a

79
LTS

79
Y5

1 FZ£3:E (incomplete penetrance)

LERBE (a) TIRRE (@ DANRETH LA, BEFHN(D)ZTILERANISHIZ6 ANDERF )

THCBEIENLNPL.

FRELBENHALIF AN X LEELICIIRE
BHEhTwawd, LQTS OEREICKE L%
#52ZA2ERD—2L LT, EFERNLES
TRERFOERERENBITONS. BEREIHE
WERDF X TTIRIZEAEPEEILTLELER
bhad, HICREREIBRTHNIL, AL
ORI L - TREM LT 5 2 & A5l =
na, ZoOREREE (898 F#EE (repolari-
zation reserve) |9 EIFENEBEETH 5. LHD
BoEMIdBEER K B (IKr - IKs) —a#s
] & K % (transient outward K current : Ito)
FELOETHEELOKEROBEICEL o TH
DNLoTWA®, b LEKMEREHRL LI
Lo TIKr %4 HHlahTH, FOMHOKE
MAELIZE A RIEBBIEIZL - THSEF RN,
EEEAIFRRFEAEFHBAICNEZ L VHIHD
Thb. TOBTEFMHECLALIOBAED
b, FRARIHOBAERLTIEZLEENER
LB EENAH L. LQTS Rz FREM A H
EZFUN ORI D RZHFEE (modifier gene) %
QT BMP T ERBEICHEEL 5 A ATHENELE
ETER.
BRMELQTS DL ) —2oDHFE L L THEITS
NHE0E, EROY—7r v g (T hbbA4A
CFXRANDOFIEMEBAETH B, —HIZ,
[EEFER] BBEFAOSY 70 1% UTiCL
PROONLGVWEEFN) -2 a T, £4F
BiERT 2, @EEOEELLDIZLNT
HbH. —H 1% ULOBEETASREEET/S
JI—Yarid TREFEHE] LRENE. 8z
FEROLPIE, BIEEFOT I/ BREFIRER
mEELSEREERLLEZES Lo, BAEZEL
w0, HIZFRASIIEERBEOLOR

CHBL T &

{3/ 3) & H51H)

E, FORBBREATHE. REFEHOS
t, — &8 {xF £ & (single nucleotide poly-
morphism : SNP) 13, #E4 % fRRERAE R EM KRS
HE2HRETIEHEFOBEGHEL LTEESIATY
5. LQTS M#EBIEF IO BEFEROEEIH
HENTEY, 209 b0\ oM EFIIER
BB OL PR 6BV, FY RV LANLTIR
$E i (subclinical) ZBERELXH T 5 b OHRE
Yang S i3 EMFRYE TdP i
FR2FL, ABOEERLZTTH QT ERETR
Kooy ba—nilonwT, LQT M
EFOMEZITV, WO2HPDERESNP 2R
W2ELZY, ADo0 LQTS MEEEFNT I /B
BREISNP 0 b, %R LQTSZHkE s
LoL NEERCEAR RO ED-L DD
B EEET 5 (R 2).

Brugada fE{RE}

Brugada FEBEE L. L ERLGHHIMELD
Coved # - Saddle-back B ST LA ZH# L ¥
5, BENOCEREF 2 LEABGFRELEM
B ThHDH PEBRHORRKEOFEHEEL LTHS
Na [1ZoK NFR] ER—DHEBEEZ HSTW
5. ThETSCNoA HPME—DREREZEFELT
FEXNTELMY, SCNsSA BRDVRIEEIND
DITBREEED 20~30% 2B XS, MoOFEE
ZFOFEEMER SN T/, i, Weiss 513
glvcerol-3-phosphate dehydrogenase like (GPD1-
LEEZEFIINaFY¥RLVDIT T4 v F 2 7 UN
FRCRIER - 58 ST - |AEY, MlaKz T
HETI2EB)AHETLAIEREMELALY. £
7. QT #E# % & B L7 Brugada EIRBER I
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KCNQ1 KCNH2 KCNE1
NHz $34G
R784W
— K897T COOH
» N
~N
R1047L AS15V
KCNE2
T8A
NH: ~Gg— Qoe
M54T
157T
L1825P COOH
A6V
N V1951L
R34C H558R ~GB15E  pqggoL

F2 EHHERMQTERERBICBOHS I LQTEEREFOERET I/ MBIBRE SNP
LoD LQTS BHEFDIRITHEIRE K v 7 ATRL, SNP DUt *@TRT. SNP DF i3 F v F I BIEICT KL%
R RIZTWRER OB CEILEFRUSH LB S WA H 5.

CaFrANB2HTr=y b(CACNB2b) DEE
LIE SN, QT EREREROBEZTFHEL
@ EkiZ, SCN5A, GPD1-L, CACNB2b FATit
f£F & 9 % Brugada SEEH % #h £h BrSl,
BrS2, BrS3 ¢4 HT A ENREEN TV S,
—%k, &<{EERTH Y 255 Brugada B[
W% 27 5 EAEBEY Brugada SEEFHEOKRE I
RBHOES D% .

QT % #8 fE {% 8 (short QT
syndrome ; SQTS)

WA, QT MO (QTc <360 msec) % 458
ETAHMHEMAEM SQTS (=20 KR KB ETF
(KCNH2 - KCNQI - KCNJ2) BRE S h iz,
IholFENEFNRLQT2 - LQT1 - LQT7 KK
BMEFER—TH A2, SQTSERIZIK F v &
W % R34 (gain-of-function) & T LQTS
ER%B.

AFASZT/FRERMEZEED
F583H (catecholaminergic
polymorphic VT ; CPVT)

CPVT X, HEBIRLRMMWA L AIZE-o T
FHhOBEERLEZ T OCEZHEMPER I L
RUEAERT, DRLPFEHORREDFEHDO—
DTH5DH. $9% DEFICKIEELZD, Fiis
HREEGEZEERXT LB X% . BFREETF
i, OO Cany K v 7 EGIET 550k
CalilF x AN (VT / VUV SR RYRD EH
VEZ7 T A MY v 2(CASQ2) TH A1, W=
WAV AL D ERA LD T I3 V9,
ASRARLA Ca B EEAMERVIEIRIIIC B VT Hivh
AP RELCa—2r &/ L, HIA Ca
BRI L 2 BEERSE L 4 USGEHAERR A
FRING.
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BEARBIRMEZERA (ar-
rhythmogenic right ven-
tricular cardiomyopathy ;
ARVC)

ARVC R A Z ORI X 30K - #RiE
KT, CEURREREBHETLLHETDH
5. 5000 A2 L ADHEIETREL, HEEDORR
FEOFEEDOK 20% % 29, F-EBHICE
ETH5I NS, EHEFORREOFREL L
TbEBEATVS FEEEFELT,
RyR2 - TGFB3 - TAETIX Y 75374
V2L ENRESRTVS .

KRiFEORIOY D

KM OB 7oy 213, PCCD(progressive
cardiac conduction defect) ¥ 7z 1% Lev-Lenégre
e TR, RIMEECROETHEEICLIIN
Tay s FEBEET7U v &Y. loss-of-
function DEEFERHE 2 H T 5 SCNSA BRIV E
ENTw3®, [ L loss-of-function ® Na F ¥
FWVERN, %4 Brugada fFEEH L PCCD & »
IR LBEERGERTONCEL TITEZAHE
= 2NN

K& O E#E (familial at-
rial fibrillation)

LEME (AR IZAEBHRTRARZTIONEED
HEOBWAEIRO—2735, AF DS bHLH
% EHE D % v lone AF 4%15~30% % 5 319,
37, AFD5% CREBFH L ENH LD,
BENZEROBESARE I T RIERE
HhAFOFRABAgEZEFELT KF v F U
KCNQ1 - KCNE2 - KCNJ2 #{5¥IZ gain-of-
function # 2T 2ERFFAESINLY. ThH0
PRI IEEY AR & T A 120,
AHABHOEHICLoTI Yy PY =AM LR
T, AFPHBTHEEZLNS.

