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Moderate expansion of a normally
biallelic trinucleotide repeat in
spinocerebellar ataxia type 2
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The gene for spinocerebellar ataxia type 2 (SCA2) has been mapped to 12q24.1.

A 1.1-megabase contig in the candidate region was assembled in P1 artificial
chromosome and bacterial artificial chromosome clones. Using this contig, we identified
a CAG trinucleotide repeat with CAA interruptions that was expanded in patients with
SCA2. In contrast to other unstable trinucleotide repeats, this CAG repeat was not highly
polymorphic in normal individuals. In SCA2 patients, the repeat was perfect and
expanded to 36-52 repeats. The most common disease allele contained (CAG)37, one of
the shortest expansions seen in a CAG expansion syndrome. The repeat occurs in the
5'-coding region of SCA2 which is a member of a novel gene family.

The hereditary ataxias are a complex group of neurode-
generative disorders all characterized by varying abnor-
malities of balance attributed to dysfunction or
pathology of the cerebellum and cerebellar pathways. In
many of these disorders, dysfunction or structural
abnormalities extend beyond the cerebellum, and may
involve basal ganglia function, oculo-motor disorders
and neuropathy. The dominant spinocerebellar ataxias
(SCAs) represent a phenotypically heterogeneous group
of disorders with a prevalence of familial cases of approx-
imately 1 in 100,000 (ref. 1).

The genes causing two types of SCA have recently
been identified: SCA1 on chromosome 6p (ref. 2) and
the gene for Machado-Joseph disease (MJD) on chro-
mosome 14q (ref. 3). These diseases are caused by
expansion of a CAG repeat in the coding region of the
genes. However, many SCA pedigrees did not show link-
age to chromosome 6p or 14q, confirming the presence
of non-allelic heterogeneity. Subsequent genetic linkage
studies have led to the identification of loci for SCA2 on
chromosome 12 (refs 4,5), SCA4 on chromosome 16
(ref, 6), SCA5 on chromosome 11 (ref. 7) and SCA7 on
chromosome 3 (ref. 8).

The location of SCA2 on human chromosome 12 has
recently been refined to a 1-cM interval between
D1281328 and D12§1333 or D12513291n a large Cuban
pedigree®. A similar location of SCA2 has been suggest-
ed for pedigrees of German, French-Canadian, Tunisian,
and Italian origin'!. One marker of unknown physical
location for the locus D1251332 did not detect the
recombinants detected by D1251328 or D1251333 and
likely represented the genetic marker closest to SCA2.
The physical map of the SCA2 region on chromosome
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12q24.1 contains at least two gaps and D1251333 could
not be placed on the map'®!!. In addition, discrepan-
cies between the physical and genetic map could not be
resolved, because a YAC contig spanning the region
bounded by the genetic flanking markers could not be
assembled.

Anticipation has been observed in SCA2*!? suggesting
that SCA?2 like other neurodegenerative disorders such
as Huntington disease (HD), SCA1 and SCA3, spino-
bulbar muscular atrophy (SBMA) and dentato-rubro-
pallido-luysian atrophy (DRPLA) was caused by unstable
DNA repeats>>13-16_This notion received further sup-
port with the identification of a 150-kD protein in a
patient with chromosome 12-linked ataxia using a mon-
oclonal antibody that detects extended polyglutamine
tracts!”. We now report the identification of the SCA2
gene.

Physical map of the SCA2 region

Due to the lack of a YAC contig spanning the SCA2 can-
didate region we generated a contig of P1-artificial-chro-
mosomes (PACs)!8 and bacterial artificial chromosome
(BACs) (Fig. 1). Additional contigs were established
using a FISH-mapped BAC resource (J.R.K., unpub-
lished observations) by selecting clones mapping to the
proximal third of band 12q24.1. After several walking
steps using STSs derived from PAC- and BAC- end
sequences!?, overlap of the contigs was established by
shared STS content. Overlap of clones was further con-
firmed by shared restriction fragments through
hybridization of selected clones to Southern blots of
Notl/Xbal digests of clones (data not shown). All STSs
were mapped back to human chromosome 12 by PCR
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Fig. 1 Physical map
of the SCA2 region.
The location of
D1281328 cen-
tromeric and
D1251329 telomeric
of the contig are indi-
cated. As indicated
by double forward
slashes, the map is
not drawn fo scale
between D1251328
and P46F2t7, and
between B78E14t7
and D12S51329.
YAC, PAC and BAC
clones are prefixed
with °Y’, ‘P’, and ‘B’
respectively. Clones
positive for a specific
STS by PCR analysis
are indicated by ver-
tical lines. Solid
arrows indicate end-
ST8s from the clone
under the symbol.
Sizes of all clones
are shown to scale.
The chimeric part of
YAC clone 856h2
(1,100 kb) is indicat-
ed by a dashed
arrow. Interstitial
deletions in YACs or
PACs are indicated
by thin lines in brack-
ets. The extent of the
deletion in YAC
Y638E7 is not pre-
cisely known.
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analysis of hybrid cell lines containing chromosome 12
as their only human chromosome. Map position in
12q24.1 for clones B087CO5, B55CO5, and P65122 was
confirmed by FISH analysis (data not shown).

The dense localization of STSs allowed the precise
positioning of YACs in the region. Y884-h-11 was the
only YAC clone that was positive for both D1251332 and
D1281333. However, this clone contained an interstitial
deletion that encompassed approximately 200 kb. A
small portion of this deletion, which was subsequently
shown to contain parts of SCA2, was not covered by any
of the other YAC clones, but was contained in several

PAC clones (Fig. 1).

Genomic analysis of the SCA2 repeat

We identified clones containing trinucleotide repeats by
hybridizing Xbal/Notl digests of a minimal tiling path
of clones with a (CAG),, oligonucleotide, as well as other
trinucleotide permutations (data not shown). Two CAG
positive bands of distinct sizes were identified in the con-
tig. Sequence analysis of one of these after cloning into
plasmid P165122 contained an extended CAG repeat that
was twice interrupted and had the following structure:
(CAG)gCAA(CAG),CAA(CAG)y. The repeat was
embedded in a long open reading frame (correspond-
ing to basepairs 163 to 890 of the cDNA sequence shown
in Fig. 2a) terminated by a putative splice site 3' of the
repeat which was subsequently confirmed by compari-

~son with the cDNA sequence.

