6 expres-
sion in mouse brains. DPP6 is an auxiliary subunit of Kv4 and regulates the
properties of Kv4, which regulates the activity of dopaminergic neurons.
The findings of this study indicate that an altered response of Kv4/DPP6 to
long-term neuroleptic administration is involved in neuroleptic-induced TD.
The Pharmacogenomics Journal advance online publication, 9 August 2011;
doi:10.1038/tpj.2011.36

Keywords: DPP6; dopamine; schizophrenia/antipsychotics; tardive dyskinesia; Kv4

Introduction

Tardive dyskinesia (TD) is the involuntary movement of the tongue, lips, face, trunk
and extremities that occurs in patients who are undergoing long-term treatment
with antipsychotic medication. TD is often intractable to treatment and the presence
of intractable TD is associated with a poorer quality of life. Even though recent
studies have indicated that most patients have no significant interference in
functioning or quality of life from TD,*>*® identifying patients at high risk for TD
is still a high priority for psychiatrists in treatment selection. Second-generation
antipsychotics have lowered the risk of TD to approximately 1% annually as
compared with the 5% frequency with typical agents,*® although a recent review has
reported a much higher annual TD incidence of 3.9% for second-generation
antipsychotics as compared with 5.5% for typical agents.® Furthermore, because
second-generation antipsychotics may have few other advantages over older, cheaper
drugs, doubt has been raised about the cost-effectiveness of second-generation
antipsychotics when based purely on this reduced risk of TD.? Owing to the lack of
effective treatments for TD, its therapeutic management can be problematic for
schizophrenia patients receiving antipsychotic medications, especially for those
patients who develop severe intractable TD. Therefore, the strategies to prevent TD
are often discussed in the context of the safety and use of antipsychotic drugs.”
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It is not known why only some patients develop TD, that
is, the determinants of its onset are still unclear. At present
the etiology of TD may be related to the interaction between
the exogenous drugs and the endogenous predisposition,
but the nature of TD is so far elusive. In addition to age,
gender and ethnicity as suggested risk factors for TD,
smoking, drinking and use of street drugs may also increase
risk.® There is some evidence for a genetic component to
TD? and molecular genetic studies of TD were conducted to
identify genes related to TD.®

The pathophysiology of TD is not completely understood.
In addition to the dopamine super-sensitivity hypothesis of
TD,'" there are many other pathophysiological models
proposed, including changes in neurotransmitter signaling
systems such as y-aminobutyric acid,'? norepinephrine,!3
serotonin'® and acetylcholine,'® which are affected by
neuroleptics. In addition to a candidate gene approach,!®
two genome-wide association studies (GWASs) based on the
Clinical Antipsychotic Trials of Intervention Effectiveness
(CATIE) study were published.'”*® We also reported associa-
tions between single-nucleotide polymorphisms (SNPs) on
the Illumina Human-1 Genotyping 109K BeadChip and TD
in the Japanese sample,'® in which we selected 63 SNPs with
allelic P-values <0.002 and located within 10kb from
known genes for subsequent replication analysis, and found
three SNPs associated nominally significantly with TD in the
replication sample. The allelic P-values in the combined
sample were 2 x 107> for 152445142 in HSPGZ2; 2 x 10~* for
rs4738269 in KCNB2 and 6 x 10~ for 1s2061051 in GBRG3,
respectively. We also reported associations of SNPs in the
genes grouped into the y-aminobutyric acid receptor signaling
pathway,” through GWAS by using the Illumina Human-1
BeadChip in a Japanese population. In the present study,
we searched for further SNPs associated with TD by using
the Illumina HumanHapCNV370 BeadChip to complement
our previous results using the Human-1 BeadChip.

Materials and methods

Ethical considerations

The ethics committee of each institution approved the
study. Written informed consent was obtained from all
patients after adequate explanation of the study.

