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Abstract Twelve diseases, most with neuropsychiatric
features, arise from trinucleotide repeat expansion muta-
tions. Expansion mutations may also cause a number of
other disorders, including several additional forms of
spinocerebellar ataxia, bipolar affective disorder, schizo-
phrenia, and autism. To obtain candiate genes for these
disorders, cDNA libraries from adult and fetal human
brain were screened at high stringency for clones con-
taining CAG repeats. Nineteen cDNAs were isolated and
mapped to chromosomes 1, 2, 4, 6, 7, 8, 9, 12, 16, 19, 20,
and X. The clones contain between 4 and 17 consecutive
CAG, CTG, TCG, or GCA triplets. Clone H44 encodes
40 consecutive glutamines, more than any other entry in
the nonredundant GenBank protein database and well
within the range that causes neuronal degeneration in
severa of the glutamine expansion diseases. Eight cDNAs
encode 15 or more consecutive glutamine residues, sug-
gesting that the gene products may function as transcrip-
tion factors, with a potentia role in the regulation of neu-
rodevelopment or neuroplasticity. In particular, the con-
ceptual trandation of clone CTG3a contains 18 consecu-
tive glutamines and is 45% identical to the C-termina 306
residues of the mouse numb gene product. These genes
are therefore candidates for diseases featuring anticipa-
tion, neurodegeneration, or abnormalities of neurodevel op-
ment.
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Introduction

Trinucleotide repeat expansion mutation is now know to
cause 12 diseases, most with neuropsychiatric features
(Linblad and Schalling 1996; Paulson and Fischbeck
1996; Ross 1995; Zoghbi 1996). Seven of these are
known as the type 1 disorders — spinocerebellar ataxia
type 1 (SCAL, Orr et al. 1993), SCA2 (Imbert et al. 1996;
Pulst et a. 1996; Sanpel et a. 1996), Machado-Joseph
disease (MJD or SCA3, Kawaguchi et a. 1994), SCA6
(Zhuchenko et al. 1997), dentatorubral pallidoluysian at-
rophy (DRPLA, Koide et a. 1994; Nagafuchi et al. 1994),
Huntington’s disease (HD, Huntington’s Disease Collabo-
rative Research Group 1993), and spinal and bulbar mus-
cular atrophy (SBMA, La Spada et al. 1991). Each is
caused by a (CAG), expansion in an open reading frame,
resulting in an expanded glutamine repeat. The properties
of the repeatsin the other (type 2) expansion mutation dis-
eases vary widely. Myotonic dystrophy is caused by a 3
untranslated (CTG),, expansion (Brook et a. 1992; Fu et
a. 1992; Mahadevan et al. 1992), the A and E forms of
fragile X syndrome (Fu et a. 1991; Knight et al. 1993;
Kremer et al. 1991; Verkerk et al. 1991) and some cases of
Jacobsen’s syndrome (Jones et al. 1995) result from 5' un-
trandated region (CCG), expansions, and Friedreich’'s
ataxia is caused by an intronic (GAA),, expansion (Cam-
puzano et a. 1996). Expandable trinucleotide repeats
therefore are found in translated, transcribed but untrans-
lated, and intronic regions; they may be G-C or A-T rich
and range from minimal to highly variablein length in the
normal population.

At least four lines of evidence indicate that additional
disorders may arise from trinucleotide repeat expansion
mutations. First, an antibody (1C2) that specifically recog-
nizes expanded glutamine repeats detects an expansion
segregating with SCA7 (Trottier et a. 1995). Second, in-
direct evidence of CAG expansion has been detected us-
ing rapid expansion detection (RED, Schalling et a.
1993) in a pedigree with SCA7, and less clearly in hetero-
geneous populations of patients with bipolar affective