To analyse genomic DNAs in normal individuals and
SCA2? patients, the region containing the repeat was
amplified using several primer pairs. The best results
were obtained using primer pairs SCA2-A and -B. On
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agarose gels, a single band of approximately 130 bp was
detected in normal individuals, whereas all patients with
SCAZ2 from three independent pedigrees'! showed one
allele in the normal size range and a larger allele rang-
ing from approximately 190 to 250 bp. Southern blot
analysis confirmed that both alleles contained CAG
repeats (data not shown).

To determine the exact sizes of amplified fragments,
DNAs from SCA?2 patients and normal individuals were
amplified and PCR products separated by polyacry-
lamide gel electrophoresis (Fig. 34). A common allele of
22 repeats and a less frequent allele of 23 repeats were
seen. In 110 normal chromosomes from 55 Caucasian
individuals of Northern, Southern and Eastern Euro-
pean origin, the allele frequencies were 0.92 for the
smaller and 0.08 for the larger allele. Expanded alleles
ranging from 36 to 52 repeats were observed in patients
from three independent SCA2 pedigrees. Once expand-
ed to the pathologic range, the SCA2 repeat was mod-
erately unstable and further expansion by two to nine
repeat units was seen during meiosis (Fig. 3a). There
was great variability in the age of onset for a given repeat
length, especially for disease alleles with 36-40 repeats.
Due to heterogeneous variance in age of onset we used
non-linear regression (Fig. 3b) — a negative exponen-
tial function was succesfully fitted (see Methods). The
smallest expansion of 36 repeats was seen in two men
with disease onset at ages 37 and 44. The longest expan-
sion of 52 repeats was seen in a boy with disease onset
at 9 years of age.

Sequence analysis of ten normal alleles revealed that
the common normal allele with 22 repeats contained the
two CAA interruptions that were also seen in plasmid
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a ACCCCCGAGAAAGCAACCCAGCGCGCCGCCCGCTCCTCACGTGTCCCTCCCGGCCCCGGG 60
GCCACCTCACGTTCTGCTTCCGTCTGACCCCTCCGACTTCCGGTAAAGAGTCCCTATCCG 120

121 CACCTCCGCTC CCCGGCGCCTCGGCGCGCCCGCCCTCCGATGCGCTCAGCGGCCGCA 180

1 M R S A A A 6
181 GCTCCTCGGAGTCCCGCGGTGGCCACCGAGTCTCGCCGCTTCGCCGCAGCCAGGTGGCCC 240
7 AP R SPAVATES ST RRTFAARAZRTUWFP 26
241 GGGTGGCGCTCGCTCCAGCGGCCGGCGCGGCGGAGCGGGCGGGGCGGCGGTGGCGCGGCC 300
27 G W R SLQRUPARTZ RS GR RGG GG GG A A 46
301 CCGGGACCGTATCCCTCCGCCGCCCCTCCCCCGCCCGGCCCCGGCCCCCCTCCCTCCCGG 360
47 P G P Y P S A A PPPPGPGUPUPUPS SR 66
361 CAGAGCTCGCCTCCCTCCGCCTCAGACTGTTTTGGTAGCAACGGCAACGGCGGCGGCGCG 420
67 Q S S P P S A S D CVF G S N GNUGG G A 86
421 TTTCGGCCCGGCTCCCGGCGGCTCCTTGGTCTCGGCGGGCCTCCCCGCCCCTTCGTCGTC 480
87 F R P G S RRLLGULGGU®PZPRUZPTFVV 106
481 GTCCTTCTCCCCCTCGCCAGCCCGGGCGCCCCTCCGGCCGCGCCAACCCGCGCCTCCCCG 540
07 VL L P L A S P GAPPAAZPTTU RAS P 126
541 CTCGGCGCCCGTGCGTCCCCGCCGCGTTCCGGCGTCTCCTTGGCGCGCCCGGCTCCCGEE 600
127 L. G A R A S P PR S GV S LARTPATP G 146
scaz2-a

601 TGTCCCCGCCCGGCGTGCGAGCCGGTGTATGGGCCCCTCACCATGTCGCTGAAGCCCCAG 660
147 C P R P A CE PV Y GPILTMSTULTKTZPQ 166

661 CAGCAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAG 720
167 Q Q Q Q Q 0 2 0 Q 0 Q Q0 Q Q0 Q000 QQ 186

SCA2-B
721  CAGCCGCCGCCCGCGGCTGCCAARTGTCCGCAAGCCCGGCGGCAGCGGCCTTCTAGCGTCG 780
187 Q P P P A A ANV RIKUPGS G S GULULA S 206
781 CCCGCCGCCGCGCCTTCGCCGTCCTCGTCCTCGGTCTCCTCGTCCTCGGCCACGGCTCCC 840
207 P AAAPSPSSSSVSS S S A|lTacr 226
841 TCCTCGGTGGTCGCGGCGATCTCCGGCGGCGGGAGE GCCTGGGCAGAGGTCGAAAC 900
227 S S V.V A AT S GG GURUPGULGU R G RN 246
901 AGTAACAAAGGACTGCCTCAGTCTACGATTTCTTTTGATGGAATCTATGCAAATATGAGG — 960
247 S N K G L P Q S TTI S F DGTI Y ANMRBR 266
961 ATGGTTCATATACTTACATCAGTTGTTGGCTCCAAATGTGAAGTACAAGTGAAAAATGGA 1020
267 M V H I L T S V V G S K C E V Q V K N G 286
SCA2-14B
1021 GGTATATATGAAGGAGTTTTTAAAACTTACAGTCCGAAGTGTGATTTGGTACTTGATGCC 1080
287 G I Y E GV F K T Y S P K CDULV L DA 306
1081 GCACATGAGAAAAGTACAGAATCCAGTTCGGGGCCG. \CGTGA. \TAAT! T 1140
307 A HE K STESS S GP KR RTETETIME S 326
1141 ATTTTGTTCAAATGTTCAGACTTTGTTGTGGTACAGTTTAAAGATATGGACTCCAGTTAT 1200
327 I L F K €C $ D F V V V Q F KDMUD S s Y 346
1201 GCAAAAAGAGATGCTTTTACTGACTCTGCTATCAGTGCTAAAGTGAATGGCGAACACAAA 1260
347 A K R DA F T D S A I S A KUV NGEHK 366
1261 GAGAAGGACCTGGAGCCCTGGGATGCAGGTGAACTCACAGCCAATGAGGAACTTGAGGCT — 1320
37 E K DL EP WD AGETLTANTETETLE A 386
1321 TTGGAAAATGACGTATCTAATGGATGGGATCCCAATGATATGTTTCGATATAATGAAGAA 1380
387 L EN DV S NG WD UPNIDMMTFTURTYNEE 406
1381 AATTATGGTGTAGTGTCTACGTATGATAGCAGTTTATCTTCGTATACAGTGCCCTTAGAA 1440
407 N Y G VV S TVYDSS SLSSYTVPTLE 426
1441 AGAGATAACTCAGAAGAATTTTTAAAACGGGAAGCAAGGGCAAACCAGTTAGCAGAAGAA 1500
427 R D N S E E F L KR EAURA ANIUGQULA ATEE 446
b 1 * 50
Ataxin-2 VYGPLTMSLK PQQQQQQQQQ QQQQQQQQ00Q QQQPPPAAAN VRKPGGSGLL

