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AbstractmThe incurable neurodegenerative disorder, Huntington's disease (HD), is caused by an 
expanded, unstable CAG repeat encoding a stretch of  polyglutamine in a 4p16.3 gene (HD) of 
unknown function. Near the CA G repeat is a polyproline-encoding CCG repeat that shows more 
limited allelic variation. The mouse homologue, Hdh, has been mapped to chromosome 5, in a 
region devoid of  mutations causing any comparable phenotype. We have isolated overlapping 
cDNAs from the Hdh gene and compared their sequences with the human transcript. The 
consensus mouse coding sequence is 86% identical to the human at the DNA level and 91% 
identical at the protein level Despite the overall high level of  conservation, Hdh possesses an 
imperfect CAG repeat encoding only seven consecutive glutamines, compared to the 13-36 
residues that are normal in man. Although no evidence for polymorphic variation of  the CAG 
repeat was seen, a nearby CCG repeat differed in length by one unit between several strains of  
laboratory mouse and Mus spretus. The absence of  a long CAG repeat in the mouse is consistent 
with the lack of  a spontaneous mouse model of  HD. The information presented concerning the 
sequence of  the mouse gene should facilitate attempts to create such a model 

INTRODUCTION 

Huntington's disease is a dominant 
neurodegenerative disorder involving a pre- 
mature loss of specific neurons that is most 
extensive in the striatum (1). The hallmark of 
the disorder is a characteristic chorea that 
begins insidiously and progresses until it 
consumes all parts of the body. Accompany- 
ing or even sometimes preceding the motor 
disturbance are psychiatric changes and 
gradual cognitive decline. The onset of HD 
typically occurs in middle age (mean ~40 
years), but a minor proportion of cases begin 
in childhood, or late in life. Family studies 
using DNA polymorphisms mapped the HD 
gene near the tip of the chromosome 4 short 

87 

arm, creating the possibility of identifying the 
genetic defect gene by a location cloning 
approach (2-4). We have recently demon- 
strated that HD is caused by an expanded, 
unstable CAG repeat (5). 

The CAG repeat is polymorphic on 
normal chromosomes, varying from approxi- 
mately 11 to 34 units (6-8). It is found near 
the 5' end of a novel gene, next to a less 
polymorphic CCG repeat that varies from 6 
to 12 units (9). Both repeats are located 
within the predicted coding sequence, where 
they encode stretches of polyglutamine and 
polyproline, respectively, near the N-termi- 
nus of the gene product, named huntingtin 
(5). On HD chromosomes, the CAG repeat 
is expanded to a range of 37-100 or more 
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units. In this expanded state, the repeat 
segment is unstable, with more than 80% of 
meiotic transmissions involving a change in 
the number of CAGs (6). The greatest size 
changes are seen in paternal transmissions. 
The length instability appears to occur 
during gametogenesis, without leading to 
appreciable somatic mosaicism (10). Age of 
onset of the disease is inversely correlated 
with the length of the CAG repeat, with the 
juvenile onset cases, which most often result 
from paternal transmission, displaying the 
longest repeats (6-8). 

We have mapped Hdh, the mouse 
homologue of the HD gene, to the proximal 
portion of mouse chromosome 5, in a region 
containing no known mutants with pheno- 
types similar to the human disease (11). To 
set the stage for creation of a mouse model of 
HD, we have isolated and sequenced cDNAs 
for the murine gene. Our results indicate that 
the gene is highly conserved, with mouse and 
human huntingtin being 91% identical. How- 
ever, the two differ in the crucial N-terminus, 
where the mouse protein contains a much 
shorter stretch of seven glutamine residues, 
encoded by an interrupted CAG repeat. A 
nearby CCG repeat is also present in the 
mouse, where it provides a polymorphic 
marker for analysis of interspecies crosses. 
The relatively short CAG segment in the 
mouse gene is consistent with the absence of 
any naturally occurring HD model in this 
species. However, the extent of the conserva- 
tion of the remainder of mouse huntingtin 
suggests that engineering of an expanded 
CAG repeat at the mouse locus might mimic 
the effects of the HD mutation. 