disorder and schizophrenia (Linblad et al. 1996; Linblad
and Schalling 1996; O’ Donovan et al. 1995). Third, sev-
eral neurodegenerative disorders, including SCAA4,
SCAb, SCA7, and familial Parkinson disease, are pheno-
typically similar to the type | expansion mutation disor-
ders. Fourth, anticipation, the phenomenon of increasing
phenotypic severity or decreasing age of onset in succes-
sive generations affected by a disease (Mclnnis 1996;
Ross et al. 1993), is found in most of the expansion mu-
tation diseases. Anticipation has been detected in a dis-
parate group of other diseases, including affective disor-
der (Engstrom et al. 1995; Mclnnis et al. 1993; Nylander
et al. 1994), schizophrenia (Chotai et al. 1995; Gorwood
et a. 1996; Stober et al. 1995; Thibaut et al. 1995),
autism (Stine 1993), familial Parkinsonism (Bonifati et
a. 1995; Markopoulou et a. 1995; Payami et al. 1995;
Plante-Bordeneuve et a. 1995), familial leukemias (Hor-
witz et al. 1996), Crohn's disease (Polito et a. 1996),
Meniere's disease (Morrison 1995), torsion dystonia
(LaBudaet al. 1993), rheumatoid arthritis (McDermott et
a. 1996), facioscapulohumeral muscular dystrophy
(Tawil et al. 1996), Holt-Oram syndrome (Newbury-
Ecob et a. 1996), and familial spastic paraplegia
(Raskind et a. 1997).

We have sought to identify candidate genes for these
disorders by screening cDNA libraries for the presence of
DNA fragments containing CAG, CCG, CCA, and AAT
trinucleotide repeats (Li et al. 1993; Margolis et a. 1995
a, b). Our description of CTG-B37, a cDNA fragment
with a highly polymorphic CAG repeat |ocated within an
open reading frame on chromosome 12, directly led to
the finding that an expansion mutation within the CTG-
B37 repeat causes DRPLA (Koide et al. 1994; Nagafuchi
et al. 1994). This same strategy of screening cDNA li-
braries for trinucleotide repeats was later employed to
identify the MJD gene (Kawaguchi et al. 1994) and the
SCAG6 gene (Zhuchenko et a. 1997). Screening genomic
contigs for trinucleotide repeats was used to clone the
gene for SCA2 (Pulst et al. 1996). Based on the repeats
that expand to cause disease, repeats with the highest
likelihood of undergoing expansion mutation consist of at
least six consecutive CAG or CTG triplets in the tran-
scribed portions of genes expressed in brain. To identify
genes with these features, we have screened human adult
frontal cortex and fetal brain cDNA libraries at high strin-
gency for the presence of CAG or CTG repeats. We now
report the identification and mapping of 19 of these
cDNA fragments.

Materials and methods
cDNA cloning

Adult human frontal cortex (cloneswith CTG prefixes) and human
fetal brain (all others) cDNA libraries (Strategene) was screened
with either a (CTG),, or a (CTG);5 radiolabeled oligonucleotide
using standard techniques as previously described (Margolis et al.
19954). In brief, approximately 200000-500000 plaques were
screened in each of four sets of primary screens. Hybridization was
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at 52° (CTG and F clones) or 60° (H and L clones) with 50% for-
mamide with a 70° (CTG and F clones) or 72° (H and L clones)
wash at 0.2 x SSC/0.5% SDS for 15 min or until activity was be-
low about 5 counts/s. After plaque purification, plasmids were ex-
cised using an in vivo excision procedure and purified.

Inserts were released by EcoRI digest, and Southern blots were
prepared after electrophoresis through 1% agarose. Southern blots
were hybridized as described for library screening, and positive in-
serts were sequenced using ABI automated technology until the re-
peat was detected or until a blastn search of the GenBank nonre-
dundant, dbest, or dbsts libraries indicated that the clone had been
previously described. Clones H32, 44, and 45 represent consensus
double-stranded sequences of multiple clones. The contigs were
formed in part by other clones identified in the library screen de-
scribed above and in part by rescreening the fetal brain library with
45mer oligonucleotides antisense to sequence immediately adja-
cent to the repeat of each clone. H45: 5 CCTGGGCACTCATTG-
GAGTCATGGTACTTATCATGGGTGTCTGCT 3; H44: 5 AG-
GTGGAATGGAGATGAGTCCCTGACGCTGAAGGCTGAG-
CAGATG 3 and GGCCGCCCGTTCACCTTGATGAGACCA-
TTGCCGCGTTTGCAGTGC; H32: 5 AGGTGTGATGGTTTT-
TCCAGGGAGCTGAACTCCTGTGGCTTGGGA 3.