Mouse Ataxin-2 HEGPLTMSLK PQPQ..
A2RP ........LA PQPPPPQQHQ
Consensus  -- L- PQ

PPAPAT GRKPGG.GLL

51 100
Ataxin-2 T APSSVVA... ATSGGGRPGL
Mouse Ataxin-2 SSPGAAP.AS AAVTSASVVP
a

A2RP . .PGAAAIGS
Consensus --P-AA---§

RGQSTGKGP
-RG----KG

101
Ataxin-2 PQSTISFDGI YANMRMVHIL TSVVGSKCEV QVKNGGIYEG VFKTYSPKCD
Mouse Ataxin-2 PQPTISFDGI YANVRMVHIL T KCEV QVKNGGIYEG VFKTYSPKCD
A2RP PQSPV.FEGV YNNSRMLHFL TAVVGSTCDV KVKNGTTYEG IFKTLSSKFE
Consensus PQ----F-G- Y-N-RM-H-L T-VVGS-C-V -VKNG--YEG -FKT-S-K--

151 200

Ataxin-2 LVLDARHEKS EIMESILFKC SDF FKD MDSSYAKRDA
Mouse Ataxin-2 LVLDARHEKS TESSSGPKRE EIMESVLFKC SDFVVVQFKD TDSSYARRDA
A2RP LAVDAVHRKA SEPAGGPRRE DIVDTMVFKP SDVMLVHFRN VDFNYATKDK
Consensus L--DA-H-K- -E---GP-RE -I----- FK- SD---V-F-- -D--YA--D-

201 250

Ataxin-2 FTDSATS..A LEPWDAGELT D
Mouse Ataxin-2 FTDSALS..A T ASEELE.LEN DVSNGWDPND
A2RP FTDSAIAMNS KVNGEHKEKV LQRWEGGD.S NSDDYD.LES DMSNGWDPNE
Consensus FTDSA----- KVNGEHKEK- L--W--G--- -------LE- D-SNGWDPN-

251 300

Ataxin-2 MFRYNEENYG VVSTYDSSLS SYTVPLERDN SEEFLKREAR ANQLAEEIES
Mouse Ataxin-2 MFRYNEENYG VVSTYDSSLS SYTVPLERDN SEEFRKREAR ANQLAEEIES
A2RP MFKFNEENYG VKTTYDSSLS SYTVPLEKDN SEEFRURELR AAQLAREIES
Consensus MF--NEENYG V--TYDSSLS SYTVPLE-DN SEEF--RE-R A-QLA-EIES

301

Ataxin-2 SAQYKARVAL ENDD.RSEEE KYTAVQRNSS EREGHSINTR ENKYIPPGQR
Mouse Ataxin-2 SAQYKARVAL ENDD.RSEEE KYTAVQRNCS DREGHGPNTR DNKYIPPGQR
A2RP SPQYRLRTAM ENDDGRTEEE KHSAVQRQGS GRESPSLASR EGKYIP.