MATERIALS AND METHODS 

Hybridization. Northern blots (Clontech 
polyA+) were hybridized with 32p-labeled 
(12) human cDNA clone IT15B (5). 1 
spanning nt 5345-10366 of the composite 
IT15 cDNA sequence (GenBank L12392). 
Hybridization conditions were: 50% for- 

mamide, 10% dextran sulfate, 0.8 M NaC1, 
5x Denhardt's, 50 mM Tris pH 7.5, 0.5% 
SDS, 100 ixg/ml sheared single-stranded fish 
DNA and 0.1% sodium pyrophosphate. 
Filters were hybridized for 48 h at 42~ then 
washed in 0.5x SSC, 0.1% SDS at 65~ 

The PCC4 embryonal carcinoma phage 
cDNA library (Stratagene) was hybridized 
with a pool of 32p-labeled (12) human PCR 
and cDNA probes representing nt 933-1899 
and 3028-10366. The 129 genomfc phage 
library was screened similarly using a pair of 
probes flanking the CAG and CCG repeats 
prepared by PCR amplification from PCC4-8. 
The following primer pairs were used to 
amplify segments 5' and 3' to the repeats, 
respectively: primer set 1, 5'-GAAAA- 
GCTGATGAAGGCT-3' and 5'-CTGCT- 
GAAACGACTTGAG-3' ;  primer set 2, 
5'-CACCGCCGCTGCCAGGTC-3' and 5'- 
GGTCGGTGCAGCGGTTCC-3' .  Hybrid- 
ization and washing were performed as 
above except 40% formamide, 1 M NaC1, and 
1 x Denhardt's were used and washing was at 
room temperature. 

DNA Sequencing. Double-stranded 
cDNA clones (1 Ixg), the 129-1 genomic 
phage clone (40 Ixg), and six pBSKII sub- 
clones (1 txg) of PCR product from M. spretus 
were sequenced by dideoxy chain termina- 
tion (13) using custom primers (Biosearch 
Cyclone) and 7-deazaguanosine/sequenase 
2.0 (USB). Sequence comparisons with the 
human gene were performed using the GCG 
package (14). 

PolymorphismAnalysis. Genomic mouse 
DNA (200 ng) was amplified using the 
following primers flanking the CAG- 
CCG repeat region: 5'-CTGATGAAGGCT- 
TTCGAGTCGCTCAAGTCG-3'  and 5'- 
C C T T C T T T G G T C G G T G C A G C G -  
GTFCCTCTG-3'. Reaction conditions were 
200 IxM dNTPs, 10% DMSO, 1 ~xCi 
[32p]dATP, 2 units Taq polymerase (Boehr- 
inger/Mannheim), and the buffer supplied 
by the manufacturer. The cycling program 
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was: 1 x 2' min at 94~ 30x  (1 min at 94~ 1 
min at 60~ 1 min at 72~ Labeled  P C R  
products  were displayed on 6% denatur ing  
polyacrylamide gels. 

For  subcloning of  the M. spretus P C R  
product,  the above primers  were resynthe- 
sized with ( C U A ) 4  and (CAU)4,  respec- 
tively, on the 5' ends. Af ter  amplification, the 
product  was cut f rom low-melt agarose and 
subcloned using uracil D N A  glycosylase (UDG)  
(Gibco/BRL) into pBSKII modified by diges- 
tion with EcoRV and PCR amplification using 
primers 5 ' - A G U A G U A G U A G A U C A A G C T -  
T A T C G A T A C C - 3 '  and 5 ' - A U G A U G A U -  
G A U G A U C G A A T F C C T G C A G C C - 3 ' .  