LDED-

SR RALAERE (sick si-
nus syndrome ; SSS)

SSS iEE, MECERLERICEMH L THRAE
TAHIEDNEVD, BICEREOEFNLAOR
%. Schultz-Bahr b R EHGEERXOERYE
SSS FRIZR—AA—AF ¥ 2V HCNE DER
ZEEL2%. —J5 Benson 513, HHHEER
DKM SSS FRIZ SCNSA ERERE LD,
TSRO A ) RS BELER L Ca
BRTHAHH, NaBiiize<B{ELTwEVwD
P, AEHEEAIC NaFr AVRERLTWER
VONEWI T EIIDOWTIE, ThETHRENS
ol LaL, BEOHEDRT LB, Na
Fx A NVAEHoORLHBICREH ST RND
OO, BAWPCHEIICHRALTE Y,
SCN5A HHEFEM SSS DEHEEFTHhE I L L
LTFLLFE L. bhubh bk, BIERE
HHEBEWBME - ODRL 5 SCNSA BRE XK
ERAENOA T EMNTRIEL L, BENT
2L BERME SSSEFMD—FKFRERE L-Gh
XHER).

BHDOIC

REROBETDHOBEBIT TR, HLD
BERETORL» S, ERAFAETHICEILD
OBMAET20BKRTH Y, REFRRILR
BIFOHESHICETIDE I AB-DHITIE, v
CONDEKEFILETHS. L L, REF
WL, RBERABORETREFWHO,ICT
BT TRLE, BRI, REERE A
5 H A & R EBR A O fa Bt % T4 LI
BIREERT B [F—9— A4 FE#HK] OERIC
BEELEZOND. 5k ERLSMEED
125 { DRAZTHNT 7 — & L AR 7 — & D4
& o T, PEROEKE % B LA B2 GBIk
AT A LA,

X #®
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REBIFNEHERLITITEL, NEZEDIBREDDDENE

IR ARARE ) - AR —eB
EICRITTIES . SIRTIZE L < BRECLD [21
—ws  RRIAD ] DESMD o, SETE. v
U — ) =0T 1 O— 7w IDHA Y MEE[CBMNT
885 =872 2006% V.
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BN AEROSEFERICET I+ F v 20T/ LEEZVHRE
—AF > F v 2 IVOBEFEE EBRMTER—

lon channel gene polymorphisms underlying lethal arrhythmias

TUUWE mET Kok ERT WA BC ORI BT

Key words : REEfR, 14> F v, BIEFER, RETIE, SCN5A

LIS

OFRREI - O AREE & & DL ER R — 8 D Al
3, BREMRERRECERETFTHD, EED
ThERELEET S, L LIhbsOERRAT
RO ANETEFERREIRERLET 5 DI TR
%<, PEROREL LT 365 »OBIEHFE
Fizk->THRELEh TSNS, Z0OE
EHEROBEMEEZZ 50D, EYRBEEER
PAFVF L ALOBEFERTH Y, FERC
—EHEEETFESRI(SNP) BEH Eh TS, 44
vFx ILOBIETERRCEEIOE -5 THAER
EREmTHIHT, BRIOBRERESHEMELT
BTV, FIIEMEEDD S I
HlEAmMb5 L, TRENZF v FLOBEERRED
SEMEL U BOEHEARERS RE T 2 RRENES H 5,

AFROHNE, A4V F v ALDOBRIETFEH
PER & HHBRECAEMROERER & DOERHA
BEMHOMNIITEILTH D, HIREDRIET
ERICAGAM LR AT AN AV e DICH
REFEUERERDORER G, b 5VITEYR
HEMRELE WS ZESBHBATHE, TOBIET
LM ERAFOBFIIRLTID 6 H» LHER
MOEWEF OS2 0T 5 2 EATREICE

5, X5ICAETIR, DAEEZEDLEET VT
THIZREESF O, VURERFEO—-EHTH S
BrugadafE BB OEETRBAHL 22T 5, iE
R - IR BrugadalE (REE A H DERRIZ L 8
ZAI % SNPBHIZ & » THBEBK 21TV,
BrugadafiEREEDEEK # HlE ¥ 5 BIZNKE %
B S A 27 5,
5 &

1LIEEAN - BEDYT / LR

MFEHROENERES V7 4 7T120A, £X
HQTIERIEREE (LQTS) 4561, HKRMELQTS 4
), fE%EfEMEBrugadali iR B 30, HIEMRME
Brugada 37ffl, 0BT 2 v~ (PCCD) 2
), OFEEIE3E, AREEREE (SSS) 4Dk
F4ifl & ¥ Puregene genome¥ v t (Gentra) %
W4 J LDNAZHIH Lz, RRERBROF
HELTTTITHEMIZER T BE5D2D 0854
AV F ¥ FIVEETF, SCN5A, KCNQ1, KCNH2,
KCNE]1. KCNE2D X v & Z D #PCRT
BIEL, 72 UNLT I FHIC & Bsinglestrand
conformational polymorphism (SSCP) ¥, ABI

prism 310 genetic analyzer (Applied Biosystems)
AHOGAEREY -/ IV AT, BIETER - %

* Makrta Naomasa OB R ERFIRELEH R WRAEARS

*2Sasaki Koyt &l E
Sz Watary B ERERE Y 4 —  DEMEAR
“Hore Mivory ~ WEEIERFIA%E  IPIRFERSFIR
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BERS ) ==Lz, —HOEFITIEF v v
TOxv gV THBHTIRFL 40 (Cx40)-
D3 FT 43 (Cx43) BLUY, X—=ZAA—-HF
v A VHCNADBEIZFREN L T 72, ZE - SNP
AT ITERE Y — 2 XV A & 713 TagManit & A
Tfrot,

2Bz FEROEBEERRM

Rl L 7SCNSAZERIZDW T, Quick
Change Mutagenesis¥ v I+ (Stratagene) #* >
T, ¥ FNaF ¥ 2 2LcDNA (hNavl.s5) #g5%0C

#1 FHRTEAEL 1+ F+ RIBLEFER

BN RROBEFRBIZIHT 3 9
A F xR DY ) LERFOHE

EEZDNAZEK L, pcDNAZIREHA~NY 4 —
(Invitrogen) (ZH 72 o — = r#%, MFEMK
tsA201 Iz — @B b SV AT 22 v a v L,
R, /Sy F o T TETLMBENAE R %
HWEL, MROFETERNaT v 2 LDOBEEE
ML=, VA4 44 FIRERBFIZ2~10
uM#RE L, FEREBISEL TS R/IE L 7,

" &R

1.4 > F v X IVBIRFREEA (R1, E1)
AFVF ¥ INDBIEFEEZ ) -0 7

BET ER 23] BUEE RN REHX
KCNQ1 Al78T LQT1 B
KCNQ1I G269S LQT1 i 341
KCN@I G325R LQT1 B
KCN@! R591H LQT! 23]
KCNH2 E58N LQTr2 B
KCNH2 insIAQ in 82-84 LQT2 313
SCN5A E1784K LQT3 GOF 233
SCN5A L1825P #®XM% LQTS LOF+GOF D