Consensus  S-QY--R-A- ENDD-R-EEE K--AVQR--$ -RE------~ R --KYIP-

351
Ataxin-2 NR
Mouse Ataxin-2 NR
A2RP Py
Consensus -~

1501 ATTGAGTCAAGTGCCCAGTACAAAGCTCGAGTGGCCCTG! TGATGATAGGAGTGA 1560
447 I E S S A Q Y KA RV AL ENTDTUDTR S E 466
1561 AAATACACAGCAGTTC: G \TTCCAGTGAACGTGAGGGGCACAGCATAAAC 1620
467 E E K Y T AV Q RN S S EREGHS IN 486
1621 ACT: \TAAATATATTCCTCCTGGACAAAGAAATAGAGAAGTCATATCCTGGGG 1680
487 T R E N K Y I P P G Q R N R EV I S WG 506
1681 AGTGGGAGACAGAATTCACCGCGTAT CAGCCTGGATCGGGCTCCATGCCATCAAGA 1740
507 S G R Q N S PRMGOQZPGSGSMZP SR 526
1741 TCCACTTCTCACACTTCAGATTTCAACCCGAATTCTGGTTCAGACCAAAGAGTAGTTAAT 1800
527 S T S H T S D F N PN S G S DOQURUV VN 546
1801 GGAGGTGTTCCCTGGCCATCGCCTTGCCCATCTCCTTCCTCTCGCCCACCTTCTCGCTAC — 1860
547 G G V P W P S P C P S P S S R PP S R Y 566
1861 CAGTCAGGTCCCAACTCTCTTCCACCTCGGGCAGCCACCCCTACACGGCCGCCCTCCAGG 1920
567 Q S G P N S L P PRAATUPTRPUPSR 586
1921 CCCCCCTCGCGGCCATCCAGACCCCCGTCTCACCCCTCTGCTCATGGTTCTCCAGCTCCT 1980
587 P P S R P S R P P S HP S A HG S P A P 606
1981 GTCTCTACTATGCCT: TGTCTTCAGAAGGGCCTCCAAGGATGTCCCCARAGGCC 2040
607 VS T M P K RM S S E G P P RMS P KA 626
2041 CAGCGACATCCTCGAAATCACAGAGTTTCTGCTGGGAGGGGTTCCATATCCAGTGGCCTA 2100
627 Q R H P R N H R V S A G R G S I S S G L 646
2101 GAATTTGTATCCCACAACCCACCCAGTGAAGCAGCTACTCCTCCAGTAGCAAGGACCAGT 2160
647 E F V S H N P P S E A AT P P V A RT S 666
2161 CCCTC GTGGTCATCAGTGGTCAGTGGGGTTCCAAGATTATCCCCTAARACT 2220
667 P S G G T WS SV VS GV PRILSZPEKT 686
2221 \TAGACCCAGGTCTCCCAGACAGAACAGTATTGGAAATACCCCCAGTGGGCCAGTTCTT 2280
687 H R P R S P R Q N S I GNTUPS G PV L 706
2281 GCTTCTCCCCAAGCTGGTATTATTCCAACTGAAGCTGTTGCCATGCCTATTCCAGCTGCA 2340
707 A S P Q A G I I PTEAV AMTEPTIPAA 726
2341 TCTCCTACGCCTGCTAGTCCTGCATCGAACAGAGCTGTTACCCCTTCTAGTGAGGCTARA 2400
727 S P T P A S P A S NURA AV TP S S E A K 746
2401 GATTCCAGGCTTCAAGATCAGAGGCAGAACTCTCCTGCAGGGAATAAAGARAATATTARA 2460
747 D S R L 9 D Q R Q N S P A G N K E N I K 766
2461 CCCAATGAAACATCACCTAGCTTCTCAAAAGCTGAARACAAAGGTATATCACCAGTTGTT — 2520
767 P NE T S P S F S KA ENJIKGTISZPVV 786
2521 TCTGAACATAGAAAACAGATTGATGATTTAAAGAAATTTAAGAATGATTTTAGGTTACAG 2580
787 S E H R K Q I D DL K KTF KNUDTFTR RTILQ 806
2581 CCAAGTTCTACTTCTGAATCTATGGATCAACTACTARACARAAATAGAGAGGGAGAAAAA 2640
807 P S S T S E S M D QLLNTZKTINT RTEGE K 826
2641 TCAAGAGATTTGATCAAAGACAAAATTGAACCAAGTGCTAAGGATTCTTTCATTGARAAT — 2700
827 S R D L I K D K I E P S A KD S F I EN 846
2701 AGCAGCAGCAACTGTACCAGTGGCAGCAGCAAGCCGAATAGCCCCAGCATTTCCCCTTCA 2760
847 S S S N C T S G S S K P NS P S I S P S 866
2761 ATACTTAGTAACACGGAGCACAAGAGGGGACCTGAGGTCACTTCCCAAGGGGTTCAGACT 2820
867 I L S N T E H KR G P EV TS QGV QT 886
2821 TCCAGCCCAGCATGTAAACAA A, T A CAGCTGAG 2880
887 S S P A C K Q E K DD KETETZKTZKTDAAE 906
2881 CAAGTTAGGAAATCAACATTGAATCCCAATGCAAAGGAGTTCAACCCACGTTCCTTCTCT — 2940
907 Q V R K S T L N P N A KETFNTPRTSF § 926
2941 CAGCCAAAGCCTTCTACTACCCCAACTTCACCTCGGCCTCAAGCACAACCTAGCCCATCT 3000
927 Q P K P S T T P T S P R P Q A Q P S P § 946
3001 ATGGTGGGTCATCAACAGCCAACTCCAGTTTATACTCAGCCTGTTTGTTTTGCACCARAT — 3060
947 M V G H Q Q P T P V Y T Q P V C F A P N 966
3061 ATGATGTATCCAGTCCCAGTGAGCCCAGGCGTGCAACCTTTATACCCAATACCTATGACG — 3120
967 M M Y P V P V S P GV QFPLYPTIZPMT 986

