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Abstract--Huntington's disease, a neurodegenerative disorder characterized by loss of striatal 
neurons, is caused by an expanded, unstable trinucleotide repeat in a novel 4p16.3 gene. To lay the 
foundation for exploring the pathogenic mechanism in HD, we have determined the structure of the 
disease gene and examined its expression. The HD locus spans 180 kb and consists of 67 exons 
ranging in size from 48 bp to 341 bp with an average of 138 bp. Scanning of the HD transcript 
failed to reveal any additional sequence alterations characteristic of HD chromosomes. A codon 
toss polymorphism in linkage disequilibrium with the disorder revealed that both normal and HD 
alleles are represented in the mRNA population in HD heterozygotes, indicating that the defect 
does not eliminate transcription. The gene is ubiquitously expressed as two alternatively polyadenyl- 
ated forms displaying different relative abundance in various fetal and adult tissues, suggesting the 
operation of interacting factors in determining specificity of cell loss. The HD gene was disrupted in 
a female carrying a balanced translocation with a breakpoint between exons 40 and 41. The 
absence of any abnormal phenotype in this individual argues against simple inactivation of the 
gene as the mechanism by which the expanded trinucleotide repeat causes HD. Taken together, 
these observations suggest that the dominant HD mutation either confers a new property on the 
mRNA or, more likely, alters an interaction at the protein level. 

INTRODUCTION 

Huntington's disease is a dominant 
neurodegenerative disorder of mid-life onset 
in which progressive chorea and dementia 
result from the premature, specific loss of 
neurons in the basal ganglia (1). The genetic 

defect in HD was mapped to chromosome 4 
by linkage analysis in 1983 (2). A decade of 
progressively detailed physical and genetic 
mapping ensued, producing overlapping cos- 
mid and yeast artificial chromosome clones 
sets spanning the HD region in 4p16.3 (3). 
Using haplotype analysis to focus the search 
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(4) and exon amplification to identify genes 
(5, 6), we recently discovered an expanded, 
unstable trinucleotide repeat at the HD locus 
in affected individuals (7). This polymorphic 
CAG triplet repeat is located within the 
predicted coding sequence of IT15, a novel 
transcript from 4p16.3. 

The predicted product of the IT15 
transcript, huntingtin, is an ~348-kDa pro- 
tein with a variable polyglutamine stretch 
near its N-terminus. It does not appear to be 
related to any previously described protein, 
giving no clue to its normal function. To 
provide a foundation for investigating the 
specific neuronal cell death in HD due to 
expansion of the trinucleotide repeat, we 
have defined the genomic organization of the 
HD gene and examined its expression. The 
HD gene contains 67 exons spread across 180 
kb. The final exon encoding the 3 'UTR gives 
rise to two different transcripts due to 
alternative polyadenylation, suggesting that a 
detailed assessment of the consequences of 
CAG repeat expansion in HD may require 
an independent appraisal of the mutation's 
effects on each transcript. Neither major 
transcript is confined to the neurons targeted 
for degeneration. Rather, each is expressed 
widely in a variety of fetal and adult tissues, 
suggesting that interacting factors must deter- 
mine the specificity of cell loss. Both normal 
and HD alleles are represented in the 
mRNA population, indicating that the ex- 
panded triplet repeat does not eliminate 
transcription. Finally, in one phenotypically 
normal individual, the HD locus is bisected 
by a balanced translocation, indicating that 
heterozygous disruption of this gene does not 
produce a severe developmental effect and 
making it unlikely that the neuronal loss in 
HD is due to direct inactivation of the gene 
by the triplet repeat expansion. Thus, the 
HD mutation probably acts to alter or 
promote an interaction of the IT15 mRNA, 
or more likely the huntingtin protein, that is 
specific to striatal neurons and leads to their 
eventual death. 

MATERIALS AND METHODS 
Cell Lines. Cell lines from normal indi- 

viduals, from HD heterozygotes and homozy- 
gotes, and from the balanced t(4;12) carrier 
were established by EBV transformation of 
blood lymphocytes (8). Somatic cell hybrids 
have been described previously (9, 10). 

Exon Amplification. The exon amplifica- 
tion procedure was used to isolate coding 
sequences from a contig cosmid spanning the 
location of the HD gene (11). Exon' products 
were obtained from either BamHI-BgllI di- 
gests cloned into the first generation pSPL1 
vector or by BamHI-BglII or PstI digests 
cloned into the second generation pSPL3 as 
described (5, 6, Church et al., submitted). 
PCR-amplified exon products were cloned 
into pBSKII and sequenced using the double- 
stranded template by dideoxy chain termina- 
tion (12). 

Exon-Intron Structure. Exon-intron 
boundaries were sequenced directly from 
cosmid DNA using specific primers designed 
from the IT15 cDNA (13). Placement of the 
boundaries was achieved by comparison of 
the genomic and cDNA sequences. Some 
exon-intron boundaries were confirmed by 
sequencing of random cosmid subclones. To 
place exons on the physical map, 60 ng of two 
oligomers (21-23 base pairs each) corre- 
sponding to sequences at the edges of each 
exon were end-labeled with [-,/-32p]ATP using 
T4 polynucleotide kinase and were hybrid- 
ized independently at 42~ to nylon filter 
membrane Southern blots of cosmid DNAs 
digested with EcoRI, followed by washing in 
6x SSC at room temperature for 15 rain. 
Oligonucleotides for PCR, DNA sequencing, 
and hybridization were synthesized using an 
automated DNA synthesizer (Applied Biosys- 
terns). Exons and flanking intronic sequences 
are being deposited in GenBank. 