SCN5A A1746T Brugada fE&E+LQT3

SCN5A Q55X Brugada fEMREF fERRBE WEIR]$
SCN5A P1725R Brugada fi 8¢

SCN5A D356N Brugada fEfREE fEBGE 2)

SCN5A R367H Brugada ERBE+LEEE i3 103 3

SCN5A K1527R+A1569P fEGEMR M Brugada FEMREE LOF 4

SCN5A L212P oy =191 LOF 5)

SCN5A R219H T LERE fEHE Epagdoiy
SCN5A M1880V+801-803S SEXREBREEREE LOF RXEA S
SCN54 ¢.5290delG ETECH RS R

LOS: loss-of-function, GOF: gain-of-function

D356N

X1 SCNSADRIZFER

K1627R

A1569P

P1725R_ A1746T
S1710L /

del 5290g

del QKP E1784K

O
L1825P

AR TEGE L - FHRSCNSAZE R, OIXLQT3. @iiBrugadalEfZE. ©IEZPCCD. @I3-LFEMILIZEED & h 7-SCN5AZE
RO ET T, Q55X+E746Qi3 A —allelelZF7E 9 % double mutation T & - 7=, ERRIZKIS527R+A1569PI3 S 1E (R
BrugadafE iR BFEMI DR —allele L iz f#7E ¥ % double mutation?* - 7=, c. del5290GIZPCCD & BrugadafiE (2B DA ()i 2

EH oM UERRBERTH S,
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10

& o THRKMLQTS 4FIICKCNQIER % |, 2R %
IZKCNH2ERAREL 7=, 7=, £RKHLQTS 2
il (5 51ffBrugadafEREEAHHF), X%
LQTS 15, #iERYEBrugadaliE R8¢ 17, HIER
P BrugadafiE &% 561 (5 B 1FILQTSAHHH, 15
LEEIEEGED), CEELE 261, SSS 24,
PCCD1IFHZSCNSADBIZFER #FE L /=,

SCNSAZERED > %, Q55X™, D356N?, R367H?,
R219H, ¢.5290delGI3EHEEF + AL TH » 1=,
SERM - HBRELQTSEE B 13 HLARY 2 3RILQTS
(LQT3) BOBIEERAT L -, £7-, EBERME
BrugadafE REFERIC R 5 1 - EEK1527R+
A1569PIXRl—2 oV Vv LD _HERTHY, Na

AACT GAM'TT QI GGAC GUGN CAATGT CT QAGCCTTACGCX

Leu (CTG) —Pro (CCG)

SCD sCD wT 2
GA |
g— — AG 3
MT WT 5
GG GA
SCNSA AA AG
Cx40 -44 SNP / MT
cxac+71sNP | Proband GA
AG

2 OEEIEICED 5 h-SCNSATR & Cx40DSNP
A LR2I2PEROY /L — oL X
B. LAEILRAR, #ZF

Kb, XRIZL212PD F + 1) 7 /243,

O

Normalized conductance

1.0

051"

001"

AL A 5SCNSA. Cx40 —44. Cx40 +71%7RT,
LEMIZERET. Cx40BREE,

BRABTSEIR/FBHLF v AILEBRER
(loss-of-function) %R L 7z%, £, F£KHESSS
IZF® 65 N 7=M1880V+801-803SiTHANT O ®E
£ (compound heterozygosity) T & » 7=,
L1825Pi3 AR 2 LQT3 &k D gain-of-function &
loss-of-function & it ¥ > T /=2,

[212PI3 1R B RO LE R ILERICED 5 h -
SCNSAZER T 5%, CEEILIZHRIK, PROHE
%, BERGBHALNMEERRET S EThERE
RTdhs, BRIZAED L & ITOFHME) L SSSD
SR T34, KROBRF &V, XAH

LORENRARFEL T3, AbEheLERIIPHE
»EL,

DEUMINE = 45 FER-ERRT,

-100 -80 -60 40  -20 0
Potential (mV)

WT=1E&% . MT=L212P. SCD=/{RH%

C. tsA201MIBI S RIR & B EEE & & U1212PNa* F v 3 L Dwhole cell B,

D. REHE (K)
ZELTWS,

. B () ORBLETFEHER, R12PF v 2L EREEL - Sk a e $ITKE GRS S
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QRSHE - QTHREIXIER 7 » 72, BIEFBF T,
NR— 2R A —HF+ F:ILHCN4 & Cx40, Cx431- KR
3o 7=h, SCNSAIZI X & v AEEL212P%
W7 (H2A), XKEFEERTOBER G IZITE
WTH-HAHRIPDF % ) TThH o7z, BHD
SCNSAREBTH -7 (H2B), /Sy F o707
ETHIE U 721212PONaBid, &ML - RiEH
fLickxnBEARLZ(K2C, 2D), 2D &S
BEBSBEBEREL R TERLRI2PERA LD
ICBRRBBOEELEERLE—AT, LRIZNE
REBLEMVSLBRIFITERTS -7,
Cx40N EERAMBEBICFE T 2SNPO L FEF L
ROBMBOEREIIES L TN L DOREY »
5, ERHBAAI VPO —LEXRRIZENT
Cx40MDSNP% MH L 7z, IEH B A A99IA TCx40
DBEF R A TagManiE TR+ 23 &, ZOHE
812 —44GG/+71AA»263%, —44GA/+T1AGH
32% ., —44AA/+TIGGH 5% T H - 729, L ihil
FaafEr-Tox—2BFr»6 . —44AA/+
71GGl3 —44GG/+71AAIZ B L TC40D EEEF
BEXREFERIENIEHHES IR -T S, XK
RTIE, BREFHIIATODCx4088 % D
DML T, XKRSEHREBEHTH 7, L
2oT. BRIINHN» 5SCNSAKEEL212P% . £
BAH»SCx405 2 ZITHUE, LCEELIZES
LHERI X N B,

2. SCNSADRIEF SR (SNP)

Li» 5 ME XM TWBSCNSADSNPDIE »
12, 2EOFHHSNPE L TD1114N - L1988R % [H]
EL2, ZTROSDSNPIZOWTIEH A, HER
% - HEE R BrugadafE (RBF £ F Dallele /5 %
TaqMan PCR&® & UE #&sequenceE THET L
7=, L1988RI: HA ARFEM £ SCNSADSNPE L
TAMRETECHTERLA (R2), TOTL
HE % IER A, ERY - BEE%BrugadalE iz
B QTERERFETHRREI L, K20 &L E0
L1988RD 7 L LS (L. IE# A2.5% . Brugada

BOEEREROBE T ERITHT 3 11
AFVF v RNDY /) LEBEENHRE

#£2 BEABFRMNITESNP L1988RNTO4 1S
EEH(T/T) - L1988R+E € (G/G) B L UNTF 2 (G/T) D
TUVNLEEERT,

T/T GT | G/IG
E# 114 8 0
fE &t BS 62 6 0
AR BS 60 0 0
QT ERIEREF 150 2 0

FERTE5.1% . SEERMEBrugadafiE (R 80% . QT
RIEMRF0.67% ThH D, SHEOREENRE
(RE) TREBZEIADShah o7, FHkk
{2, D1114N®PH558R/E & DSNPHE I { HERE
BICHEEEIIED L 5T,