Mapping

Clones were assigned to a chromosome or a specific locus using a
variety of methods as indicated in Table 1. The NIGMS panel 2
monochromosomal human-rodent hybrid cell lines were screened
using PCR primers that spanned the repeat as indicated in Table 2
(Dubois and Naylor 1993). Radiation hybrid mapping was per-
formed by Research Genetics on either the GeneBridge 4 or Stan-
ford G3 Radiation Hybrid panels using primers listed in Table 2.
For L69 and F28, primers amplifying a region flanking the repeat
were used to avoid crosshybridization with hamster genomic DNA
(L69: 5 CTCCGAGTATCGTGACAGGTG 3, 5 AAGCAGAG-
GTGAGGGAGAGTC 3, 59° annealing temperature, 157-bp
product; CAGF28: 5 GCTGAAGGTGTAAAACCG 3, 5 GA-
AAGTGACTCCAGAGAC 3, 52° annedling temperature, 86-bp
product). CTG3awas mapped by analysis of repeat polymorphism
in CEPH pedigrees 1332, 1347, 1362, and 884 (Weissenbach et al.
1992) with the LINKAGE program (Ott 1991). Asindicated, other
clones were assigned to a locus either through a GenBank match
with a previously mapped ESTs (expressed sequence tags) or
through use of Gene Map (Schuler et a. 1996).

Polymorphism analysis

Variability of repeat length was determined by size separation of
radiolabeled PCR products on a 6% denaturing polyacrylamide
gel, as previously described (Margolis et a. 1995a). Template
consisted of 40-100 ng human genomic DNA from either a set of
unrelated CEPH parents or a panel of unrelated individuals with
movement disorders of unknown etioloy, and reaction conditions
were as described in Table 2. Allele lengths of additional individ-
uals with movement disorders were tested for size variation in L69
using automated detection (ABI) of fluorescence-labeled PCR
product.

Results

Table 1 summarizes the initial characterization of the
cDNA clones identified by screening adult human frontal
cortex or human fetal brain cDNA libraries with a
(CAG);5 or (CAG), probe. Those clones for which data
on both polymorphism and chromosomal location are
available are included, and clones corresponding to
known genes were excluded except where noted, leaving
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Table1l Repeat sequence, mapping, and homologies

Clone Genbank  Longest Conceptual trandation Mapping Chromosomal Homology
accession  repeat of repeat region method®  location
CTG3a UB80758 6 Qs E 19913.13-19q13.2 mouse numb (U70764)
D19S224-D19S228
CTG4a U80744 8 L,PLg A 1
CTG7a U80745 8 QsLQgHLIKLHHQNQ,LQRIAQLQLQ,s A 20
CTG20a U80749 13 PQ,3Ps (or AzTA; ;) A 6
F28 u80735 7 Qg, 54% Q in 68 residue region B 7036.3 mcag32 (U23862)
gter of D7S2781
H1 u80738 13 (AQ)11ASQASQy5 or L5 D 12p12
D12S328-D12S89
H3 u80747 5=8 5:Qu C 4 2.119 (5 repeat only)
3=8 3: Qs
H16 u80737 12 Qo D 20g13.13
D20S891-D20S109
H26 u80750 4 Q,PQsPQ,PQ;PQPQPQ,PQ;PQ A 16 mcag19 (U23860)
H32 u80743 15 Qg B 12924.33
qter of D12S367
H38 L13744 10 Sy, C 9q22 AF-9 (L13744)
H39 u80740 17 none B Xpli.4
AFMA212ZG1-DXS6745
H44 u80741 7 Q. HPGKQAKEQ;o B 6g14-15
D6S1291
H45 u80742 7 Q25YHIQgI LRQ2sHQGP(XQ)s C 1 KIAA0192 (D83783)
L69 u80752 13 none B 2q37.3
D2S2704
L85 u80755 10 Sipor Ajs or Qqq A 8
L114 u80765 6 Qu B 12¢13.12
WI-7107-DS1251363
L234 u80751 9 none B 2021.2
AFMA153WBI
L237 u80757 15 none B 16024.3