Human subjects

The human subjects in this study were 97 Japanese schizo-
phrenia patients with treatment-resistant TD and 199 Japanese
schizophrenia patients without TD (Table 1), most of whom
have been described elsewhere.” In brief, subjects were
identified at psychiatric hospitals located around the Tokyo
and Nagoya areas of Japan. All patients fulfilled the diag-
nostic criteria of the Diagnostic and Statistical Manual of
Mental Disorders (DSM)-1V?? for schizophrenia. All subjects
and their parents were of Japanese descent. All subjects had
been receiving antipsychotic therapy for at least 1 year and
their TD status was monitored for at least 1 year. TD was
assessed according to the Japanese version of the Abnormal
Involuntary Movement Scale (AIMS), which was validated
by Itoh et al. (1977; in Japanese).?! TD was diagnosed accord-
ing to the criteria proposed by Schooler and Kane.?*> Once TD
was identified, the patients were followed up and received
standard therapeutic regimens for TD to minimize TD
symptoms. If TD persisted after more than 1 year of therapy,
patients were considered potential treatment-resistant TD
patients. Treatment-resistant TD patients were defined as
those patients with dyskinetic movements that persisted
more than 1 year and did not improve after at least 1 year of
appropriate treatment following guideline-recommended
therapeutic regimens for TD. Patients with treatment-
resistant TD were all inpatients who had been receiving
antipsychotic therapy for controlling both psychosis and
persistent severe TD. The treatment options for TD include
possible reduction of antipsychotics, as well as switching
from conventional antipsychotics to atypical ones, without
relapse of their psychotic conditions. The TD status, as well
as psychotic conditions, had been checked every 2 weeks for
more than 1 year. Based on these observations, the types and
the doses of antipsychotic medications were adjusted and
determined. We hypothesized that treatment-resistant TD, a
severe form of TD, was suitable for detection of genetic
association with TD. Only treatment-resistant TD patients
were included as those affected with TD in this study. Patients
in whom TD never developed despite antipsychotic therapy
for more than 10 years were recruited as control patients.

Genotyping and statistics
Association screening was performed by using the Illumina
HumanHapCNV370 Chip according to the manufacturer’s

Table 1 Clinical characteristics of patients in the TD group and the non-TD group

Genome-wide sample

Confirmation sample

D (n=61) Non-TD (n=61) TD (n=36) Non-TD (n=138)
Male:female ratio 35:26 35:26 18:18 88:50
Age (years) 57.3+£17.3 58.1+12.3 58.0+15.7 555+1.0
Duration of illness (years) 356+18.3 33.7+£12.5 37.3+14.1 353+1.02

Current neuroleptic dose (chlorpromazine-eq; mgyear™") 1331321201021 469497 £901846 132550+86292 407456+ 42245

Abbreviation: TD, tardive dyskinesia.
The values are the means s.d. or number of patients.
Chlorpromazine-eq: chlorpromazine equivalents.

The Pharmacogenomics journal

77



protocol (Illumina, San Diego, CA, USA). All DNA samples
were subjected to rigorous quality control to check for
fragmentation and amplification. SNPs on autosomal chro-
mosomes (n=290527) were extracted. Owing to the small
sample size and the fact that gender is not known to have a
definite effect on TD, we did not analyze SNPs on the X
chromosome. No subjects had genotype call rates <97%.
The average genotype call rate was 99.7% and the mean
heterozygosity of all SNPs was 30%. Two duplicate pairs of
samples were genotyped and showed 99.9% genotype
identity. SNPs with more than 5% missing genotypes
(n=2853) and those with minor allele frequency <1%
(n=28930) among subjects were excluded. For missing
genotypes <5%, SNPs deviating from Hardy-Weinberg
equilibrium (P<0.0001; n=1040) were excluded. A total of
257704 autosomal SNPs passed quality control in the
sample.

Replication analysis was performed by genotyping SNPs
by the TagMan method. Allelic discrimination was per-
formed by using the ABI PRISM 7900HT Sequence Detection
System, by using the SDS 2.0 software (Applied Biosystems,
Foster City, CA, USA). Genotyping using TagMan probes
(Applied Biosystems) was performed twice for each SNP, and
genotype concordance was 99.7%. Genotyping complete-
ness was >0.99. We treated those uncalled or discrepant
genotypes as missing genotypes. Haplotype blocks in the
DPP6 (dipeptidyl peptidase-like protein-6) gene were visu-
alized by using the Haploview program (http://www.broad.
mit.edu/mpg/haploview/).

Allelic associations between SNPs and TD, and departure
from Hardy-Weinberg equilibrium, were evaluated by y>-test
or Fisher’s exact test. Bonferroni’s correction for multiple
comparisons was applied.