RiZ, BESAIZTR L 729888 D I A& » ASNPD
5% . R53CEAR L SEEMDSNPIZ DT, T D
BEAEH L BRI L, ThZTHhDSNP NaF
v FILcDNADBEER /Sy F 20 5V TETRITL
7z, E3BIE, EREEEFHEN IS, REH
it - EELDOBEBMHKFEEZTRT. 4EEHOSNP
F o 2 LOBBNKEMHICELTE, EEF+ 3
LEBBEELIDEI 572, RNiEtHEH» S5 0EIE
2 BOREMLAEE . ZOMOF + F LS
tHERZII A, >, £/, Brugadaf BB DL
BREEEWBETS [ CBIARBIRE T L 24 F
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ARTICLE

A Functional Polymorphism in COL11AT, Which Encodes the
a1 Chain of Type Xl Collagen, Is Associated with Susceptibility

to Lumbar Disc Herniation

Futoshi Mio, Kazuhiro Chiba, Yuichiro Hirose, Yoshiharu Kawaguchi, Yasuo Mikami, Takeshi Oya,
Masaki Mori, Michihiro Kamata, Morio Matsumoto, Kouichi Ozaki, Toshihiro Tanaka,
Atsushi Takahashi, Toshikazu Kubo, Tomoatsu Kimura, Yoshiaki Toyama, and Shiro lkegawa

Lumbar disc herniation (LDH), degeneration and herniation of the nucleus pulposus of the intervertebral disc (IVD) of
the lumbar spine, is one of the most common musculoskeletal diseases. Its ctiology and pathogenesis, however, remain
unclear. Type X1 collagen is important for cartilage collagen formation and for organization of the extracellular matrix.
We identified an association between one of the type XI collagen genes, COLITAl, and L.LDH in Japanese populations.
COL11A1, which encodes the el chain of type X! collagen, was highly expressed in IVD, but its expression was decrcased
in the VD of patients with LDH. The expression level was inversely correlated with the severity of disc degeneration. A
single-nucleotide polymorphism (¢.4603C~T |rs1676486]) had the most significant association with LDH (P = 3.3 x
109, and the transcript containing the disease-associated allele was decreased because of its decreased stability. These
observations indicate that type X1 collagen is critical for IVD metabolism and that its decrease is related to LDH.

Lumbar disc herniation (LDH), degeneration and herni-
ation of the nucleus pulposus of intervertebral disc (1IVD)
of the lumbar spine, is one of the most common mus-
culoskeletal diseases.' Its etiology and pathogenesis,
however, remain unclear. Genetic factors have been im-
plicated in the etiology of lumbar disc degeneration.** Ge-
netic abnormalities of the extracellular matrix (ECM) are
implicated in disc degeneration and LDH. Phenotypes of
transgenic mice and human mutations underscore the
candidacy of ECM genes as susceptibility genes for LDH.>?
Several researchers have reported the association of ECM
protein genes, including genes for type IX collagen™” and
aggrecan,' with lumbar disc disease (LDD). We reported
clsewhere that cartilage intermediate layer protein and as-
porin—ECM proteins highly expressed in IVD, as well as
articular cartilage—are implicated in DD

Type X1 collagen is a cartilage-specitic ECM protein im-
portant for cartilage collagen fibril formation and for ECM
organization.'*'* 'I'ype XI collagen is composed of three
a-chains, a1(XI), «2(X1), and «3(11), which are encoded
by COLI11A1, COL11A2, and COL2A1, respectively. The
three chains fold into triple-helical heterotrimers to form
procollagen, which is secreted into the ECM, where it par-
ticipates in fibril formation with other cartilage-specific
collagens, type 11 and 1X collagens.' Type X1 collagen reg-
ulates the diameter of cartilage collagen fibrils. Its N-ter-
minal noncollagenous region limits the appositional lat-

eral growth of the fibril by blocking further accretion of
type 11 collagen.'*'* Chondrodysplasia in mouse (cho) is
an autosomal recessive disorder due to a frame-shift mu-
tation of COLI1A1." The collagen fibrils of c/o mice are
much thicker than normal."*'” Thus, type X1 collagen has
a critical role in the organization of the supramolecular
architecture of cartilage collagen.

Type XI collagen is present in IVD), both in the annulus
fibrosus and nucleus pulposus,'® but its significance in
LDH is not known. Type XI collagen is a quantitatively
minor component of cartilage collagen fibrils, but it is
essential for the interaction between proteoglycan (I’'G)
aggregates and collagens. It binds with high affinity to PG,
which is important in vivo for anchoring cartilage PG to
the collagen fibrillar network.'” Mutations in type XI col-
lagen cause various types of chondrodysplasias in human,
including Stickler syndrome type Il (MIM #604841), Mar-
shall syndrome (MIM #154780), and oto-spondylo-mega-
epiphyseal dysplasia (MIM #215150). These disorders are
collectively termed “type XI collagenopathies,”* and all
are complicated by abnormalities of the spine, including
narrowing of the IVD). In particular, patients with Stickler
syndrome have spondylar abnormalities and Schmorl’s
node (disc herniation into the vertebral body).*! These
human mutations are in vivo evidence that type X1 col-
lagen is critical for [VD integrity; thus, the type X1 collagen
genes are good candidates for the gene that causes 1.DH.
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Table 1. Clinical Characteristics of Subjects

Age
Screening No. of (years) Male
and Group Subjects  Mean = SD Range (%) BMI'
1st:
Case:
LDD® 188 26.5 + 10.4 13-74 40.0 21.0
LDH anly 130 25.5 * 6.9 13-66 54.0 21.1
Control 179 58.7 £ 11.7 23-81 6.0 23.0
2nd":
Case 359 41.4 * 146 15-77 62.4 23.1
Control 286 69.6 + 9.2 38-87 58.4 24.3
3rd":
Case 334 41.8 = 15.1 11-83  61.3 23.4
Control 376 53.9 + 9.7 13-86 47.6 22.2

* BMI calcutated as body weight in kilograms divided by the square
of height in meters.

* Includes disc degeneration only and LDH.

‘ Case group in the 2nd and 3rd screenings has LDH only.

Here, we present evidence that COL11A1, one of the
type XI collagen genes, contributes to the genetic risk of
LLDH in Japanese. We have observed significant association
between LDH and a functional SNP in COL!IAl in in-
dependent Japanese populations. COL 1141 was highly ex-
pressed in IVD, but its expression was decreased in the
IVD of patients with LDH. COL11A1 expression level was
inversely correlated with the severity of disc degeneration
in patients with LDH, and the transcript containing the
disease-associated ailele of the SNP was decreased.

Material and Methods
Study Population

All subjects were Japanese who were living in the middle part of
the Honshyu island in Japan (table 1). They visited the partici-
pating hospitals and received nedical examinations. For the ini-
tial screening, we recruited 188 case patients with LDD and 179
control subjects. The mean ages of the case and control groups
were 26.5 and 58.7 vears, respectively. The case group included
58 patients who had no herniation tdisc degeneration onlv) and
130 patients with [.DH. The mean age of the LDH case patients
was 25.5 years. For the second screening (replication study), we
recruited 359 patients with LDH and 286 control subjects. The
mean ages of the case and control groups were 41.4 and 69.6
vears, respectivelv. For the third screening, we recruited 334 pa-
tients with LDH and 376 control subjects. The mean ages of the
case and control groups were 41.8 and 33.9 years, respectively.
Subjects for the initial, second, and third screenings were re-

cruited at the participating hospitals in the Tovama, Tokyo, and
Kyoto areas, respectively. All LDH case patients had unilateral
pain radiating from the back along the femoral or sciatic nerve
to the corresponding dermatome of the nerve root with duration
of >3 mo. Radiographic examination, including functional four-
direction images and magnetic resonance imaging (MRI) (sagittal
and axial images obtained with a 1.5-T imaging system), revealed
positive findings indicating disc herniation. The degree of disc
degeneration was evaluated by MRI and was scored according to
Schneiderman’s classification.?? Of the affected individuals, 787
case patients underwent surgical treatment, and the other indi-
viduals with LDH were treated conservatively. All were followed
up for >1 year. We excluded from the study individuals with spinal
canal stenosis, spondylolisthesis, spondylosis, synovial cysts, spi-
nal tumor, and trauma. We also excluded those who had occu-
pational and/or habitual risk factors, such as heavy manual la-
borers, occupational drivers, and heavy smokers. We obtained
informed consent from each subject, as approved by the ethical
committees at the SNP Research Center of RIKEN and the par-
ticipating hospitals.