D16S520-WI-12410

aMapping methods: A, NIGMS panel 2; B, radiation hybrid panel; C, identity to mapped cDNA; D, Gene Map; E, linkage

atotal of 20 repeat regions from 19 indepdendent cDNA
clones. The number of consecutive triplets ranges from 4
to 17 (mean = 9.8). Of the 20 repeats, 16 appear to be lo-
cated in extended open reading frames. Of these 16, con-
ceptual translation indicates that 12 (and possibly 14) en-
code polyglutamine. In each case the CAG repeat isinter-
rupted frequently by CAA triplets aso encoding gluta-
mine. Eight of these polyglutamine regions consist of 15
or more consecutive glutamines, including Qg (H16), Qg
(H32), and two adjacent stretches of Q,; (H45). The
longest consecutive glutamine repeat, Q,, IS present in
H44 (Fig.1).

The cDNAS correspond to loci on 12 different chromo-
somes, as determined by the methodsindicated in Table 1:
one each from chromosomes 4, 7, 8, 9, 19 and X; two
each from chromosomes 1, 2, 6, 16, and 20; and three
from chromosomes 12. Blastn and blastp homology
searches (Altschul et a. 1990) of GenBank revealed that
the repeats in F28 and H26 are present in short cDNA
fragments termed mcag32 and mcagl9 (Yamagata et al.
1996). H45 isidentical to the 3 portion of alonger cDNA
fragment (D83783) isolated from the KG-1 human cell
line. D83783 is ubiquitously expressed, and contains both

a DNA topoisomerase I motif and an N termina trans-
membrane domain. A short murine amino acid sequence
termed the mopa box protein (A26892) is also similar to
H45. The first repeat in H3 is contained in clone 2.119
(Neri et al. 1996). H38 is a portion of the human gene AF-
9, identified in relationship to a t(9:11) translocation in
which AF-9 fuses with ALL-1 to induce acute lympho-
cytic leukemia (Prasad et al. 1993). AF-9 may function in
the transcriptional complex (Cairns et al. 1996; Welch and
Drubin 1994). CTG3ais similar to the mouse numb gene
(Zhong et a. 1996), with 44.6% amino acid identity and
85.3% amino acid conservation (ALIGN, Pearson and
Lipman 1988) over the length of CTG3a, which extends
from m-numb amino acid 267 to 585 (Fig. 2). A compari-
son of CTG3a with both Drosophila and mouse numb by
Block Maker (Henikoff et al. 1995) suggested five possi-
ble blocks, corresponding to CTG3a amino acid residues
26-52, 5768, 85-104, 123-133, and 256-264. The
Gibbs alignment (Lawrence et al. 1993) suggested three
blocks, corresponding to CTG3a amino acid residues
29-60, 188-226, and 256-278. A search of these align-
ments against the Blocks database using LAMA
(Pietrokovsi 1996) revedled a match only to one block
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Clone Longest PCR primers Anneal Product No. of Allele bp: Hetero-
nucleotide temper- length chromo- frequency zygosity
repeat ature (in bp) somes tested