Blot Analyses. DNA was prepared from 
cultured cells and Southern blots were 
prepared and hybridized as described (2, 14). 
Northern blots were purchased from Clon- 
tech Laboratories, Inc., and were hybridized 
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using the conditions provided by the manufac- 
turer. Probes for Southern and northern 
analyses were labeled with [o~-32p]dATP by 
the random priming method (15). 

Scanning for Polymorphism. To scan for 
polymorphism, first-strand cDNA was pre- 
pared by oligo(dT) priming of 1 Ixg of 
lymphoblast mRNA using cloned MuLV 
reverse transcriptase (BRL) as described (5, 
16). The composite IT15 sequence 3' to the 
CAG was then amplified by PCR in overlap- 
ping segments of ~ 1 kb using specific primer 
sets based on the cDNA sequence. Each 
PCR product was directly sequenced (12) 
and was also used as template for production 
of ~200-300 bp 32P-labeled PCR products 
for SSCP analysis. PCR reactions, direct 
sequencing, and SSCP analysis were all 
carried out as described previously (16). 

PCR products that were refractory to direct 
sequencing were subcloned into pT7Blue(R) 
(Novagen). Several independent subclones 
were then sequenced for each product. 

RESULTS 

Exon-Intron Structure of HD Gene. In 
the initial search for the HD gene, we cloned 
exons from cosmids spanning a region of 
4p16.3 that displayed a common haplotype 
on approximately 1/5 of HD chromosomes (4). 
Initially, we employed the first-generation 
exon amplification system developed by 
Buckler et al. (5) to produce cloned exons 
from individual cosmids isolated by sequen- 
tial walking steps from D4S180 and D4S156 
(11). These exons were used to identify the 
IT15 cDNA clones (7). 
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Fig. 1. Exon structure of the HD gene. A schematic of the IT15 cDNA is shown (top) with an arrow to denote the 
direction of transcription. Vertical lines below the cDNA correspond to exon junctions. Horizontal lines above the 
cDNA span those exons that were recovered from genomic D N A  as cloned products in the exon amplification 
procedure. The genomic EcoRI map of the HD region of 4p16.3 (bottom) is shown, with vertical lines denoting 
EcoRI sites and cent romere- te lomere  orientation provided below (11). Between the cDNA and the genomic map, 
exons 1-67 are shown as horizontal lines under  the corresponding exon number .  Contiguous horizontal lines denote 
exons that map to the same genomic EcoRl  fragment  as demonst ra ted  by the vertical lines connecting to the physical 
map. The position of the t(4;12) breakpoint between exons 40 and 41 is shown by the vertical arrow below the 
genomic map. 
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Table 1. Exon-lntron Junctions of l i D  Gene 

E X O N  E X O N  E X O N  
5' I N T R O N  FIRST L E N G T H  LAST 3 ' I N T R O N  
S E Q U E N C E  BASE (bp) BASE S E Q U E N C E  