Genotyping

We selected sequence variations of the type XI collagen genes
(COL11AL, COL11A2, and COL2A1) for the first screening from
the International HapMap Project database and JSND Database.
The SXNPs covered >90% of the alleles with an ~ value =0.8. We
identified additional sequence variations in COLI1.11 by direct
sequencing of a 230-kb region of DNA from 24 case patients. We
extracted genomic DNA for genotvping from peripheral blood
leukocvtes of the subjects and genotvped SNPs as described
elsewhere. """

Haplotype Structure and Statistical Analyses

We estimated haplotype frequencies, using the expectation-max-
imization- algorithm and pairwise linkage-disequilibrium index
(D and A in 465 control individuals, as described elsewhere).** x*
tests were used to compare cases with controls for allelic and
genotypic trequencies; the odds ratio (OR) and its 95% Cl were
calculated. We used a permutation test to adjust significance in
the analysis of association between the COL114] SNPsand LDH.*
We performed 107 permutations of the cases and the controls.
Bonferroni correction was applied when significance was adjusted
for the number of SNPs genotyped. MRI data, real-time PCR data,
and mRNA stability data were tested using Student’s ¢ test.

Analysis of COL11A1 Expression

We extracted and purified total RNAs and synthesized randomly
primed cDNAs, using Multiscribe reverse transcriptase (PE Ap-

Table 2. Association between LDH and c.4603(—T (rs1676486) in COL11A1
No. of Cases No. of Controls T Allele
with Genotype Total with Genotype fotal Frequenc
Screening N DBENOWPE . of MM OEMOWPE g of __requency
and Case Group cC cT TT Cases cC T T Controts  Case  Control P OR (95% CI)
1st:
Lob* 85 86 17 188 99 67 13 179 .31 .26 .076 1.34 (.97-1.84)
LDH only 55 60 15 130 99 67 13 179 .34 .26 .020 1.51 (1.07-2.14)
2nd:
LDH only 149 163 47 359 154 108 21 283 .35 .26 .00038  1.55 (1.21-1.97)
* Includes disc degeneration only and LDH.
1272 The American Journal of Human Genetics Volume 81 December 2007 www.ajhg.org
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Table 3. Polymorphisms in COL11A1 and Their Association with LDH
Location in COL11A1 Amino GNeor{olt';;:eGrToht:;:’ Fr:(l;lf::cy po
and Nucleotide Acid
Sequence Change Change dbSNP Case Controt Case  Control Allele Genotype® OR (95% CI)
IvSt:

9284T—C rs1415359 423/63/1 422/42/1 .07 .05 .068 .16 .69 (.47-1.03)
IvS6:

82274A—C 437/49/1 424/38/1 .05 .04 .35 .61 .82 (.53-1.25)
IvS10:

90221G—A 15945748 426/62/1 414/48/1 .07 .05 .29 54 .82 (.56-1.19)
Ivs11:

90406A—G 13767272 396/76/3 401/55/0 .09 .06 .032 .049 1.47 (1.03-2.10)
1vS20:

10412247 152622877 438/47/2 400/46/0 .05 .05 .94 .38 .98 (.65-1.48)
1vS26:

111262T—C 152786125 428/49/1 429/33/1 .05 .04 11 .24 .70 (.45-1.08)
IVS41:

146354T—C 1012282 425/62/1 415/47/1 .07 .05 24 47 1.26 (.86~1.84)
vs42:

165864A—C 151841838 381/104/3 374/84/6 11 1 .52 .27 1.10 (.82-1.47)
IVS44:

169351A—G rs2126643 378/100/3 373/79/6 .11 .1 44 23 1.12 (.84-1.51)

172702C—G rs3767273  382/103/3 372/84/4 11 1 41 5 .88 (.66-1.19)
1VS50:

192606G—A rs4908273  231/211/43  271/167/23 31 .23 .00023 .001 1.47 (1.20-1.80)
Exon 52:

193817(c.3968)T—~C  L1323P rs3753841 193/230/65 238/187/38 .37 .28 .000081 .00041 1.47 (1.21-1.79)
Ivss52:

194187T—C 218/214/48  258/178/26 .32 25 .00038 .0016 .69 (.57-0.85)
1VS54:;

200918A—G 183767274 399/73/4 367/86/5 .09 .1 .15 .34 .79 (.58-1.08)

206255G—T r$s3767275 457/30/0 442/15/1 .03 .02 .088 .068 .60 (.33-1.09)

208970T—A 1s1676500 443/45/1 425/33/1 .05 .04 .29 .53 1.27 (.81-1.99)
IvS58:

218282C—~6 431/46/1 430/32/1 .05 .04 .15 .32 72 (.46-1.13)
Exon 62:

219597(c.4603)C—~T  P1535S 151676486  204/223/62  252/177/33 .35 .26 ..000015  .000099 1.54 (1.27-1.88)
Exon 63:

221284(c.4770)C—T 115901 152229783 169/236/83 214/201/47 .41 .32 .000028 .00017 1.49 (1.24-1.80)
1VS63:

221659G—A rs1463048  169/235/83  212/199/50 .41 .32 .000081 .00047 1.46 (1.21-1.76)
1vSé65:

225275T—A 1s3753844  207/223/55  239/186/33 .34 .28 .0014 .0056 1.38 (1.13-1.68)
Exon 67 (3" UTR):

230265C—T rs1031820 443/45/1 430/33/1 .05 .04 .27 .5 .78 (.50-1.21)

230461A~G 439/45/1 429/33/0 .05 .04 17 °3 .72 (.46-1.15)

Nore.—The cDNA (accession number NM001854.2) and genomic DNA (accession numbers AC093150.4, AL627203.7, and AC099567.2) sequences
of COL11A1 are based on data from GenBank. The A of the ATG translation initiation codon in the reference sequence corresponds to

position +1.

' Homozygote of the major allele/heterozygote/homozygote of the minor allete.

" By the Y* test.
* Calculated for the alleles.

! Calculated for the homozygotes of the major allele versus the heterozygotes and the homozygotes of the minor allele.

ptied Biosystems). We performed quantitative real-time PCRusing
the ABI PRISM 7700 (Applied Biosvstems) and QuantiTect
SYBR Green PCR (QIAGEN) according to the manufacturer’s
instructions.

RNA Stability Assay

Table 4.