RESULTS 

Northern Blot Analysis of H dh  Expres- 
sion. The HD gene is expressed in all h u m a n  
tissues tested to date as two different 
m R N A s  of  10.5 and 13.5 kb that  encode  the 
same huntingtin protein,  but  differ in their 3' 
untranslated regions (UTRs)  due to al terna- 
tive polyadenylat ion (15, 16). In D N A  blot 
analyses used to map the Hdh locus on 
chromosome 5, we de te rmined  that  the 
mouse  gene is sufficiently conserved to be 
easily detected using a human  probe.  Figure 
1 displays the results of  hybridizing a human  
HD probe to Nor the rn  blots containing 
poly(A) + R N A  from a variety of  mouse  
tissues. The  pat tern  of  expression is remark-  
ably similar to the expression of  H D  in man,  
with two different R N A s  also of  10.5 and 13.5 
kb. These R N A s  are expressed in all tissues 
tested, but at varying ratios. As in man,  
mouse  brain R N A  displays the highest 
propor t ion  of  the larger transcript.  A novel 
band of  variable intensity is also seen on the 
mouse nor thern  blots at ~ 7 kb. This signal is 
removed by stringent washing suggesting the 
possibility of  a related locus. 

Isolation of Overlapping cDNA Clones for 
Hdh.  To permit  direct compar i son  of  the 
human  and mouse  homologes,  we screened a 
mouse PCC4 embryonal  carc inoma c D N A  

Fig. 1. Northern blots analysis of mouse Hdh mRNAs. 
Northern blots containing 2 Ixg of poly(A) + mRNA from 
various adult mouse tissues were hybridized with human 
IT15B.1 Transcript sizes were estimated from RNA size 
markers as shown. Lanes: 1, heart; 2, brain; 3, liver; 4, 
skeletal muscle; 5, kidney; 6, testis. 

library with a pool  of  c D N A  and P C R  probes  
spanning almost the entire published compos-  
ite IT15 sequence  of  10,366 bp ( G e n B a n k  
#L12392)  to isolate overlapping clones repre-  
senting the Hdh m R N A s .  A summary  of  the 
c D N A s  obta ined  is displayed in Fig. 2. Three  
c D N A  clones provided over lapping sequence 
coverage f rom a few bases 3'  to the initiator 
A T G  codon  through the entire coding 
sequence.  Clone PCC4-3 also possessed a 

Composite 

129-1 t 

Fig. 2. Schematic diagram of mouse Hdh clones. The 
composite mouse Hdh cDNA sequence deposited in 
GenBank as accession #L28827 is shown schematically 
over the clones from which it was derived. The 5' UTR 
and 3' UTR sequences are shown as thin lines, while the 
predicted coding sequence is depicted as a filled box. 
The sequences provided by each clone are: 129-1 
genomic phage, nt 1-133; cDNA PCC4-8, nt 102-4469; 
PCC4-5, nt 3906-9765; and PCC4-3, nt 5781-9998. Only 
the latter clone displayed a poly(A) tail. 
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QQ P L 
MATLEKIhiKAFES LKS F .............. ~ppPQPppppPPPPPQPPQPPPQ 