CTG3a 6 GGGCACTGGGGCCACTGAGG 64° 147 32 141:0.03 62%

CCTGGGCACAAGCGGACACC 147:0.66
150:0.31
CTG4a 8 CGTCCCGCTGTCTTCTGCTTC 62° 112 28 100:0.25 21%
AGGCGAACCCAGTCGTTCTCC 109:0.68
112:0.07
CTG7a 8 TGCAGCTCCAACAACAGCAAC 62° 101 40 86:0.02 20%
CTGCTGCATCGGTGGCTGCTG 101:0.80
104:0.18
CTG20a 13 CACCATGTCGCTGAAGCCCC 61° 125 38 125:0.97 15%
CGCCGGGCTTGCGGACATTG (7-deaza- 128:0.03
dGTP)
F28 7 GAAAGTGACTCCAGAGAC 49° 145 32 145:1.00 0%
GTAAGGTTGCTGAGAGAT
H1 13 GGAGACTGGAAGTGTGGT 47° 82 30 82:0.83 20%
CTCCCAGGCATCACAGCA (DMSO) 85:0.17
H3 5=8 GCACAGCAGCAACAAAGG 47° 118 32 118:0.84 31%
GTCCTAAGGGAGACCAAT (DMSO) 124:0.03
127:0.06
130:0.03
133:0.03
3=8 ACAAAAACCCCTTGATGC 53° 102 32 102:1.00 0%
CCTGGAGCTGTGGAGGTG
H16 12 GGGTGGCTATGATGATGC 54° 120 30 120:0.53 60%
TGAAGACCTGGGGTTGCT 123:0.43
129:0.03
H26 4 ATCCTAATAACGGCACTTCC 54° 224 32 215:0.19 25%
TTCCTGGTGGCGAAATCGTG 224:0.81
H32 15 ACATTTCCAGCTTCTCAGGCA 57° 113 32 110:0.53 38%
TCTGTTGCTGCTGCTGCTGTT 113:0.41
119:0.03
128:0.03
H38 10 TTAATTTGTGAGGCTTTGAAAAAC 54° 174 32 174:0.88 25%
CTAATAGGAGTATTCATACCAGCA 177:0.06
180:0.06
H39 17 CTCTGATTGCTTAGTGGACAA 62° 101 26 89:0.23 31%
TTCAGTACATTGCTGCTGCTG 98:0.69
101:0.08
H44 7 CAGCAAGAGCAGTTACAT 52° 167 32 167:1.00 0%
GCTTGCTTTCCAGGATGC (bp 424—
TGCTGCTGGAAGACAAGC 590) 32 79:1.00 0%
GAAAGCAAGCGAAAGAGC 52° 79
(DMSO) (bp 581-
659)
H45 7 TGCTGCTGCCGGATGTGGTA 59° 131 28 131:1.00 0%
GCAGGCGTCCTGTCAACA (bp 2388—
2518)
L69 13 AGGTGAGGGAGAGTCCAT 55° 104 88 83:0.02 75%
TATGGGCTCCTGTTCCTG 92:0.09
104:0.20
107:0.02
110:0.45
113:0.01
116:0.03
122:0.15
126:0.01
L85 10 GCTCTCGGGCATTGATGTTA 58° 136 26 133:0.78 46%
AGCAGCAGCGGTAGCAGTGG 136:0.15
139:0.08
L114 6 GGGACCCAGAACTTGGTTTG 57° 195 28 195:1.00 0%

CGAAGCCTCGGACCTGATTC
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Table2 (continued)

Clone Longest PCR primers Anneal Product No. of Allele bp: Hetero-
nucleotide temper- length chromo- frequency zygosity
repeat ature (in bp) somes tested

L234 9 ACAAGAGGAAAAGGGACATAGC 51° 94 32 124.0.88 14%

GCAAAACCAAATACCAGGTCTC 127:0.09
130:0.03
L237 15 GGTTCCCTGCACAGAAACCATC 59° 120 26 96:0.04 33%
AGATGCCACCGCATTCGG 99:0.04
108:0.04
117:0.58
120:0.08
123:0.23

Fig.1 Sequence and concep- 424 CAG CAA GAG CAG TTA CAT CTT CAG CTT TTG CAG CAG CAG CAG CAA CAG 471

tual translation of the gluta- Q ¢ E Q L H L @ L L Q9 Q Q9 © 0 Q

mine-rich region of H44. Forty

consecutive glutamines are en- 472 CAG CAG CAG CAA CAA CAG CAG CAA CAA CAG CAG CAG CAA CAA CAA CAA 519

coded by a CAG repeat inter- Q @ @ © @ 9 9 Q Q@ 90 9 Q9 9 0 0 Q

rupted in seven places by 520 CAA CAG CAG CAA CAA CAG CAG CAG CAG CAG CAA CAG CAG CAG CAG CAG 567