EXON 1 

EXON 2 T A T r M ~ u I  111 [ 1 1 1 A I  111 JAG 

EXON 3 C T I G  - V H T I - I  II3CIWAG 

EXON 4 C ' I W O C A T A A A ~ ~ A G  

EXON 5 C I T A A  

EXO~ 6 A G A A T ~ L = I ' I  I ' I t~CATACACAG 

EXON 7 T]H'rATCTAIC'IWGGAt.-I t 1 1 ~ A G  

EXON 8 TG'rTA~A CC~CCACAG 

EXON 9 ACCAGAAC TI'I 'CTAG 

EXON 10 A C T I T A  ATr rC-~AG 

~XON 13 T A A A A G G A A ~ A C . A ' I ' F A T T T A C T A G  

EXON 12 T I ' I ~ A C A A A T G A  G 

EXON 13 AATI'CTC ~ A G  

E~ON 14 CACITAA~CI ' IX3At  1 IuI'C'ITJ-I'I-I'I-I'A.AAG 

EXON 15 G A C A A A C ~ A  AG 

EXON 16 C T G ~ ~  

EXO~ 17 ~ T G ( ~ T G A G C A A T I T A T C T C ~ A C A G  

EXO~ 18 A T G A T G ~ ~ A G  

EXON 19 

EXON 20 A T F I ~ A T I U T I ' A A A T G  AG 

EXON 21 ~ G T I ~ A I ' I ' I ' r  I-ATrA AAAG 

EXON 22 l~r AAGC AAATrAA/D~']~'At 31 - i - i- i ~q['G'r ~AG 

EXON 23 TATITrAAGTC'IL~TAT#21-FFr IGTrATrAG 

EXON 24 ~AT'/"I~A G 

EXON 25 TAATi'TGA~'IGTCIGCTI~CAG 

EXC~N 26 G G A G ~ A T A T C A C A G  

~ X O ~  27 ' r ' ] u l - I  1-1 I'ILI-I I 1 l-lUll1 11L'~rATTI"TA~ 

EXON 28 A~-~'TI'A ATA'I-I-I'I -I'A.A,A~ 

EXON 29 ~ ~  

EXON ~ TCGCTrAA ACAG 

EXO~q 31 A T I 3 G T W o A ~ X X ~ I ~ A r t  l 11 t I ~ A G  

EXON 32 ~ t ' l ' l-t  ATICO~ATI'I3C~oCAG 

EXON 33 A ~ - I  [1111"IL-I  11 l ' l  IATAG 

584 

"" TGCACCGACC G T G A G ~  

5 8 5  668 

AAAGAAAGAA 84 ~ A G  G T A A ~ ~ A G A G A A A A  

669 789 

A A A ~  121 AG'ITATCAAA GTAAGAACCGTGTGG A T G A ~  A 

79O 849 

GCTITGATGG ~ AATrAAAAAG ~ 1 1 | T I - I  AAAAATGT 

85O 929 

AATGGTC~ 80 AGA~TGCAG GTAAG~-q'ACACI~ATG~ t I l I l 

930 1068 

C~ACCTG 339 TG.~TI'A.~G GTATGATrG~A~AC~e~ACATG 

1069 1210 

~ A A  142 ~ A G  GTAAGGTCJG~ATATGAGTGGAAGAG'rC 

1211 1389 

~AC'IY:GT 179 

1390 1594 

GTI'FATGAAC 205 GAACTYATAG 

1595 1642 

CTC, G ~  48 AAACAAAAAG 

1643 1723 
C . C A A A ~  81 ~ A A C ,  AG 

1724 Z064 

C C I ' C A G T G A A  341 T I C ' I X 3 A A A ' I T  

2065 2188 
GTGTrAG ACG 124 TCTi'CCATGG 

2189 ~-30 7 

COCTrCAACA 119 A G ~  

2308 2419 

112 G G ~ T G  

2420 2557 

1 ~  GAATACCCTG 

2558 2716 

AGG A.t,~AGTA 159 ACCC'rCACAG 

2717 2814 

G A A A T A C A T r  98 ~ A G G  

Z81S Z954 

A A ~ A  1~ TI'GAC'I'I~AG 

2955 3018 

GCTGGTGAC, C 64 ~ A T A C A G G G  

3019 3119 

CTYITAAAAC I01 CACTAATTAG 

3120 3264 

~ A  147 CAATAACCAG 

3267 33B7 

AATATATAGA 12-1 A G C ~ A  . 

3388 3464 

" I T W ~ A T G C T  77 G G C ~  

346.,r 3616 

~ A  152 "I'W-,CH'C~AG 

3617 3819 

C C A G ~  203 CGC.AATAAJUG 

3820 2~46 

GCAC, CcrI13C 127 G C C A ~ G  

3947 4074 

CTICTAGACA 128 TAACTACAAG 

4075 4185 

G T C ~  Ili CATrGGGAAG 

4186 4263 

TGTGTrGAAG 78 TGTrCAACAA 

4264 4487 

1 1~1 | u A A G A  224 A C ~  

4488 4566 

ATGGTFI~3AT ~ TGCAGATAAG 

4567 4728 

AATGC'FATI~ 16-3 TI~AGATCAG 

GTAC.g3 A G C A ~ A C ] ' C T A G G ~  

GCAAG'IWATr _ ACAC'YTACAA 

G" I ~ A T T A ~  A/LA'I ~_~AG AGTCTI'G'I~T 

GTAGTIL-'I~AC-rAGT]" 

G T A A G T C J G C s C A G ~ A C A ~  

GTA'IG"IGGACTACAGGTGA~ACAAA 

G ' r G ~ A C A T ~ A G A C G ~  

G T G A G T A C A A A ~ G G G  ATG ~ 3 C A C  A G T I ~  A 

G T A T G ' r r A A A A G T r C A C A T C T G A T G ~  

G ' T ~ A G I  l I 1 IC, AC.'CI'G'IX31T 1 "1"1"1" 

G ' I ~ A G C A T A A ~ A A C C A T Y I E T  

GTA.AG TGAG'I~ACATCC A'UrAGATYI'C ATG 

G T A A G C A G T ' ~ A  | 1 1 11 ~ 'TGAGAT~CTGTF 

G T A T I T A C C A A T A T I T F A  

( T U A T G C T G ~ A C A T r G  

GTAAG TCI~TFI~'IX~ AT~ T~ACTG A 

G T A T G T A ~ G T A T A T A T r A A T A G  

GTACTGG" FACTGAGTr GAAAC.A C~oG ACTCC 

G T A A T G ~ ~ ~  ATI'CATA 

GTAGGAAACAGCG~3C-GG~AGGG ACA 

GTA ~ 3 t  t t t AAAAATATA 

GTAAG AGCTI~ATIL.-I ' I ' I ' I  ~ 

GTAACAL~I 1 *.J- 1 * . . 3 ' C - J C , A A G A A ~ ' I " I " G  

GTAAA ATG'TGAACTC 

~ A t ; l  1 1 IA'I3CTITCATCCATCATA 
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IN_ON 34 TIUATG'rAAATrrrA TAG 