3121 CCCATGCCAGTGAATCAAGCCAAGACATATAGAGCAGTACCAAATATGCCCCAACAGCGG 3180

987 P M P V N Q A KT Y RAV P NMZPOQOQR 1006
3181 CAAGACCAGCATCATCAGAGTGCCATGATGCACCCAGCGTCAGCAGCGGGCCCACCGATT 3240
1007 Q D Q HH QS AMMEBHTPASAAGTEPPI 1026
3241 GCAGCCACCCCACCAGCTTACTCCACGCAATATGTTGCCTACAGTCCTCAGCAGTTCCCA 3300
1027 A AT P P A Y S TOQJYV AYSPOQQTF P 1046
3301 AATCAGCCCCTTGTTCAGCATGTGCCACATTATCAGTCTCAGCATCCTCATGTCTATAGT — 3360
1047 N Q P L V Q HV P HY QS QHPHUV Y S 1066
3361 CCTGTAATACAGGGTAATGCTAGAATGATGGCACCACCAACACACGCCCAGCCTGGTTTA 3420
1067 P V I Q GNARMMAPZPTUHAQOQTPGTL 1086
3421 GTATCTTCTTCAGCAACTCAGTACGGGGCTCATGAGCAGACGCATGCGATGTATGCATGT — 3480
1087 V S S S AT Q Y G A HEGQTHAMYA ASC 1106
3481 CCCAAATTACCATACAACAAGGAGACAAGCCCTTCTTTCTACTTTGCCATTTCCACGGGC — 3540
1107 P K L P Y N KX ET S P S F Y F A I STG 1126
3541 TCCCTTGCTCAGCAGTATGCGCACCCTAACGCTACCCTGCACCCACATACTCCACACCCT 3600
1127 S L A Q Q Y A H P N AT L HPHT P H,P 1146
3601 CAGCCTTCAGCTACCCCCACTGGACAGCAGCAAAGCCAACATGGTGGAAGTCATCCTGCA 3660
1147 Q P S A T P T G Q Q Q S Q H G G S H P A 1166
3661 CCCAGTCCTGTTCAGCACCATCAGCACCAGGCCGCCCAGGCTCTCCATCTGGCCAGTCCA 3720
1167 P S P V Q H HQAAOQA ALUHTLAS P 1186
3721 CAGCAGCAGTCAGCCATTTACCACGCGGGGCTTGCGCCAACTCCACCCTCCATGACACCT 3780
1187 Q Q Q S A I Y HA G L AP TP P S MTP 1206
3781 GCCTCCAACACGCAGTCGCCACAGAATAGTTTCCCAGCAGCACAACAGACTGTCTTTACG — 3840
1200 A S N T Q S P QNGSFPAAQO QTVFT 1226
3841 ATCCATCCTTCTCACGTTCAGCCGGCGTATACCAACCCACCCCACATGGCCCACGTACCT — 3900
1227 I H P S HV Q PAY TNPPHMAEHTUYEP 1246
3901 CAGGCTCATGTACAGTCAGGAATGGTTCCTTCTCATCCAACTGCCCATGCGCCAATGATG 3960
1247 Q A H V Q S GM V P S HPTAHATPMM 1266
3961 CTAATGACGACACAGCCACCCGGCGGTCCCCAGGCCGCCCTCGCTCAAAGTGCACTACAG 4020
1267 L. M T T Q P P G G P O A AL AOQ S AL Q 1286
4021 CCCATTCCAGTCTCGACAACAGCGCATTTCCCCTATATGACGCACCCTTCAGTACAAGCC — 4080
1287 P I P VS T T A H F P Y M TH P S V Q A 1306
4081 CACCACCAACAGCAGTTGTAAGGCTGCCCT! CGARAGGCCAAATTCCCTCCTC 4140
1307 H H Q Q Q L ~ 1326

4141 CCTTCTACTGCTTCTACCAACTGGAAGCACAGAAAACTAGAATTTCATTTATTTTGTTTT 4200
4201 TAAAATATATATGTTGATTTCTTGTAACATCCAATAGGAATGCTAACAGTTCACTTGCAG 4260
4261 TGGAAGATACTTGGACCGAGTAGAGGCATTTAGGAACTTGGGGGCTATTCCATAATTCCA 4320
4321 TATGCTGTTTCAGAGTCCCGCAGGTACCCCAGCTCTGCTTGCCGAAACTGGAAGTTATTT 4380
4381 ATTTTTTAATAACCCTTGAAAGTCATGAACACATCAGCTAGCAAAAGAAGTAACAAGAGT 4440
4441 GATTCTTGCTGCTATTACTGCTAAAAAAAAAARAAAAARAA 4481

Fig. 2 SCA2 cDNA and predicted amino acid sequence. a, Composite cDNA sequence obtained from assembly of partially overlapping
cDNA clones. The predicted protein product is shown below the DNA sequence. In-frame stop codons preceding the first in-frame
methionine and terminating the open reading frame are indicated by *. The locations of primers SCA2-A, SCA2-B, and SCA2-14B are
indicated by horizontal arrows. The splice site between primers SCA2-B and SCA2-14B is indicated by a vertical arrow. b, Amino acid
sequence alignment of ataxin-2, the ataxin-2 related protein, and the mouse SCA2 homologue in the region of strongest homology.
Codon 1 corresponds to codon 155 in (). The cDNA sequences for the three genes have been deposited in GenBank.

P165122. The less frequent normal allele with 23 repeats
had lost the 5' CAA interruption (Fig. 4), and contained
an additional CAG repeat at the 5'-end of the repeat. In
three expanded alleles that were isolated from SCA2
patients the CAG repeat lacked any interruptions.
Previous analysis of trinucleotide repeats predisposed
to expansion had suggested that these regions are pre-
dicted to form hairpin structures?. We used an updated
version of the DNA-FOLD Program?! for secondary
structure predictions which suggested the formation of

nature Qenetics volume 14 november 1996

several possible hairpin structures. Whereas the pres-
ence of two CAA interruptions results in a branched
hairpin with a free energy of —21.4 kcal, the loss of inter-
ruption is predicted to result in a perfect hairpin with a
free energy of —25.2 keal (nucleotides 648—743, Fig. 2a).

To determine the frequency of mutation of SCA2 in
non-Portuguese patients we screened DNAs from 45
independent families with autosomal dominant SCAs.
Expansion of the SCAZ2 repeat was detected in six fami-
lies. In this set of families, SCA2 expansion was twice as
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Fig. 3 a, Analysis of the SCA2 CAG repeat by polyacrylamide electrophoresis. A com-
mon allele of 22 repeats and a less frequent allele of 23 repeats (samples 14 and 15} are
seen in normal individuals. SCA2 patients with extended alleles from 37 to 52 repeats
are shown. SCA2 patients derive from two pedigrees with chromosome 12 linked dom-
inant ataxia. The pedigree structures are shown at the top. Genomic DNAs were ampili-
fied with primers SCA2-A and SCA2-B and separated in a 6% polyacrylamide gel. Primer
SCA2-A was end-labelled. As a size standard, single stranded M13mp18 control DNA
was sequenced with sequencing primer “-40” provided by USB. b, Scatter plot for age-
of-onset in years versus the number of CAG repeats. Repeat length and disease onset in
SCAZ patients are inversely related. Triangles represent observed values, and the bold
line indicates the best negative exponential fit (see Methods).

common as expansion in the SCAI gene (D. Geschwind
and S.-M.P., unpublished). In addition to individuals
with a ‘typical’ SCA phenotype, expansion of the SCA2
repeat was detected in a pedigree with a MJD phenotype
and in one family with SCA and marked dementia.

cDNA clone isolation and SCA2 gene expression
Using fragments generated by PCR amplification of
PI65122 we screened a human adult frontal cortex library
(Stratagene) and a human feta) brain library generated
from a fetus with trisomy 21 (ref. 22). A total of 17
clones were obtained which appeared to belong to a total
of four partially overlapping classes of clones. One set
of clones extended from 265 bp 5' of the CAG repeat to
the untranslated region and included a poly-A tail. The
5'-end of the SCA2 cDNA was obtained by sequence
analysis of cloned RT-PCR fragments.