Correlation between Age and Genotype
at .4603C—T (rs1676486) in COL11A1

Mean = SD Age (in years) for Genotype

. Population cc cT i I
We amplitied by PCR ~1,700-bp of COLI1:A1 ¢DNA that con- Case 36.8 = 150 360 « 145 368 = 145 58
tained the entire ORF. We cloned the COL11A1 ¢cDNA containing DU T T !
the associated SNP ¢.4603C~T into pCR-Blunt I1-TOPO (Invitro- 070! 6¢.8 = 121 639 =111 631 =131 54
wen) and confirmed the sequence of the inserts. Vectors were ' P value was calculated using the Kruskal-Wallis test.
www.ajhg.org The American journal of Human Genetics Volume 81  December 2007 1273
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Table 5. Genotype at c.4603C—T (rs1676486) in COL11A1,
Stratified by Sex
Male Female

Measure Case Control Total Case Control Total
No. of subjects:

All 298 177 475 191 285 476

cC 116 98 214 88 154 242

cT 144 65 209 79 112 191

T7 38 14 52 24 19 43
T allele frequency (%) .37 .26 .33 .33 .26 29
P value* 00074 ... .021

* P value for allelic difference between the patients with LDH and the
control groups for each sex, by the x7 test.

digested using Hindlll, and COLT1A1 mRNAs were transcribed
using RiboMax Large Scale RNA Production System-T7 (Promega)
and were purified by SV Total RNA isolation System (Promega).
The whole-cell extract was prepared by washing OUMS-27 cells
in BS and resuspending them in an extraction buffer. After in-
cubation on ice for 30 min and microcentrifugation at 4°C, we
transferred supernatants to new tubes and stored them at —80°C
until use. We mixed and incubated each S ug of synthesized RNA
and the diluted (1:1,000) whole-cell extract at room temperature
for the tested time (5 or 10 min). We stopped the reaction with
addition of a formamide dye. The samples were then heated at
95°C for § min and were placed on ice immediately. We detected
COLTIAT mRNAs of the samples by northern-blot analysis and
quantified their signal intensities, using the Esper-Scanner (Ep-
son) and Adobe Photoshop 6.0.

Inmnunohistochemistry for Type X1 Collagen

We processed and embedded tissue samples in paraffin by the
AMeX method. We predigested the tissue sections with 500 U/
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Figure 1. Case-controt association study and linkage-disequilib-

rium mapping. g, Association of COL11A1 with LDH. The —log,,
transformation of the corrected P value (allele 1 vs. allele 2) was
plotted on the Y-axis. The asterisk (*) indicates c.4603C—T. b,
Pairwise tinkage disequilibrium between SNPs in and around
(0L11A1 measured by [ and A in 465 controls. The COL11A1 region
is divided into two linkage-disequilibrium blocks.

ml of testicular hyaluronidase (Sigma) for 30 min at 37°C. For
immunofluorescent visualization, we blocked nonspecific label-
ing with blocking reagent (DakoCytomation) for 10 min at room
temperature and then incubated the sections with the rabbit poly-
clonal antibody against bovine type Xl collagen (1:500) at 4°C
overnight. For the staining of the negative control, we applied
nonimmune rabbit IgG (DakoCytomation) to the section instead
of primary antibody. After washing them with Tris-buffered sa-
line, we incubated the sections with secondary antibody conju-
gated to horseradish peroxidase-labeled polymer (Envision+
[DakoCytomation]) for 30 min at room temperature. We visual-
ized the immunoreactive products using a diaminobenzidine re-
agent and counterstained them with hematoxylin,

Results

We first examined the association of the type XI collagen
genes (COL11A1, COL11A2, and COL2A1) with LDD,
which included patients with and without LDH. We tested
tag SNPs that were selected from the JSNI* Database and
the International HapMap Project database. A comparison
of 188 LDD cases and 179 controls revealed no association
with any of the SNPs; however, there was a significant
association with COL11A1 when cases were stratified on
the basis of the presence or absence of LDH (table 2). In
a comparison of 130 patients with LDH with 179 controls,
one SNP (¢.4603C—T [r51676486)) had a significant asso-
ciation. To confirm the association, we examined another
359 LDH cases and 286 controls for the COLI1AT SNP.
Again, we identified the significant association between
the SNP and LDH (table 2). Adjusted P = .00030 was ob-
tained by 10’ permutations

To identify the disease-causing sequence variation, we
examined sequence variations in COL11A1 exons and
their flanking regions from a public database and by re-
sequencing 24 patients with LDH. A total of 23 sequence
variations were identified and were tested for association.
SNP ¢.4603C~T had the most significant association (table
3), which remained significant after Bonferroni correction
for muitiple testing. We examined whether confounding
effects, such as age and sex, affect the associations with
LDH and found no relationship between the genotype and

Table 6. Haplotype Association
Analysis of COL11A1 with LDH
Frequency

Haplotype Case Control P
H1 527 616 000154
H2 .302 222 .000150
H3 .038 .039 .90

H4 - 041 .037 .63

HS .045 .034 .27

H6 .014 .014 .91

H7 .011 .008 .50

Note.—Results are for the haplotypes
of block 2 that contained the suscepti-
bility SNP, ¢.4603(—T.

* By the X7 test.
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Table 7. Association between Genotype at c.4603C—~T allele ¢.4603T was significantly lower than that of the

(rs1676486) in COL11A1 and LDH in the Japanese c.4603C allele (fig. 2a). We hypothesized that this SNP
Population affects COL11A1 transcription by altering mRNA stability
No. with and examined the stability of COL11A1 mRNA containing
Genotype Allelic OR the SNP. We mixed mRNAs produced by in vitro tran-
Group CC CT TT  Frequency P (95% CI) scription with cell lysate and assessed mRNA degradation
Case 160 367 96 3 0000033 1.42 by endogenous components of the cells, using northern-
(1.23-1.65) blot analysis. The transcript containing the susceptible al-

Control 453 325 60 .265 lele degraded faster (fig. 2b and 2¢).

To gain insight into the role of type XI collagen in LDH,
we examined COL11Al expression in tissues and cells by
these factors (table 4). The association was positiveinboth  gyantitative real-time PCR. COL11A41 mRNA was predom-
sexes (table 5). inantly expressed in IVD (fig. 3a4). We investigated the
Using the 20 SNPs in and around COL1IAI thathada  correlation between the COL11A1 mRNA expression level
minor-allele frequency >10%, we analyzed the linkage-  and 3 variety of LDH phenotypes and found that severity
disequilibrium structure of the region and found highly o gisc degeneration evaluated by MRI was inversely cor-
structured linkage-disequilibrium blocks (fig. 1). COLIIAI  related with COLI11A1 expression in IVDs of patients with
was covered by two blocks, and the SNP with a significant | by (fg, 3p). We further analyzed the expression and lo-
association (c.4603C~T) was contained in block 2. We fur-  c3jization of type XI collagen in IVD by immunohisto-
ther analyzed the haplotype structure of block 2 and iden-  chemistry. Normal discs had a highly uniform ECM struc-
tified seven haplotypes with frequencies >0.01 that cov-  yre with intense immunostaining of type XI collagen in
ered >97% of both the case and control groups (table 6).  the nucleus pulposus cells and ECM (fig. 3¢). In degen-
The association was weaker than that of c.4603C~Talone,  erarive discs, however, we observed weak immunostaining
suggesting the absence of a hidden causal SNP. We further ¢ tvpe XI collagen around the nucleus pulposus cells (fig.
examined the association of the SN, using an additional  3,) These findings implicate a decrease of type X1 collagen
334 patients with LDH and 376 controls. Our findings of | the pathogenesis of LDH.
the association between this SNP and LDH were replicated
(P = .044; OR 1.27 [95% C1 1.01-1.59]. Therefore, this SNP
is strongly associated with LDH (combined P = 3.3 x
107° in allelic frequency) (table 7).
To clarify the functional impact of ¢.4603C~T, wequan-  Through a case-control association study focusing on type
tified the allelic difference of the mRNA expression by real- X1 collagen, we identified COLIIAI as a susceptibility
time R1-PCR. The expression level of the susceptibility  gene for LDH. COLIIAI mRNA was substantially ex-
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Figure 2. Difference in transcription and stability of (OL11A1 mRNA containing the LDH-associated SNP. g, Relative cDNA expression
of ¢.4603(—T evaluated by real-time PCR. Data represent the ratios of cDNA to genomic DNA, and expression of the C allele is converted
to 1 (an asterisk [*] indicates P <.05, by Student’s t test). Data represent the mean = SD in triplicate assays. b, Sequential change
of COL11A1 mRNA analyzed by northern blotting. "4603C" and “4603T" indicate C0L11A1 mRNA produced by in vitro transcription with
¢.4603C and ¢.4603T7, respectively. ¢. Rate of degradation of the transcripts. Diamonds indicate the transcript with ¢.4603C; squares
indicate the transcript with ¢.4603T. The difference of the rate of degradation was significant at both 5 min and 10 min after the
reaction (an asterisk (*) indicates P < .05, by Student’s t test). Data represent the mean + SD in triplicate assays.
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Figure 3. Type XI collagen expression in human. a, COL11A1 expression in different tissues. (OL11A1 mRNA was predominantly expressed
in IVD. b, Inverse correlation between COLI1A1 expression and severity of degeneration of IVD in patients with LDH (an asterisk [*]
indicates P < .05, by Student’s ¢ test). The degree of disc degeneration is evaluated by MRI and is scored according to the classification
of Schneiderman. ¢ and d, Immunostaining of type XI coliagen in IVDs from an unaffected individual (c) and a patient with LDH
(Schneiderman’s grade 3) (d). Ubiquitous and intense staining was found in the normal disc. In contrast, the staining was found only
in and around the territorial matrices of clustered cells in the degenerative disc. The white scale bar indicates 50 nm.