EXON 35 A A ( ] I ~ A ' I ' ~ ' r A A A ~ ' I I / f l  i 1 i U l  l lL-I ~ 

EXON 36 C L " r G A T N ~ I - I - I - I b N A C ~  

EXO~I 37 C ~ l  I IUI~h~-I-IUI~CAOGiC'II~rrAT~,~ 

EXON 38 TAGAAA AA3~'CCAC.A~ 

EXON 39 G~..z IL/11L~ML'r r A ~ A T r A ' ] ~ " r  r r A T r  rT.~,G 

~ON 42 CA~AA~A'I~I U I I v~ICT~C'TI~"T~,~ 

~ON 43 AAA'I~AA'IIL"][~[~AI~TA I-I I I I CIC"ITAG 

44 A'I U'I "f I" IG'TII5 r l - r  IK.131 1U 1"11 J ( ~ R ~ - ' I ~  

] ~ l i ~  45 CAAA~ACA~rAA'II~Ila~1111 lb' l lTI 'A'l '~A~ 

EXON 46 AC'][I~TAA'][~'I~A'I'I-I-I I A ~ A ' I ' r r I ' A ~  

~ O N  47 TGTII2CCCT~ATCC K I T  1" I T  1 i L ' r  r C C ~ A ~  

48 Lil 1 lL i l  l ~ - I t l ~ r r r A A ~ A ~  

~ O ~  49 GCAOOC.ek(X~AC~ AG 

F~ON ~ GC~CA'rlL-IL/IL;.aI~T.a~C-*I~II~CYL~AG 

I~1~O~ 51 A'rIIT]~L-IL- [ "1-11k~['Iu I U I  1 U  1AA' I ' I ' r rA~ 

EXON 52 A A A G ~  T r T A G  

EXO~ 53 GATGA'I~I-I TJCA'I3C~X~X~AG 

EXON 54 C ~ " s  �9 

~XON 5J G~21 IL21 1 ~ I ' T ~ k T I ~  AG- 

EXON 57 GATCAAG.~~-I~./I IL:ACAG 

EXON 58 A C A C T U A G ~ ~  

E01ON 59 TGGAAAATAI~3U.A~CTCGCATA~C~M~ 

EXO~I 62 ( T l ~ A ~ ~ l I l  I C A G  

EXON 63 ~ A G A C g T ~ - I  l l t . T C C C ' I 3 ~ C & G  

EXON 64 T ~ , ~ " I I 3 A A C g - I - I - I - I I ~ T I ' A C A G  

E 2 K ~  65 ~3~At~ t~ t~ I t /AC~I I~3GT~CC] l f fC ' I~C~AG 

EXON 66 TGAC AG 

~ 0 ~  67 G C I D ~ C i 2 I - I T I ' ~ N ~ G  

4729 4784 
GTGTITA'n 'G ~ O C C A G T ' ~ A G  

47&~ 4933 

GGAAT~AGAG 149 G'~ACAT~ 

49~4 ~7~ 

CCATI~X~ 1_37 GTACCATC~ 

507/ 5/~7 

G ~ A G A  I17 C#LAagCkACIC~ 

5188 5310 
AT~ACATIX; 12~ A A & ~ & A T G  

$311 5546 
GOErI'CCGTGA 236 C A r l l l U A A G  

5547 5689 

U I  l I U ' T A ~ A  143 " / ' I~AAGTC'I~ 

$69# $897 

GAATGT1UCG 208 

5898 6039 

AAGACACAG'r  1422 TGA' r  rATGTC 

6040 6219 

~ ' r C A G A A C C  1_~ Ot~l t I u A A C T  

6220 6396 
C~2AAO~ATO~ 177 AAATrI 'AC~I3  

6397 6473 

AGC~t3CATOC ~ TCGCTCA~,~3 

6474 6612 
A C ~ G G  139 "][~OG~ACAAA 

0613 6 ~ 5  
G A C ' r G ~ D ~  12~ G A T G A A C ~  

67~6 6949 

G A G T I ~ A A C C  2j44 G A ~ ' ~ T I ' I ~  

6950 7095 
GGGA'roc ' r c~  1 ~  A A O ~ ' W m & G  

7096 7273 
GCCC'~'TCCT 17~ 

7274 7375 
TI~AG'r~A 102 ~ A C . ~ A  

7376 75~3 

ATC~TAAGTA 188 CK~X~-.,AC'I~G 

7564 7690 

G T G T G G ~  127 AACACACTAG 

7691 7791 
G C ' I U G A C ~ G  101 C I 3 C ~ A A  

7"792 7946 

GAAGAC.ACAG 155 TCGA~AO~AG 

7947 

G ' ITrGGGAGG 140 GCTAC'TACAG 

8087 8169 

~ A T  8 j  AC'rCGGOCAG 

8 /70  ~ 0 0  

~ A T A C  131 T C A A C I U C A G  

8301 84~0 
G A A A C A C O 3 ~  130 OG'TCAGA'IO~ 

84M 

C T I L " r A G ~ 3  156 ~ T G  

8587 8777 

G ~  191 C~oATC~A 

8778 8892 

C'rGCGTGAAC 115 ~ T A A T ~  

8893 9 / 0 6  
A33~TU'TE~GG 214 ATGTACACAG 

9107 Y212 
GAAAGGA~AA 1 ~  "11 11 ILL 'TAG 

9Z13 9375 

G A T ~  163 OG"I~TATAAG 

9376 9 S ~  
G'I3~'TrI~AGA 161 ~IDG~GG(3U~AT 

9537 
C ~ r C C C A C A T  

GTAATA( JC-.A'ITr rATrA~Tr r~A t l �9 1 1 1 

G"rA.q~ I q G ~ A C . A C ~ ~ ' I L - ' I T  

GT~A~TG"rATGI['IX]GAAC~TG 

L / I ' I - I U I ~  

TGAA 

G T A ~ A T C I ~ A ,  GCCTATAACTAAC 

~ ' ] F ~ ' ] r J A A T C A C A ~ r A t ~ I  u 1 ] ~ . ~ T  

GTAGGTIlffATAAT(tOOCCAC AG~CC AGGGC 

G T ~  1 1 IGAAATGCC'rGT 

G T A C G I U r  r C A ~ 2 C ' I I 3 C C G A L ~ A T I X J O f f ~  

GTA A T A ~ T r  

OTAA 

GTAAG'II~qlDC TGGGAC~C 

GT AG' rUGAGGCAAG~AATC 

G T A A T ~ A a ~ A T r ~ T T r A  l g l  1 A ' r r r r A  

G T A A ~ , A O G C ~ G C r C ~  

G T G . J g ~  

G*]['A~I~TC~'CA(~7~ACCCA 1 - 1-1TI 1 I I C r r A C A  

AGAAGACCA 

(}'rA~-llk;l 1 

G T ~  ACA 

G-r GCGG 

G ' f C A U I U I ~  

G'r~ A T ~ J g ~ C  

G I ~ A G T G G G  

A 

G~'II~TA T ~ A  

G T A A G A A G O ~ A ~ A G ~ O C ~ T  

To determine intron-exon junctions, we 
used DNA primers located every 200-300 bp 
in the cDNAs to directly sequence the 
corresponding cosmid DNAs and designed 
new primers as needed based on the evolving 

knowledge of the exon  structure. As this 
work progressed, a second-generation vector 