The longest open reading frame consists of 3,936 bp
and ends with a TAA termination codon (Fig. 2a). The
stop codon is followed by 364 bp of 3' untranslated
sequence. The CAG repeat is located in the 5" end of the
coding region. The putative translation start site follows
an in-frame stop codon located 78 bp upstream. The
predicted molecular weight for the SCA2 translation
product is 140.1 kD with the CAG trinucleotide repeat
predicted to code for glutamine. In analogy to the SCAI
gene product, we propose the name ataxin-2 for the
SCA2 gene product.

Comparison of this sequence against the GenBank
database using the FASTA sequence alignment aigorithm
did not reveal significant similarities to genes of known
function. However, significant similarities were detected
with two partial cDNA transcripts in the TIGR database
(THC148678, H03566, odds against chance similarity

< 10731). Complete sequence analysis of these cDNA
clones (purchased from ATCC) revealed significant
homologies with ataxin-2 (Fig. 2b). This protein was
named ataxin-2 related protein (A2RP). A domain of 42
amino acids with 86% identity (codons 243-284 of the
consensus sequence) is also 100% conserved in mouse
ataxin-2 (Fig. 2b). Despite the significant homologies,
the polyglutamine tract in ataxin-2 was replaced with
an interrupted polyproline tract in the related human
protein and in the mouse homologue.

Using RT-PCR we determined that the SCA2 CAG
repeat was transcribed in lymphoblastoid cell lines (Fig.
5a). In cDNAs from SCA2 patients, transcription from
both the normal and the expanded allele was detected
using oligonucleotide primers that flank the repeat; the
latter hybridize with sequence in different exons, avoid-
ing amplification of genomic DNAs. Northern blot
analysis revealed that SCA2 was widely expressed. A
strong signal corresponding to a 4.5-kb transcript was
detected in RNAs isolated from brain, heart, placenta,
liver, skeletal muscle, and pancreas (Fig. 5b). Little tran-
script was detected in lung or kidney. A much fainter
transcript of 7.5 kb could also be seen in some tissues.

Discussion

We have identified the SCA2 gene, a new gene contain-
ing an unstable CAG repeat. Unstable CAG repeats have
been identified in SBMA, Huntington disease, DRPLA,
SCA1 and SCA3. In contrast to the CTG repeat in
myotonic dystrophy?324 and the CCG repeats associat-
ed with chromosomal fragile sites?®, the CAG repeats in
these neurodegenerative disorders are in the coding
region of the respective genes and result in extended
polyglutamine tracts. SCA2 represents the sixth disease
in which expansion of a CAG trinucleotide repeat caus-
es disease, but there are several features of the SCA2
repeat that appear to be unique.

The SCA2 repeat is unusual in that only two alleles
were seen in the normal population. A common allele
with 22 repeats was found in 92% of chromosomes of
people of European descent and a rare second allele in
8% of chromosomes. As we used only DNA samples
from individuals of European descent, these allele fre-
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Expansion of the SCA2 CAG
repeat on disease chromosomes was
relatively moderate and was in the
range seen with expansions in the SBMA and HD genes.
The lowest number of repeats causing SCA2 was 36 and
the most common disease allele had 37 repeats. The
longest normal and the shortest SCA2 disease allele were
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Expansion of the SCA2 repeat appears to be a com-
mon cause of a dominant SCA phenotype in non-Por-
tuguese patients. When samples from 45 families with
a dominant SCA phenotype were screened, samples
from 6 independent pedigrees showed expansion of the
SCAZ2 repeat. It has been suggested that there are fea-
tures specific to SCA2, but this assessment was limited

: 12345678

Fig. 5 Expression of the SCA2 transcript as determined by reverse-transcribed PCR and northern blot analysis. a, Both normal and expanded SCAZ alleles are
expressed. RNAs isolated from normal individuals (lanes 2, 8) and SCA2 patients (lanes 3-7,9) were reverse transcribed into cDNA and amplified using primers
SCA2-A and SCA2-14B. Primer SCA2-14B is located beyond the splice site indicated in Fig. 2a, and no amplification across the intervening intron is observed
in genomic DNAs. Lane 1: F174/Haelll molecular weight ladder, lane 10: Genomic DNA from a SCA2 patient, lane 11: negative control without DNA. b, Northern
blot of RNAs extracted from multiple human tissues probed with cDNA clones S1 and S2. A 4.5-kb transcript is detected in most tissues as well as a very faint
7.5-kb transcript. Lane 1, heart; lane 2, brain; lane 3, placenta; lane 4, lung; lane 5, liver; Yane 6,skeletal muscle; lane 7, kidney; lane 8, pancreas.
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to families large enough to be studied by linkage analy-
sis®, A better assessment of the range of SCA2 pheno-
types is now possible due to the ability to test small
families and single cases. In our patient sample, most
patients had a ‘typical’ SCA phenotype, but some
patients had been classified as having an MJD pheno-
type and others showed a prominent dementia (D.
Geschwind and S.-M.P, unpublished). Analysis of addi-
tional samples will be necessary to determine whether
SCA2 mutations can also cause HD or DRPLA-like phe-
notypes.

When performing direct testing for SCA2 mutations,
great caution has to be exercised when interpreting the
presence of expanded SCAZ alleles on polyacrylamide
gels. A variable number of unrelated PCR fragments may
be seen that are in the size range of expanded SCA2
repeats. Although these bands lack the typical ‘shadow’
bands seen when di- or trinucleotide repeats are ampli-
fied, they may interfere with the interpretation in some
samples. It is therefore recommended to confirm the
presence of an expanded allele by Southern blotting and
hybridization with a (CAG),, oligonucleotide.