A PLLPQPQP P AV 
GQ ........ PPPPPPPLPGP- -AEEPLHRP i KKELSATKKDRVNHCLTICENIVAQS 

V 
LR 2 NSPEFQKLLGIAMELFLLCSDDAESDVRMVADECI/Iq<VIK 3 ALMDSNLPRI/~L 

59 
46 

116 
93 

170 
147 

224 
ELYKEIKK 4 NGAPRSLRAALWRFAELAHLVRPQKCR 5 PYLVNLLPCLTRTSKRPEE 201 

I 281 
SVQETLAAAVPKIMASFGNFANDNEIKV 6 LLKAFIANLKSSSPTVRRTAAGSAVSICQ 258 

S V D Y 338 
HSRRTQYFYNWLLNVLLG 7 LLVPMEEEHSTLLILGVLLTLRCLVPLLQQQVKDTSLKG 315 

A 395 
SFGVTRKEMEVSPSTEQLVQ 8 VYELTLHHTQHQDHNVVTGALELLQQLFRTPPPELI/~ 372 

T AV I AAK SG S I 448 
ALTTPGGLGQLTLVQEEARGRGRSGSIVELLA 9 GGGSSCSPVLSRKQKG i0 KVLLG 425 

LT D S A 504 
EEEALEDDSESRSDVSSSAFAA ii SVKSEIGGELAASSGVSTPGSVGHDIiTEQPRSQ 481 

AS S V 564 
HTI/~ADSVDLSGCDLTSAATDGDEEDILSHSSSQFSAVPSDPAMDI/~DGTQASSPISDSS 541 

T N L DE - T I PD A EA 619 
QTTTEGPDSAVTPSDSSEI 12 VLDGADSQYLGMQIGQPQEDDEEGAAGVLSGEVSDVF 597 

M KN S C V F L AT PG Q N 671 
RNSSLA 13 LQQAHLLERMGHSRQPSDSSIDKYVTRDEVAEASDPESK 14 PCRIKGD 649 

ST G NV V 727 
IGQPNDDDSAPLVHCVRLLSASFLLTGEKKA 15 LVPDP~VRVSVKALALSCIGAAVAL 705 

K D YP IC 783 
HPESFFSRLYKVPLNTTESTE 16 EQYVSDILNYIDHGDPQVRGATAILCGTLVYSILS 761 

FH D M T A R N 835 
RSRLRVGEWLGNIRTLTG 17 NTFSLVDCIPLLQKTLKDESSVTCKLACTAVR 18 HC 813 

M E I V T R E N 891 
VLSLCSSSYSDLGLQLLIDMLPLKNSSYWLVRTELI/)TLAEIDFR 19 LVSFLEAKAES 869 

L H A I 943 
LHRGAHHYTG 20 FLKLQERVl/~IYLLGDEDPRVRHVAATSLTR 21 LVPKLCDQ 921 

N 999 
GQAFYKDPVVAVARDQSSVYLKLI/~ETQPPSHFSVSTITR 22" IYRGYSLLPSITDVT 977 

I T I 1051 
MENNLSRWAAVSHELITSTTRALT 23 FGCCEALCLLSAAFPVCTWSLGWHCG 24 V 1029 

T 1107 

PPLSASDESRKSCTVGMASMILTLLSSAWFPLDLSAHQDALILAGNLI2~ 25 SAPKSL 1085 

A P K V A M A 1167 
RSSWTSEEEANSAATRQEEIWPALGDRTLVPLVEQLFSHLLKVINICAHVLDDVTPGPAI 1145 

V L GS 1219 
K 26 AALPSLTNPPSLSPIRRKGKEKEPGEQASTPMSPKKVGEASAA 27 SRQSDTSG 1197 

Fig. 3. Comparison of the predicted sequences of human and mouse huntingtin. The mouse amino acid sequence for 
huntingtin is shown in full. For the human huntingtin sequence, only residues different from the mouse are shown. 
Dashes represent gaps in the matching of the two sequences. The sequences are numbered with the predicted 
initiation Met codon of each protein as #1. The human sequence is that containing 21 CAG repeat units (5) 
deposited in GenBnk #L12392. Numbers 1~56 inserted within the protein sequence indicate the positions of introns 
in the human HD gene (15). 
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1220 T 1275 
1198 PVTASKSSSLGSFYHLPSYLKI/~DVLKATHANYK 28 VTLDLQNSTEKFGGFLRSALDV 1253 