(CAA)14 2 2 0 @ 20 @ 9@ © 9 2 Q0 @ Q © 9 o0

568 CAA CAG CAT CCT GGA AAG CAA GCG AAA GAG CAG CAG CA AG CAG 615
Q Q H P G K Q A K E Q Q9 Q Q@ Q0 Q
616 CAG CAA CAG CAA TTG GCA GCC CAG CAG CTT GTC TTC CAG CAG CAG CTT 663
Q ¢ ¢ 9 L A A Q Q L V F Q Q Q L

664 CTC CAG ATG CAA CAA CTC CAG CAG CAG CAG 691
L ¢ M Q © L Q 9 Q ©Q

Fig.2 Homology between the m-numb 278 PFRRQLSLRINELPSTMORKTDF PIKNTVPEVE- - --GEAESISSLCSQITSAFSTPSEDPFSSA 338

mousenumbgmeproduct(m TIIIIIIIILIIIIIILiOiii.ur TIIi.l l...llllaliollililaoaeee foaen.

numb) and the conceptual CTG3a 1 PFKRQLSLRLNELPSTLORRTDFQVKGTVPEMEPPGAGDSDSINALCTQISSSFASAGA-PAPGP 68

trandation of CTG3a. Thereis m-numb 339 PMTKPVTLVAPQSPVLQGTEWGQSSGAASPGLFQAGHRR’I‘PSEADRWLEEVSKSV‘RAQQPQVSAA 403

446%|dent|tyand853%con- Dl..la.a... Tlozi.iiiiioiiiiiii. o L.iiios

servation between the se- CTG3a 69 PPATTGTSA - === == m WGEPSVPPAAA~FQPGHKRTPSEAERWLEEVSQVAKAQQQQQQQQ 120

quences m-numb 404 PLQPVLQPPPPAATAPPAPPFQGHAFLTSQPVPVGVVPPLQPAFVPT~ - -QSYPVAN--GMPYPA 467

CTG3a 121 QOO000000OAASVAPYPIMPPALQPFPAPVGPEDAAPAOVAVFLPPPHNQSPFVPAYPGLGYPP 185
m-numb 468 - SNVPVVGITPSQMVANVFGTAGHPQTTHPHOSPSLAKQQTFPQYETSSATTSPFFKPPAQHLNG 527
CTG3a 186  MPRVPVVGITPSOMVANAFCSAAQLQ---POPATLLGKAGAFPPPATPSAPGSQ----ARPRENG 247
m-numb 528 SAAFNGVDNGGLASGNRHAEVPPGTCPV-DPFEAQWAALESKSKQRTNPSPTNPFSS 583
CTG3a 248  AP-————-———-oomc WPPEPAPAPAPELDPFEAQWAALEGKA- - ~TVEKPSNPFCG 280

formed from the synapsin family. This alignment is based
on the abundance of glutamine and proline residues in the
guery block, and is of questionable biological signifi-
cance. CTG3a and m-numb share a common PKC phos-
phorylation site (SLR at CTG3a amino acid residues 7-9)
and three potential CamKinase Il phosphorylation sites
(CTG3a residues 28-31, 95-98, and 97-100). No other
motif was detected and no other cDNA had significant ho-
mologies to other known genes at the DNA or protein
level.

Table 2 summarizes the polymorphism analysis of this
set of loci, as determined by radiolabeled PCR of CEPH
individuals or individuals with movement disorders of un-
known etiology. Heterozygosity ranged from 0% to 75%,
with amean of 25%. The 75% heterozygosity of L69 cor-
responded to the presence of 9 aleles, with the repeat pre-
sumably ranging in length from 6 to 20 triplets. Three
other loci, CTG3a, H16, and L85 had fewer alleles but

heterozygosity over 45%. Testing more individuals would
probably have resulted in the detection of additional alle-
les. Several of the clones encoding long stretches of
polyglutamine are not polymorphic; in each case the glut-
amine repeat is encoded by a combination of CAG and
CAA codons.