Mechanisms of repeat expansion. Two types of expan-
sion have been distinguished: class I expansion refers to
increases of >10 repeats, while class II changes are expan-
sions or contractions of <4 repeats, Large expansions
are related to several features such as a critical repeat
length, sequence of the repeat, and the ability of the
repeat to form hairpin structures. Although direct evi-
dence is still lacking, it has been suggested that distinct
mechanisms for both types of expansions exist*!. Class 11
changes may occur by simple DNA polymerase slippage
or by a DNA hairpin mediated process, whereas class 1
changes occur only by the latter process.

For GC-rich repeats a critical free energy is only
reached when at least 25 uninterrupted CAG repeats are
found?. In the case of SCA2, the critical energy can like-
ly be reached at a lower number of repeats due to the
contribution of the GC-rich flanking region. Despite the
considerable stability of the hairpin, the lack of CAA
triplet interruptions in disease alleles confirms the
importance of the sequence within the repeat similar to
the lack of interruption of disease alleles in SCA1 and
FMR1%332, Presence of interruption in the SCA2 repeat
is predicted to result in a branched hairpin. Further stud-
ies are needed to determine if this may explain the lack of
class IT expansions. Analysis of the flanking sequence on
normal and disease alleles may reveal whether other
sequence variations can be identified that alter the pat-
tern of major and minor hairpins. However, preliminary
haplotype analysis of SCA2 families from France,
Tunisia, Canada and the United States provided no sup-
port for a haplotype predisposed to expansion®.

Mechanisms of disease. Although six human neurode-
generative diseases share extended polyglutamine
stretches in the mutant proteins, the mechanisms under-
lying neurodegeneration by polyglutamine expansion
are still controversial. A common mechanism is sug-
gested by the phenotypic overlap between the polyglut-
amine diseases and by the identification of binding
proteins that interact with polyglutamine peptides irre-
spective of the specific flanking amino acids. Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) is

bound by a polyglutamine peptide, and both huntingtin
and the DRPLA gene product bind to GAPDH in vitre®.
Similarly, transfection of cells with a polyglutamine pep-
tide induced apoptosis, whereas transfection with a full
length MJD transcript did not**. On the other hand, a
binding protein of huntingtin has been identified which
appears to interact specifically with huntingtin and not
with atrophin-1, another polyglutamine-containing pro-
tein®®, Although huntingtin is widely expressed, the hunt-
ingtin-associated protein shows a pattern of expression
restricted to cell types involved in HD and may explain
the cell-type specific degeneration seen in HD.

An argument against a simple action purely based on
length of the polyglutamine tract now comes from study
of the ataxin-2 polyglutamine tract. It is noteworthy that
the smallest number of glutamines seen in SCA2 patients
(36 and 37 glutamines) is in the range of the longest
polyglutamine tracts in the SCA3/MJD gene in normal
individuals. The most common disease causing polyglu-
tamine tract in ataxin-2 is actually three glutamines short-
er than the longest tract seen in the MJD gene product in
normal individuals. This argues against an interaction of
polyglutamines with one target protein or glutamine tox-
icity simply based on length of the polyglutamine stretch
and may point to a role played by specific flanking amino
acids. It is likely that several proteins may serve as targets
for the binding of polyglutamine proteins, and that over-
lapping subsets of binding proteins explain disease spe-
cific phenotypes. Intra- as well as interfamilial variability
might be explained by polymorphism in these proteins
or differential regulation of their expression. The identi-
fication of the SCA2 gene will now permit testing of iden-
tified binding proteins for their ability to bind to ataxin-2,
but may also lead to the identification of novel binding
proteins.

In summary, the finding of CAG expansion in a novel
gene underscores the importance of this mutational mech-
anism for neurodegeneration. Although class I expansions
of the SCAZ repeat are common, the lack of frequent class
11 expansions may be related to the unusual structure of
the sequences flanking the SCA2 repeat. Further analysis
of the SCAZ2 repeat in humans and its introduction into
the animal germline may provide novel insights into sta-
bility of trinucleotide repeats.

Methods

PAC and BAC library screens. A 3x human PAC library was
arrayed in 384 well dishes'®. As a starting point to assemble a
contig we screened PCR pools of the PAC library with the mark-
er for D1251332. Subsequent ‘walking steps’ were undertaken by
hybridizing PCR-generated PAC-end STS fragments to gridded
membranes of the 3x PAC library and a 1x total human genome
bacterial artificial chromosome (BAC) library (Research
Genetics). In a similar fashion, a second contig was established
starting with D1251333. All STSs were mapped back to human
chromosome 12 by PCR analysis of a human/Chinese hamster
somatic hybrid cell line, HHW582, which contains chromosome
12 as the only human chromosome, and by analysis of an extract
from a chromosome 12 specific lambda library, LL12ZNS01 (both
from Coriell Cell Repositories).

YAC, PAC and BAC DNA preparation. Yeast artificial chromo-
some (YAC) clones were obtained from the CEPH mega-YAC
library and grown under standard conditions®. PAC and BAC
clones were grown overnight in LB media containing 12.5
pg/ml kanamycin for PACs and 12.5 pg/ml chloramphenicol
for BACs. DNAs were prepared by the alkaline lysis method. PAC
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and BAC DNAs were digested with Nofl and subjected to pulsed-
field gel electrophoresis. Sizes were determined relative to A con-
catamers.

Analysis by pulsed-field gel electrophoresis. Agarose plugs of
yeast cells containing total YAC DNA were prepared®” and sub-
jected to pulsed-field gel electrophoresis in 1% SeaKem agarose in
0.5x TBE using the CHEF DRII Mapper (Bio-Rad). Gels were
blotted onto Magna NT Nylon membranes using alkaline blot-
ting, UV cross linked and baked at 80 °C for 2 h. Membranes were
hybridized with total human DNA, washed according to standard
procedures, and exposed to Kodak XAR5 film. PAC and BAC
clones were sized after digestion with Nofl. The sizes of individual
clones were determined by comparison to their relative positions
with molecular weight standards.

Analysis by fluorescence in situ hybridization (FISH). PAC or
BAC clones were biotinylated by nicktranslation in the presence
of biotin-14-dATP using the BioNick Labelling Kit (Gibco-BRL).
FISH was performed as described®®. The colour images were cap-
tured by using a Cooled-CCD camera (Pjotometrics) and BDS
image analysis software (Oncor Imaging, Inc.).