system that eliminated false-positive prod- 
ucts and allowed cloning of genomic DNA 
with multiple restriction enzymes was ap- 
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plied in multiple experiments to saturate the 
region with cloned exons (Church et al., 
submitted). The products obtained in this 
system have the additional advantage that 
5 ' -3 '  orientation is immediately discernible. 
To position all exons on the physical map, 
two primers from each exon were hybridized 
to EcoRI digests of all overlapping cosmids 
from the region, representing an average 
threefold redundancy. 

The composite IT15 cDNA sequence 
corresponds to a genomic segment of 180 kb 
and is encoded in 67 exons as shown in Fig. 1. 
The sequences of exon-intron junctions are 
listed in Table 1. The internal exons ranged 
in size from 48 bp to 341 bp with an average 
of 138 bp. All cloned, sequenced exons are 
aligned with the composite cDNA sequence 
in Fig. 1, and together constitute 36% of the 
transcript. Of  the 65 internal exons, 27 were 
trapped by exon amplification using PstI or 
BamHI-BglII digests, 15 as single exon 
products and 12 as multiple adjacent exons 
spliced together in the amplification proce- 
dure. The minimum and maximum sized 
exons were both represented in this collec- 
tion, which averaged 139 bp/exon, indicating 
no apparent  size bias in the procedure.  

Codon Loss Polymorphism in IT15. To 
search for DNA changes other than the 
trinucleotide repeat expansion that might 
also be associated with HD, we compared the 
normal and HD transcripts by sequence 
analysis of partial cDNA clones and by 
single-strand conformational polymorphism 
analysis (SSCP) of PCR products from 
first-strand cDNA (17). Sequencing of indi- 
vidual normal cDNAs revealed four single 
base pair differences from the consensus 
sequence, at positions 1849 (C to G, Leu to 
Val), 2372 (C to G, Ser to Cys), 4034 (G to A, 
Arg to Lys), and 8677 (A to G, Ile to Val). 
Each of these changes could represent 
polymorphisms or reverse transcriptase er- 
rors either in the published sequence or in 
the variant cDNA. They were not pursued, 
since they only occurred on normal chromo- 

somes. No sequence differences other than 
the CAG repeat  length were found exclu- 
sively in the HD cDNAs. 

For SSCP analysis, we scanned two HD 
homozygotes of different haplotypes, both 
alleles from a single normal individual, and 
the normal sequence represented in a corre- 
sponding cDNA clone. Variant SSCP bands 
were detected in exons 58, 60, and 67. The 
exon 67 difference involved a choice of either 
C or T at position 9809 of the Composite 
cDNA sequence (GENBANK #L12392). 
Because this change occurred in the 3' 
untranslated region and both forms were 
represented on at least one normal and one 
HD allele, we did not analyze it further. The 
exon 60 difference was found only on one of 
the normal alleles and was therefore aban- 
doned without sequencing. 

The exon 58 difference (Fig. 2A) was 
present in the HD homozygote representing 
the most common disease haplotype, but 
absent from an HD homozygote of another 
haplotype (4, 18). Sequence analysis of 
multiple cloned PCR products revealed the 
loss of a single codon from a run of four 
consecutive G A G  (Glu) codons at positions 
2642-2645 of the predicted amino acid 
sequence (7). For convenience, we refer to 
this change as A2642. We developed a 
genomic PCR assay for A2642 in order to 
scan additional HD and normal chromo- 
somes to test its disease specificity (Fig. 2B). 
This analysis revealed that the codon loss 
represents a normal, infrequent polymor- 
phism with allele frequencies of 0.93 and 0.07 
for presence or absence or codon 2642, 
respectively (N = 175 normal chromosomes). 
The A2642 change showed linkage disequilib- 
rium with HD (X 2 = 37.47, 1 dr, P < 0.0001), 
where the codon loss was represented on 
38% of disease chromosomes (N = 80 inde- 
pendent  HD chromosomes). 