To test the correlation of repeat length with the extent
of heterozygosity, the modal repeat length was determined
for each clone, and also for clones containing CAG re-
peats previously identified in our laboratory and for genes
with CAG or CTG repeatsin which expansion mutation is
known to occur (Fig. 3). The repeat in ataxin-2, which ex-
pands to cause SCAZ2, is not highly polymorphic, and its
ratio of heterozygosity to repeat length is similar to a
number of the clones listed in Tables 1 and 2. All other
CAG/CTG repeats associated with a disease are highly
polymorphic with fairly long repeat lengths; the heterozy-
gosity of L69, MAB21L 1 (a gene previoudly identified in
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Fig.3 The relationship between heterozygosity and modal repeat
length. The modal repeat length and heterozygosity at the loci for
CAG-containing clones identified in our laboratory (unfilled circles)
were combined with similar information for the loci associated with
CAG or CTG expansion mutations (filled circles). There is a mar-
ginal positive correlation between the two variables (r2 = 0.28). Note
that the repeat causing SCA2 is similar in length (8 triplets) and
heterozygosity (15%) to many of the repeats listed in Tables 1 and 2

our laboratory and originally termed CAGR1, Margolis et
al. 1996), and CTG-B33 (Li et a. 1993) are in a similar
range.

Discussion

We now report the identification of 19 cDNA clones con-
taining 20 CAG repeats. The repeats contain a mean of 10
consecutive triplets, with a maximum of 17. Most of the
repeats are in open reading frames, contain the triplet
CAA interspersed with longer runs of consecutive CAG
triplets, and encode stretches of polyglutamine. The clones
correspond to loci mapped to 12 different chromosomes
and have a heterozygosity of up to 75%.

Four of the clones encode tracts of 25 to 40 consecu-
tive glutamine residues. These are among the most gluta-
mine-rich regions yet identified in the proteins of any
species; in comparison, the ten most significant matches
(blastp) in GenBank to a 40 glutamine query sequence
consisted of proteins or protein fragments with 18 to 38
consecutive glutamines, only two of which were human.
The longest stretches of consecutive glutamines were
found in the human transcription factor TFIID (P20226,
Q37 or Qgg, Imbert et al. 1994) and the yeast transcription
factor SNF5 (P18480, Qs;), neither of which is homolo-
gous to any of the cDNA clones described here. The next
longest glutamine repeats were present in the mouse mopa
protein fragment (A26892, Qs3YHIRQ;MLRQ,;,PHQ:s)
homologous to H45 and the uncharacterized yeast protein
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YM8520.13c (S54522, Q3,HQs). The remaining six pro-
teins, with substantially fewer consecutive glutamines,
were the Drosophila developmental regulatory protein
notch (809358, Q;5HQ,,), the fungal transcription factor
white collar-1 (1480115, HQHQ,sHQHQ,), a murine AT-
motif binding factor (1585921, Q,4), along human protein
fragment nearly identical to H45 (D83783), the Droso-
phila ecdysone-induced protein E74A (B53225, Q,g), and
a putative African malarial mosquito nucleic acid binding
protein (S27770, Q,y). This list indicates that few gluta-
mine repeats longer than 25 residues have yet been identi-
fied, and that proteins with long glutamine repeats, such
as the gene products of H16, H32, H44, and H45, may
function as transcription factors.