An association was considered significant when the allelic
P-value was less than 1.9 x 1077 in the screening step and
allelic P-value (one-tailed) was <0.05 after Bonferroni’s
correction for the number of SNPs examined in the
replication step. The power of our sample (case=61 and
control =61) was more than 0.7, with an « of 1.9 x 1077
assuming a risk allele frequency of 0.3, a disease prevalence
of 0.1 and a genotypic relative risk of 4 under the multi-
plicative model of inheritance, calculated using Genetic
Power Calculator (http://pngu.mgh.harvard.edu/~purcell/
gpc/). The replication sample had a power of more than
0.7 assuming two SNPs examined and a genotypic relative
risk of 2 under the same model in the screening sample.

Human postmortem brains

Brain specimens were obtained from individuals of Euro-
pean (Australian) and Japanese descent. The Australian
sample comprised 10 schizophrenic patients and 10 age-
and gender-matched controls. The diagnosis of schizophre-
nia was made according to the DSM-IV criteria (American
Psychiatric Association, 1994) by a psychiatrist and a senior
psychologist. The control subjects had no known history of
psychiatric illness. Tissue blocks were cut from the gray
matter in an area of the prefrontal cortex referred to as
Brodmann's area-9 (BA9). Japanese samples of BA9 gray
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matter from Japanese brain specimens comprised six
schizophrenic patients and 11 age- and gender-matched
controls. Details of the condition of the postmortem brains
have been provided elsewhere.?*2*

Analysis of DPP6 transcription in human brain tissue

Total RNA was extracted from human brain tissues by using
the ISOGEN Reagent (Nippon Gene Co., Tokyo, Japan). The
RNA quality was checked by using a Nanodrop ND-1000
spectrophotometer (LMS, Tokyo, Japan) to yield an optical
density (OD) 260/280 ratio of 1.8-2 and an OD 260/230 of
1.8 or greater. The expression of the DPP6 genes was
analyzed by using the TagMan Real-Time PCR system
(Applied Biosystems). From RNA, cDNA was synthesized by
using ReverTra Ace (Toyobo, Tokyo, Japan) and oligo-dT
primers. The expression of the DPP6 gene was analyzed
by using an ABI PRISM 7900 HT Sequence Detection
System (Applied Biosystems), with TagMan gene expression
assays for DPP6 (Hs00157265_m1) and normalized to the
expression of Human GAPDH Control Reagents (Applied
Biosystems).

The genotype effects on DPP6 expression were analyzed
by analysis of variance followed by post-hoc Student’s t-tests
by using JMP software version 7.0.1 (SAS Institute, Cary, NC,
USA).

Animals

To examine the effects of long-term antipsychotic treat-
ments on gene expression, we set up two experimental
groups. In the treatment group, 4-week-old C57BL/6] male
mice were treated with an intraperitoneal injection of
1.0mg kg™ haloperidol (1= 10) once each day for 50 weeks.
The control group was administered vehicle saline (1= 10)
under the same regime. The mice were killed 4 h after the
last injection to obtain brain tissues. The prefrontal cortex,
midbrain, hippocampus, thalamus and striatum were re-
moved by dissection and total RNA was extracted by using
an RNeasy kit (Qiagen K.K., Tokyo, Japan). After cDNA
synthesis from total RNA samples, the transcription level of
c¢DNA samples was analyzed by TagMan Expression assay for
Dpp6 (Mm00456605_m]; Applied Biosystems) and normal-
ized to that of rodent Gapdh by using Rodent Gapdh Control
Reagents (Applied Biosystems). The average relative expres-
sion levels in the haloperidol-treated group were compared
with the saline groups in each region by analysis of variance.

Results

We tested for allelic association between each SNP and TD
by using the y*-test. The distribution of allelic P-values for
association of SNPs with TD is shown in Figure 1a along with
Figure 1b showing the quantile-quantile plot. The genomic
inflation factor was 1.008. We did not find SNPs at the
genome-wide significance level (P<1.9x1077) in the
screening sample. Table 2 shows the top 10 SNPs that had
an allelic association with TD. The distribution of the
genotypes of the 10 SNPs did not deviate from Hardy-
Weinberg equilibrium in these SNPs. Three of them were
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