Sequencing of PAC endclones. PAC clones were inoculated into
500 m! of LB/kanamycin and grown overnight. DNAs were iso-
lated using QIAGEN columns according to the vendor’s protocol
with one additional phenol/chloroform/isoamylalcohol extrac-
tion followed by an additional chloroform/isoamylalcohol extrac-
tion. Clones were sequenced using the cycle sequencing kit
(Gibco-BRL) with standard T7 and SP6 primers.

Hybridization of (CAG),, oligonucleotides. Oligonucleotides
(80 ng) were 5' end-labelled and hybridized overnight at 42 °C in
buffer containing 1 M NaCl, 0.05 M Tris-HCl pH 7, 5.5 mM
EDTA, 0.1 % SDS, 1x Denhardt’s solution and 200 pg/ml dena-
tured salmon sperm DNA. Filters were washed twice with 2x SSC,
0.1% SDS at 55 °C and exposed to Kodak X-ray film for 24 h, and
subsequently washed at 65 °C, followed by additional exposure to
X-ray film,

Cloning and sequencing of the SCA2 CAG-repeat. PAC clone
65122 was digested with Sau3AI and cloned into the pBluescript
SK(+) phagemid (Stratagene). After transfection into DH5¢,
bacterial colonies were screened for poly-CAG containing inserts
using the methods described above. Positive clones were
sequenced using the CircumVent Thermal Cycle Dideoxy DNA
sequencing kit (New England Biolabs) with end-labelled T3 and
T7 primers.

PCR conditions. Eighty ng each of primers SCA2-A (5-GGGC-
CCCTCACCATGTCG-3") and SCA2-B (5'-CGGGCTTGCGGA-
CATTGG-3') were added to 20 ng of human DNA with standard
PCR buffer and nucleotide concentrations. After an initial denat-
uration at 95 °C for 5 min, 35 cycles were repeated with denatu-
ration at 96 °C for 1.5 min, an annealing temperature of 63 °C for
30 s, extension at 72 °C for 1.5 min and a final extension of 5 min
at72°C.

SCA?2 repeat analysis by polyacrylamide electrophoresis. The
SCA2-A oligonucleotide primer was end-labelled at the 5' end
with [y-3?P]ATP and utilized in PCR reactions as described above
except that the amount of primer reduced to SCA2-A was 7 ng.
PCR products were separated by electrophoresis through 6%
polyacrylamide DNA sequencing gels.

Isolation of cDNA clones. **P-labelled probes were generated by
PCR amplification of plasmid Pl65122 using the following primer
pair:  65A3: 5'-CCGCGGCTGCCAATGTCC-3', 65B5:
5'-GTAACCGTTCGGCGCCCG-3'". A second probe was gener-
ated using primers 65A6: 5’GGCTCCCGGCGGCTCCTT-3
65B6: 5'-TGCTGCTGCTGCTGGGGCTTCAG-3". These were
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used to screen the Stratagene adult human frontal cortex Lamba
Zap 11 cDNA library and a trisomy 21 fetal brain cDNA library?2,
Two clones (designated S1 and S2) were identified in the first
library and 15 clones (designated F1.1-F1.7, and F2.1-F2.8) in
the second. Phages were plated to an average density of 1 x 10°
per 150 mm plate. Plaque lifts of 20 plates (2 x 10° phages) were
made using duplicated nylon membranes (Duralose-UV,
Stratagene). Hybridization and excision were performed accord-
ing to the manufacturer’s protocol. Hybridized membranes were
washed to a final stringency of 0.2x SSC, 0.1x SDS at 65 °C. The
filters were exposed overnight onto X-ray film. Excised
phagemids were grown overnight in 5ml LB medium containing
50 ug/ml of ampicillin. To obtain cDNA sequence for the 5' end,
placental poly-T selected placental mRNAs (Clontech) were
transcribed with MMLV reverse transcriptase and amplified with
the following primers: SCA2-A30: 5'-CCGCCCGCTCCT-
CACGTGT-3'; SCA2-A31: 5'-ACCCCCGAGAAAGCAACC-3]
SCA2-B30: 5-CCGTTGCCGTTGCTACCA-3. The sequences
for primers SCA2-A30 and A31 were obtained from genomic
sequence, and are located 5' to the stop codon preceding the
putative initiator methionine. The sequence for SCA2-B30 was
obtained from the 5' end of ¢cDNA clones F1.1 and F1.2. The
amplicons obtained by RT-PCR were directly sequenced. To
identify mouse SCA2 cDNA clones, we screened the Stratagene
Lambda ZAP newborn mouse brain ¢cDNA library with a human
SCA2 cDNA clone. Six clones were identified and sequenced.

Northern blot and RT-PCR analysis. Multiple tissue northern
blots were purchased from Clontech. RNAs were isolated from
lymphoblastoid cell lines established from patients and unrelated
spouses in the FS pedigree® and reverse transcribed as previously
described®. For amplification, primers located in two exons
(SCA-A and SCA-14B, see also Fig. 2a) were chosen so that
genornic DNA was not amplified. The sequence for SCA-14B was:
5'-TTCTCATGTGCGGCATCAAG-3'.

DNA secondary structure analysis. We used an updated version
of DNA-FOLD that incorporated improved nearest neighbor
parameters for calculations?’. Therefore free energies cannot be
directly compared with energies calculated for other expanding
CAG repeats?,

Sequence alignment. Amino acid sequences were aligned using
the PILEUP routine from GCG (Genetic Computer Group).

Regression analysis. The data were fit using the Statistical
Analysis Software (SAS) package version 3.10 using the Secant
Method*". The regression equation was y = A*exp (-ax), where y
gives the age of onset and x the number of CAG repeats. The con-
version criteria were met with the mean square error of 76.598.
The values of parameters are as follows: A=1171.583, a=0.091.

GenBank accession numbers. SCA2 ¢DNA: U70323; human
ataxin-2 related protein ¢cDNA: U70671; mouse SCA2 cDNA:
U70670.
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