Clone H44, located on 6g14-15, is of particular inter-
est since it encodes 40 consecutive glutamine residues and
is present in the same length in all tested individuals. Re-
peat expansions resulting in as few as 21 consecutive glu-
tamines in the a,4-voltage-dependent calcium channel
causes SCAB, and 35 consectuvie glutamines in ataxin-2
causes SCA2 (Imbert et al. 1996; Pulst et al. 1996; Sanpei
et al. 1996). The minimal repeat length for disease onset is
35 or 36 glutamines in HD (Barron et al. 1993) and 40
glutamines in SBMA (La Spada et al. 1991) and SCA1
(Ranum et al. 1995). Normal alleles with more than 35 or
36 residues have not been detected in DRPLA or MJD,
though the minimum expansion associated with diseaseis
49 glutamines for DRPLA and 68 glutamines for MJD
(Kawaguchi et al. 1994; Koide et al. 1994; Nagafuchi et
al. 1994). These findings, coupled with our data that a pu-
tative protein exists with 40 consecutive glutamines and
the presence of at least 38 consecutive glutamines in
TFIID, demonstrate that the development of an expansion
mutation disease is not solely determined by the length of
the glutamine repeat within a given gene. Other features
of protein structure or expression must be relevant. The
available data suggests, however, the presence of athresh-
old effect: it may be that a glutamine repeat of 60 or more
residues in any protein leads to cell damage, whereas
shorter stretches of glutamines are only toxic in a protein
with certain as yet unidentified structural features or pe-
culiarities of spatial or temporal expression. Conversely,
shorter polyglutamine repeats may be inherently neuro-
toxic, with unknown aspects of structure, function, or ex-
pression serving aprotective role in many, but not al, pro-
teins. Comparative anylsis of TFIID and H44 with the
0,4-voltage-dependent calcium channel, ataxin-2, hunt-
ingtin, and the androgen receptor in cell toxicity assays
(Ikeda et al. 1996) may help elucidate these features.

The CAG repeat-containing clones listed in Tables 1
and 2 can be considered candidate genes for neuropsychi-
atric disorders on the basis of both structure and function.
From a structural standpoint, several of the repeats have
either a high heterozygosity index (e.g., L69) or a fairly
large number of alleles (H3 and L237), features of most of
the repeats known to undergo expansion mutation. As de-
picted in Fig.3, the ratio of modal repeat length to het-
erozygosity in many of the other cDNA clones is quite
similar to ataxin-2; like ataxin-2, many of these cDNAs
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have moderate stretches of CAG repeats interspersed with
occasional CAA triplets. The presence of uninterrupted
CAG repeats in expanded ataxin-1 and ataxin-2 demon-
strates that CAA can mutate into CAG, leading to repeat
length instability (Imbert et al. 1996; Orr et al. 1993; Pulst
et al. 1996; Sanpei et a. 1996). A review of OMIM indi-
cates that a number of diseases, though none with estab-
lished anticipation, map near the loci listed in Table 1. Of
particular interest, two developmental disorders, tripha-
langeal thumb-polysyndactyly syndrome (OMIM 190605)
and sacral agenesis (OMIM 176450) map to 7936 (clone
F28), noninsulin-dependent diabetes mellitus 1 (OMIM
601283) and brachydactyly type E map to 2g37 (clone
L69) progressive fovea dystrophy (OMIM 136550) maps
to 6g14—16.2 (clone H44), and type 1 congenital nephro-
sis, Finnish type (OMIM 256300), maps to the same
marker on 19913 as CTG3a

From the standpoint of function, we and others have
postulated that developmental abnormalities may underlie
at least some forms of schizophrenia, autism, and bipolar
affective disorder (Keshavan et a. 1994; Margolis et al.
1994; Peterson 1995; Ross and Pearlson 1996; Wein-
berger 1995). Both Drosophila and murine numb appear
to specify cell fate during early stages of neurodevel op-
ment (Spana and Roe 1996; Zhong et a. 1996). The
CTG3a gene product may share this capacity, though the
extent of sequence identity (45%) between CTG3a and
mouse numb indicates that the CTG3a gene product is not
the human numb homolog but is instead a numb family
member. Many of the other putative genes identified here
may also have a specific role in the process of neuronal
cell-fate determination, migration, or differentiation through
regulation of transcription. A mutation, expansion or oth-
erwise, would serve to dter this function. In particular,
glutamine repeat length has been shown to modulate the
efficieny of transcription (Chamberlain et al. 1994; Ger-
ber et al. 1994). It is tempting to speculate that, though
disease is induced by marked glutamine expansions, nor-
mal variations in glutamine repeat length may underlie
normal variations in phenotype, modify the consequences
of mutations in other genes, or influence the response to a
nongenetic insult.
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