Both HD Alleles are Expressed. The 
A2642 polymorphism provided a ready means 
to assay whether both alleles of the HD gene 
are expressed in the cells of affected individu- 
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Fig. 2. The A2642 codon loss polymorphism. (A) SSCP analysis by RT-PCR of 
mRNA. First-strand oligo(dT)-primed cDNA was amplified with primers 
5'-GGGAACAGCATCACACCC-3' and 5'-GTTGCGCTCGGTGAACA-Y 
and the - 273 bp PCR products were analyzed under SSCP conditions ( 16, 17). 
Lane l, undenatured product from a normal individual: lane 2, denatured 
product from the same normal individual; lane 3, denatured product from an 
HD homozygote of the most common haplotype representing ~, of HD 
chromosomes (4); lane 4, denatured product from an HD homozygote of 
another less frequent haplotype. (B) Genomic PCR assay for the ,52642 codon 
loss polymorphism. The region of the polymorphism was amplified from 10 ng 
of genomic DNA using primers within exon 58, 5'-GCTGGGGAACAGCAT- 
CACACCC-Y and 5'-CCTGGAGTTGACTGGAGACGTG-Y, and the fol- 
lowing amplification program: 2 min at 94~ 30 cycles of 1 min at 58~ 1 rain 
at 72~ followed by I0 min at 72 ~ The products were displayed on a 0,% 
denaturing urea-polyacrylamide gel. Lanes 1, 3, and 5 contain PCR products 
from HD heterozygotes of the major haplotype; lanes 2 and 4 contain PCR 
products from normal individuals bearing other 4p16.3 haplotypes. A1 denotes 
presence of codon 2642 (112-bp product); A2 denotes absence of codon 2642 
(109-bp product). 

als. F i g u r e  3 shows  the  analys is  o f  two 

i n d e p e n d e n t  p r e p a r a t i o n s  o f  first s t r a n d  

c D N A  fi 'om l y m p h o b l a s t  l ines  o f  f o u r  u n r e -  

la ted  H D  pa t i en t s ,  two  o f  w h o m  w e r e  

h e t e r o z y g o u s  for  t he  p o l y m o r p h i s m ,  wi th  t he  

c o d o n  loss s e g r e g a t i n g  wi th  t he  d i s e a s e  

c h r o m o s o m e .  B o t h  o f  t h e s e  ind iv idua l s  c lea r ly  

e x p r e s s e d  b o t h  the  n o r m a l  a n d  d i s ea se  

a l le les .  S i m i l a r  resu l t s  h a v e  b e e n  o b s e r v e d  in 

R N A  f r o m  n o r m a l  ind iv idua l s ,  H D  h e t e r o z y -  

Fig. 3. Expression of both normal and HD alleles in mRNA. First-strand cDNA primed with oligo(dT) (lanes 1-4) or 
an ITt5-specific primer (5'-CAGGTACTGAGCGAGGAT Y) (lanes 5-8) was amplified using the same primers 
described in Fig. 2B. The PCR products spanning the A2642 codon polymorphism were resolved on a 6% denaturing 
urea-polyacrylamide gel. Lanes 1, 5 and 2, 6 represent two different HD heterozygotes with the major HD haplolype; 
lanes 3, 7 and 4, 8 represent two different HD heterozygotes with two other HD haplotypes. A1 denotes presence of 
codon 2642 (112 bp product); A2 denotes the absence of codon 2642 (109 bp product). 
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Fig. 4. Northern  blot survey of HD gene transcripts in adult tissues. Northern blots containing 2 ~xg of poly(A) + 
m R N A  from various adult human tissues were hybridized with two probes. Panels A and C were hybridized with 
coding region 2841-bp probe made by EcoRI digestion of cDNA clone IT15B. This probe spans nucleotides 
20284868  of the published IT15 sequence (7). Panels B and D represent  the same blots hybridized with a 292-bp 
genomic probe produced by PCR of cosmid L120D5 DNA using primers 5 ' - G G A G A A C A C A G T C G T C T G T G - 3 '  
and 5 ' - C G T G T A A A G T A T G T G A A T C G C - 3 ' .  This probe derives from the sequence immediately 3' to the end of 
the 3 ' U T R  reported in the published IT15 sequence. Panels A and B, lanes 1, heart;  2, brain; 3, placenta; 4, lung; 5, 
liver; 6, skeletal muscle; 7, kidney. Panels C and D, lanes 1, spleen; 2, thymus; 3, prostate; 4, testis; 5, ovary; 6, small 
intestine; 7, colon; 8, peripheral  blood leukocyte. Transcript  sizes were estimated from RNA size markers as shown. 

gotes, and HD homozygotes using the CAG 
repeat  assay (data not shown). 

Expression of HD mRNA. The pathol- 
ogy of HD appears to be confined to the 
brain. However, the expression of the IT15 
transcript is not confined to this tissue. 
Figures 4 and 5 show a northern blot survey 
of 15 adult and five fetal tissue RNAs, 
respectively. Hybridization with an IT15 
probe revealed two RNA species that were 
present in all tissues tested but varied in 
relative abundance. We estimate the size of 

these RNAs as 13.5 kb and 10.5 kb, with the 
latter being the more abundant in most 
tissues. Interestingly, the apparent ratio of 
larger to the smaller transcript was greatest 
in fetal and adult brain. By contrast, the 
larger transcript was barely detectable in 
adult liver and colon. 