pressed in 1VD, and the expression in patients with LDH

was decreased according to the severity of degeneration.

Our findings further indicate that the susceptibility SNP
produces unstable COL11A1 transcripts. A few cis-cle-
ments have been implicated in mRNA stabilization.* The
4856-4865 nucleotides (caaaaaatct) in COLI11AI mRNA
closely match the consensus for a mRNA stability motif,
“g/tanaaaag/tcc/t.”* The sequence variation might affect
the mRNA stability motif and disrupt the cis-element crit-
ical for mRNA stability, although they are >200 bp apart.
Alternatively, the sequence variation might induce a con-
formational change in the mRNA that would decrease
mRNA stability or increase the sensitivity to RNase. The
decrease of the COLIIAI transcript would lead to a de-
crease in type XI collagen in the ECM of 1VD.

IVD has a highly structured ECM to resist mechanical
forces. The highly oriented network of the fibrillar colla-
gens offers tensile strength,”?* and highly hydrated ag-
gregating PG resists comprehensive forces. They form a
mesh suited to holding water molecules, which further
increases their ability to withstand mechanical forces.
Therefore, the structural integrity of ECM and the phys-
iologic balance of its components are critical to IVD func-
tion. Perturbation of ECM metabolism would increase the
mechanical load of the 1VD, leading to its degeneration.
The reduction in type XI collagen, the critical organizer
of ECM, ultimately causes disintegration of ECM and
hence IVD degeneration, although it could occur as a sec-
ondary event of LDH. The present study underscores the
importance of ECM proteins in the pathogenesis of com-
mon bone and joint diseases, including LDH. Our results
should lead to a better understanding of the pathogenic
mechanisms of LDH and suggest promising targets for a
novel treatment strategy for LDH.
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Accession numbers and URLs for data presented herein are as
follows:

Applied Biosystems, http://www.appliedbiosystems.com/index
«cfm

GenBank, http://www.ncbi.nlm.nih.gov/Genbank/ (for COL11A1
sequences [accession numbers NMO001854.2, AC093150.4,
AL627203.7, and AC099567.2])

International HapMap Project, http://hapmap.org/

JSNP Database, http://snp.ims.u-tokyo.ac.jp/index.html

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi
.nlm.nih.gov/Omim/ (for Stickler syndrome type 11, Marshall
syndrome, and oto-spondylo-mega-cpiphyseal dysplasia)
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Genome-wide detection and characterization of
positive selection in human populations

Pardis C. Sabeti'*, Patrick Varilly'*, Ben Fry', Jason Lohmueller', Elizabeth Hostetter', Chris Cotsapas'*

’

Xiaohui Xie!, Elizabeth H. Byrne', Steven A. McCarroll*?, Rachelle Gaudet?, StephenF. Schaffner!, Eric S. Lander'+**

& The International HapMap Consortiumt

With the advent of dense maps of human genetic variation, it
is now possible to detect positive natural selection across the
human genome. Here we report an analysis of over 3 million
polymorphisms from the International HapMap Project Phase 2
{HapMap2)'. We used ‘long-range haplotype’ methods, which
were developed to identify alleles segregating in a population that
have undergone recent selection?, and we also developed new
methods that are based on cross-population comparisons to dis-
cover alleles that have swept to near-fixation within a population.
The analysis reveals more than 300 strong candidate regions.
Focusing on the strongest 22 regions, we develop a heuristic
for scrutinizing these regions to identify candidate targets
of selection. In a complementary analysis, we identify 26 non-
synonymous, coding, single nucleotide polymorphisms showing
regional evidence of positive selection. Examination of these
candidates highlights three cases in which two genes in a common
biological process have apparently undergone positive selection
in the same population: LARGE and DMD, both related to
infection by the Lassa virus’, in West Africa; SLC24A5 and
SLC45A2, both involved in skin pigmentation*®, in Europe; and
EDARand EDA2R, both involved in development of hair follicles®,
in Asia.

An increasing amount of information about genetic variation,
together with new analvtical methods, is making it possible to explore
the recent evolutionary history of the human population. The first
phase of the International Haplotype Map, including ~1 million
single nucleotide polymorphisms (SNPs)’, allowed preliminary
examination of natural selection in humans. Now, with the publica-
tion of the Phase 2 map (HapMap2)' in a companion paper, over
3 million SNPs have been genotyped in 420 chromosomes from three
continents (120 European (CEU), 120 Atrican (YRI) and 180 Asian
from Japan and China (JPT + CHB)).

In our analysis of HapMap2, we first implemented two widely used
tests that detect recent positive selection by finding common atleles
carried on unusually long haplotypes®. The two, the Long-Range
Haplotype (LRH)" and the integrated Haplotype Score (iHS)” tests,
rely on the principle that, under positive selection, an allele may rise
to high frequency rapidly enough that long-range association with
nearby polymorphisms—the long-range haplotype*—will not have
time to be eliminated by recombination. These tests control for local
variation in recombination rates by comparing long haplotypes to
other alleles at the same locus. As a result, they lose power as selected
alleles approach tixation (100% frequency), because there are then

few alternative alleles in the population (Supplementary Fig. 2 and
Supplementary Tables 1-2).

We next developed, evaluated and applied a new test, Cross
Population Extended Haplotype Homozogysity (XP-EHH), to detect
selective sweeps in which the selected allele has approached or
achieved fixation in one population but remains polymorphic in
the human population as a whole (Methods, and Supplementary
Fig. 2 and Supplementary Tables 3—6). Related methods have recently
also been described'*".

Our analvsis of recent positive selection, using the three methods,
reveals more than 300 candidate regions'(Supplementary Fig. 3 and
Supplementarv Table 7), 22 of which are above a threshold such that
no similar events were found in 10 Gb of simulated neutrally evolving
sequence (Methods). We focused on these 22 strongest signals
{Table 1), which include two well-established cases, SLC24A5 and
LCT**", and 20 other regions with signals of similar strength.