We presumed that the smaller RNA 
species corresponds to the composite cDNA 
sequence previously reported (7) and that 
the larger could result either from alternative 
splicing or from alternative polyadenylation. 
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Fig. 5. Northern blot survey of HD gene transcripts in fetal tissues. A northern blot containing 2 p.g of poly(A)" 
mRNA from various fetal human lissues were hybridized sequentially with the same two probes described in Fig. 4 
(fell and right, respectively). Lanes 1, heart; 2, brain; 3, lung; 4, liver; and 5, kidney~ 

Our SSCP analysis of first-strand cDNA had 
failed to yield any evidence of extensive 
alternative splicing, and an exon 2 probe 
detected both RNA species (data not shown). 
Therefore, we prepared a genomic probe 
from the region of cosmid L120D5 located 
immediately downstream from the sequence 
at the site of the poly(A) tail in cDNA clone 
IT15B (7, 8). Hybridization of this second 
probe to the northern blots is also shown in 
Figures 4 and 5. The extended 3' probe 
detected only the larger of the two IT15 
RNA species, suggesting that this transcript 
arises by use of a downstream poly(A) 
addition site. Indeed, cDNA library screen- 
ing has recently identified two types of clones 
differing in their 3'UTRs, which were pre- 
sumed to be due to alternative polyadenyla- 
tion (19). Our data provide the formal proof 
for this presumption. 

Balanced Translocation Disrupting HD 
Gene. The l i d  gene search produced a 
panel of somatic cell hybrid lines dissecting 
4p into several regions (9, 10). One of the 
chromosomes from this panel has a t(4p16.3; 
12p13.3) with a breakpoint between D4S180 
and D4S127 (20). To establish whether this 
chromosome bisects the HD gene, we hybrid- 
ized exon probes to genomic blots of DNA 
from a lymphoblast cell line (CV066) with 

the balanced translocation and from a hybrid 
line (HHW1071) containing only the region 
of 4p16.3 between the translocation break- 
point and the 4p telomere as part of the 
der(12) chromosome. Exons 41-67 are ab- 
sent from the hybrid, indicating that the 
breakpoint maps between exons 40 and 41. 
Indeed, the EcoRI and HindIII fragments 
containing exon 40 are altered in size in 
CV066 and in HHW1071 (Fig. 6) positioning 
the t(4;12) breakpoint within the l iD gene as 
depicted in Fig. 1. 

The CV066 lymphoblast line was de- 
rived from a balanced carrier of the t(4;12) 
who was first identified as the mother of a 
Wolf-Hirschhorn child produced by transmis- 
sion of only the der(4) chromosome (20). 
Therefore, this woman possesses one intact 
HD gene that will produce a normal product, 
and a bisected HD gene that at best could 
produce a partial protein, or partial fusion 
protein. This balanced translocation is not 
associated with any detectable abnormal 
phenotype either in the woman or in one of 
her offspring. Thus, heterozygous disruption 
of the HD gene does not have catastrophic 
consequences for development or cause 
juvenile HD. Moreover, this translocation 
makes it unlikely that the expanded CAG 
repeat in HD acts by simply inactivating the 
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Fig. 6. The t(4;12) translocation disrupts the HD gene. Southern blots of HindIII- (panel A) and EcoRI- (panel B) 
digested DNAs were hybridized with a 210-bp probe consisting of all of exon 40 and that portion of exon 39 3' to the 
EcoR[ site contained within this exon. The probe was made by PCR from the cDNA using primers 5'-CTTCAACG- 
CTAGAAGAAC-3' and 5'-CAGACTTGAAGATGTGGATC-3'. Lane 1, normal human genornic lymphoblastoid 
celI DNA; lane 2, hamster DNA; lane 3, DNA from human-hamster hybrid HHW416 containing only human 
chromosome 4; lane 4, DNA from human-hamster hybrid HHW661 containing only a human t(4p15.1:5p15.1) 
chromosome; lane 5, DNA from lymphoblast line CV066 from the balanced t(4p16.3;12p13.3) carrier (20): lane 6, 
DNA from human-hamster hybrid HHW1071 containing the der(12) from CV066; lane 7, DNA from human- 
hamster hybrid HHW842 containing a chromosome 4 with an interstitial deletion the removes the entire HD gene; 
lane 8, DNA from human-hamster hybrid HHW847 containing a t(4;21) chromosome from which all of 4p16.3 is 
missing (9, I0). Both EcoRI and HindlIt fragments are altered in CV066 and HHWl071. Since exons 39 and 40 
reside on the same EcoRI fragment but different HindlIl fragments (the small unaltered Hind]ll fragment is 
detected by exon 39), the t(4;12) breakpoint must map within the EcoRl fragment but proximal to both exons. 

a l le le  con ta in ing  it. A t  age 46, the  woman ,  
who possesses  only one  intact  copy of  this  
locus, is a l r eady  beyond  the  age of  onse t  o f  
the  major i ty  of  H D  cases  and does  not  
d isp lay  any signs of  the  d i sorder .  She has also 
passed  the b a l a n c e d  t r ans loca t ion  to one  off- 
spr ing who is s imilar ly  pheno typ ica l ly  normal .  

D I S C U S S I O N  

The  n u m b e r  of  exons compr i s ing  the  
H D  gene  is one  of  the  h ighes t  r e p o r t e d  to 
da te  for any h u m a n  locus. However ,  the  
exons a re  a r r ayed  across  a re la t ive ly  compac t  
genomic  reg ion  of  180 kb. The  ini t ia l  
ident i f ica t ion  and  d e t a i l e d  analysis  of  this 
locus was a ided  t r e m e n d o u s l y  by the deve lop-  

m e n t  of  the  exon ampl i f ica t ion  p r o c e d u r e  (5, 
6). C l o n e d  t r a p p e d  exons p rov ided  p robes  
for  the  isola t ion of  c D N A  clones  and 
mul t ip le  sequenced ,  o r i en t ed  entry poin ts  for 
a l igning the c D N A s .  The  knowledge  of  the 
cosmid  of  origin of  each  t r a p p e d  exon 
inc luded  in a c D N A  clone gave an immed ia t e  
a s sessmen t  of  genomic  coverage ,  and pro-  
v ided  the basis  for c o m p l e t e  sequence  analy-  
sis and  r ap id  d e t e r m i n a t i o n  of  e x o n - i n t r o n  
junct ions .  The  fact  tha t  42% of  the  in terna l  
exons suscep t ib le  to exon ampl i f ica t ion  were  
r ecove red  as c loned  segments  demons t r a t e s  
tha t  it is r e m a r k a b l y  easy to isola te  a 
s ignif icant  po r t i on  of  a gene  using this 
p rocedu re .  In fact,  we only employed  two of  
severa l  poss ib le  enzyme combina t ions  for 
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cloning the genomic DNA. It is likely that 
many of the exons that were missed could be 
isolated using an alternative restriction di- 
gest with the same vector system. Thus, exon 
amplification appears to be an excellent 
means of saturating a particular genomic 
region with expressed sequences and quickly 
relating the corresponding transcripts to the 
physical map. 

The HD gene is expressed in every tissue 
tested to date, with at least two alternative 
forms that differ in the extent of their 3' 
untranslated region. There might be alterna- 
tive splicing of the transcript in some tissues, 
but RNA-PCR SSCP analysis of lymphoblas- 
toid cell RNA failed to reveal, any evidence 
of alternative forms within the coding se- 
quence. Moreover, the exon trapping did not 
yield any other putative exons from this 
region that could be a part of a transcript 
from this gene. Finally, all of the overlapping 
cDNAs so far isolated from brain and other  
tissues have been colinear, except when they 
contain unspliced intronic sequence. Thus, if 
alternative splicing occurs, it is unlikely to be 
extensive unless it is restricted to a specific 
cell type not yet explored. 

The ubiquitous expression of the HD 
gene requires that special considerations 
must be invoked to explain the specific and 
selective nature of loss of striatal neurons. 
The expanded CAG repeat does not appear 
to interfere with transcription since HD 
homozygotes, HD heterozygotes, and normal 
individuals all express RNA from both 
alleles. However, these studies were per- 
formed in a peripheral tissue. It remains 
conceivable that a subset of cells in the 
striatum might be affected distinctly at the 
transcriptional level. Testing of this possibil- 
ity awaits the examination of HD brain tissue 
prior to any cell loss, which is extremely 
difficult to obtain. 

The HD mutation could conceivably 
alter translation, stability, or localization of 
the mRNA, an effect that could act on either 
or both of the two alternatively polyadenyl- 
ated mRNA forms. The need to examine 

both of these transcripts independently thus 
complicates assessment of such mechanisms. 
Moreover, since the effect is likely to be 
tissue-specific, in view of the pattern of cell 
death, the lack of appropriate HD tissue is 
again a stumbling block. 

If, as seems probable, the HD mutation 
acts at the protein level, it does not create a 
gene product that is directly toxic, since cell 
death occurs selectively in the striatum. In 
this gain-of-function scenario, some special 
aspect of the metabolism of striatal neurons 
must be particularly sensitive to the effects of 
the altered product, perhaps via a specific 
prote in-DNA, prote in-RNA, or pro te in-  
protein interaction. 

Of  course, it is also possible that the 
mutation causes a loss of function of the 
protein. To explain the complete phenotypic 
dominance observed in HD, this loss of 
function must either cross below a critical 
threshold of activity that cannot be ad- 
equately compensated by the normal allele 
or must trans-inactivate the normal product 
as well. In either loss-of-function scenario, 
the striatal cells must be peculiarly sensitive 
to such a loss. The observed correlation 
between CAG repeat  length and severity of 
disease would dictate that a range of func- 
tional loss must occur in HD (21-23). The 
identification of an individual with an inter- 
rupted HD gene indicates that 50% of the 
normal gene product can apparently be lost 
without immediate dire consequence. If this 
disruption halved the activity of the HD gene, 
then the threshold hypothesis would predict 
that juvenile onset HD would ensue. How- 
ever, if the partial protein retained some 
function, or if trans-inactivating effects are 
required, then an HD phenotype might occur 
later or not at all. Because of the typically 
late onset of the disorder, careful long-term 
clinical evaluation will be required to estab- 
lish whether this structural disruption can 
mimic the effects of an expanded trinucleo- 
tide repeat,  causing the characteristic symp- 
toms and neuropathology of HD. 
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