The challenge is to sift through genetic variation in the candidate
regions to identify the variants that were the targets of selection. Qur
candidate regions are large (mean length, 815 kb; maximum length,
3.5 Mb) and often contain multiple genes (median, 4: maximum, 15).
A typical region harbours ~400—,000 common SNPs (minor allele
frequency >5%), of which roughly three-quarters are represented in
current SNP databases and half were genotyped as part of HapMap2
(Supplementary Table 8). :

We developed three criteria to help highlight potential targets of
selection (Supplementary Fig. 1): (1) selected allcles detectable by our
tests are likely to be derived (newly arisen), because long-haplotype
tests have little power to detect selection on standing ( pre-existing)
variation'*; we therefore focused on derived alleles, as identified by
comparison to primate outgroups; (2) selected alleles are likely to be
highly differentiated between populations, because recent selection is
probably a local environmental adaptation; we thus looked for
alleles common in only the populationts) under sclection; (3)
selected alleles must have biological effects. On the basis of current
knowledge, we therefore focused on non-synonymous coding SNPs
and SNPs in evolutionarily conserved sequences. These criteria are
intended as heuristics, not absolute requirements. Some targets of
selection mav not satistv them, and some will not be in current SNP
databases. Nonetheless, with ~50% of common SNPs in these popu-
lations genotyped in HapMap2, a search for causal variants is timely.

We applied the criteria to the regions containing SLC24A5 and
LCT. each of which already has a strong candidate gene, mutation
and trait. At SLC24A35, the 600kb region contains 914 genotyped

'Broad Institute of MIT and Harvard. Cambridge. Massachusetts 02139, USA. “Center for Human Genetic-Research, Massachusetts General Hospitai, Boston, Massachusetts 02114.
USA. *Department of Molecular and Celiuiar Biology, Harvard University, Cambridge, Massachusetts 02138, USA. “Department of Biology, MIT. Cambridge, Massachusetts 02139,
USA. *Whitehead Institute ‘or Biomedical Research, Cambridge. Massachusetts 62142, USA. *Department of Systems Biology, Harvard Medicai School, Boston, Massachusetts

02115, USA
*These authors contributed equally to this work.
tlists of partic:pants and affiliations appear at the end of the paper.
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Table 1| The twenty-two strongest candidates for natural selection

NATURE|Vol 44918 October 2007

Region Chr:position Selected population Long Haplotype Test  Size (Mb) Total SNPs with  Subset of Subset of Subset of SNPs  Genes at or near SNPs that
(MB, HG17) Long Haplotype  SNPs that SNPs that that fulfil fulfil all three criteria
Signal fulfil criteria  fulfil criteria  criteria 1, 2
1 1and 2 and 3

1 chri:166 CHB + JPT LRH, iHS 04 92 39 30 2 BLZF1, SLC19A2
2 chr2:72.6 CHB + JPT XP-EHH 0.8 732 250 0 0
3 chr2:108.7 CHB + JPT LRH, iHS, XP-EHH 1.0 972 265 7 1 EDAR
4 chr2:136.1 CEU LRH, iHS, XP-EHH 24 1,213 282 24 3 RAB3GAPI1, R3HDMI, LCT
5 chr2:177.9 CEU,CHB + JPT LRH, iHS, XP-EHH 1.2 1,388 399 79 9 PDE11A
6 chra:33.9 CEU,YRI, CHB + IPT LRH, iHS 17 413 161 33 0
7 chr4:42 CHB + JPT LRH, iHS, XP-EHH 03 249 94 65 6 SLC30A9
8 chr4:159 CHB + JPT LRH, iHS, XP-EHH 0.3 233 67 34 1
9 chrl0:3 CEU LRH, iHS, XP-EHH 03 179 63 16 1
10 chrl0:22.7 CEU, CHB + JPT XP-EHH 03 254 93 0 0
11 chrl0:55.7 CHB+ JPT LRH, iHS, XP-EHH 0.4 735 221 5 2 PCDH15
12 chrl2:78.3 YRI LRH, iHS 0.8 151 91 25 0
13 chrl5:46.4 CEV XP-EHH 0.6 867 233 5 1 SLC24A5
14 chr15:61.8 CHB + JPT XP-EHH 0.2 252 73 40 6 HERC1
15 chrl6:64.3 CHB + JPT XP-EHH 04 484 137 2 0
16 chrl6:74.3 CHB + JPT, YRI LRH, iHS 0.6 55 35 28 3 CHSTS, ADATI, KARS
17 chrl7:53.3 CHB + JPT XP-EHH 0.2 143 41 0 0
18 chrl7:56.4 CEU XP-EHH 0.4 290 98 26 3 BCAS3
19 chri9:43.5 YRI LRH, iHS, XP-EHH 0.3 83 30 o] 0
20 chr22:32.5 YRI LRH 04 318 188 35 3 LARGE
21 chr23:35.1 YR! LRH, iHS 0.6 50 35 25 o]
22 chr23:63.5 YRI LRH, iHS 35 13 3 1 0

Tota!l SNPs 16.74 9,166 2,898 480 41

Twenty-twao regions were identified at a high threshold for significance (Methods). based on the LRH, iHS and/or XP-EHH test. Within these regions. we examined SNPs with the best evidence of
being the target of selection on the basis of having a long haplotype signal, and by fulfilling three criteria: (1) being a high-frequency derived allele; (2) being differentiated between populations and
common only in the selected population; and (3) being identified as functional by current annotation. Several candidate polymorphisms arise from the analysis including well-known LCT and SLC24AS

(ref. 2), as well as intriguing new candidates.

SNPs. Applying filters progressively (Table 1 and Fig. la-d), we
found that 867 SNPs are associated with the long-haplotype signal,
of which 233 are high-frequency derived alleles, of which 12 are
highly differentiated between populations, and of which only 5 are

common in Europe and rare in Asia and Africa. Among these five
SNPs, there is only one implicated as functional by current know-
ledge; it has the strongest signal of positive selection and encodes the
Al11T polymorphism associated with pigment differences in
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Figure 1| Localizing SLC24A5 and EDAR signals of selection.

a-d, SLC24A5. a, Strong evidence for positive selection in CEU samples at a
chromosome 15 locus: XP-EHH between CEU and JPT + CHB (blue), CEU
and YRI (red), and YRI and JPT + CHB (grey). SNPs are classified as having
low probability (bordered diamonds) and high probability (filled diamonds)
potential for function. SNPs were filtered to identify likely targets of
selection on the basis of the frequency of derived alleles (b), differences
between populations (¢) and differences between populations for high-
frequency derived alleles (less than 20% in non-selected populations)

(d). The number of SNPs that passed each filter is given in the top left corner

Position on chromosome 2 (cM)

clear outlier. e-h, EDAR. e, Similar evidence for positive selection in

in red. The threonine to alanine candidate polymorphism in SLC24A5 is the
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JPT + CHB at a chromosome 2 locus: XP-EHH between CEU and

JPT + CHB (blue), between YRI and JPT + CHB (red), and between CEU
and YRI (grey); iHS in JPT + CHB (green). A valine to alanine
polymorphism in EDAR passes all filters: the frequency of derived alleles
(f), differences between populations (g) and differences between
populations for high-frequency derived alleles (less than 20% in non-
selected populations) (h). Three other functional changes, a D—E change in
SULT1C2 and two SNPs associated with RANBP2 expression (Methods),
have also become common in the selected population.