1276 I 1327 
1254 LSQILELATLQDIGK 29 CVEEVLGYI/(SCFSREPMMATVCVQQ 30 LLKTLFGTNLA 1305 

1328 G N 1387 
1306 SQFDGLSSNPSKSQCRAQRLGSSSVRPGLYHYCFMAPYTHFTQALADASLRNMVQAEQER 1365 

1388 T T 1439 
1366 DASG 31 WFDVLQKVSAQLKTNLTSVTKNRAD 32 KNAIHNHIRLFEPLVIKALKQYT 1417 

1440 C 1491 
1318 TTTSVQLQKQVI~QLVQLRVNYCLLDSDQ 33 VFIGFVLKQFEYIEVGQFR 34 E 1469 

1492 1547 
1470 SEAIIPNIFFFLVLLSYERYHSKQIIGIPKIIQLCDGIMASGRKAVTHA 35 IPALQPI 1525 

1548 1603 
1526 VHDLFVLRGTNKADAGKELETQKEVVVSMLLRLIQYHQ 36 VLEMFILVLQQCHKENED 1581 

1604 I 1659 
1582 KWKRLSRQVADIILPMLAKQQ 37 MHIDSHEALGVLNTLFEILAPSSLRPVDMLLRSMF 1637 

1660 V N S Y I T 1715 
1638 ITPSTM 38 ASVSTVQLWISGILAILRVLISQSTEDIVLCRIQELSFSPHLLSCPVINR 1693 

1716 D DSTS E H I N E E 1771 
1694 LRGGGGNVTLGECSEGKQ-KSLPEDTFSR 39 FLLQLVGILLEDIVTKQLKVDMSEQQH 1748 

1772 R G D L A 1827 
1749 TFYCQELGTLLMCLIHIFKSG 40 MFRRITAAATRLFTSDGCEGSFYTLESLNARVRSM 1804 

1828 IT V Y S L S M D 1883 
1805 VPTHPALVLLWCQILLLINHTDHRWWAEVQQTPK 41 RHSLSCTKSLNPQKSGEEEDSG 1860 

1884 L K 1939 
1860 SAAQLGMCNREIVRRGALILFCDYV 42 CQNLHDSEHLTWLIVNHIQDLISLSHEPPVQ 1916 

1940 V M 1995 
1917 DFISAIHRNSAASGLFIQAIQ~RCENLST 43 PTTLKKTLQCLEGIHLSQSGAVLTLYV 1972 

1996 C V I M Y S 2051 
1973 DRLLGTPFRALARMVDTLACRRVEMLLAANLQ 44 SSMAQLPEEELNRIQEHLQNSGLA 2028 

2052 M S S V V 2103 
2029 QR 45 HQRLYSLLDRFRLSTVQDSLSPLPPVTSHPLDGDGHTSLETVSPDK 46 DWYL 2080 

2104 H K A N S 2159 
2081 QLVRSQCWTRSDSALLEGAELVNRIPAEDMNDFMMSS 47 EFNLSLLAPCLSLGMSEIA 2136 

2160 G A E T A SGT H E A A S F AA 2215 
2137 NGQKSPLFEAARGVILNRVTSVVQQLPAVHQVFQPFLPIEPTAYWNKLNDLLG 48 DTT 2192 

2216 L PT V L S K I A L 2271 
2193 SYQSLTILARALAQYLVVLSKVPAHLHLPPEKEGDTVKFVVMTVE 49 ALSWHLIHEQI 2248 

2272 L S V T F Y H V E 2327 
2249 PLSLDLQAGLDCCCLALQVPGLWGVLSSPEYVTHACSLIHCVRFILEAI 50 AVQPGDQ 2304 

2328 S R TN K ISEEE PNT PKYI A E 2383 
2305 LLGPESRSHTPRAVR--KEEVDSDIQN 51 LSHVTSACEMVADMVESLQSVLALGHKRN 2358 

2384 GV A PL R I A 2439 
2359 STLPSFLTAVLKNIVISLARLPLVNSYTRVPPL 52 VWKLGWSPKPGGDFGTVFPEIPV 2414 

Fig. 3. (Continued) 

poly(A) tail attached to a 3' UTR similar in 
length to that of the shorter of the two 
human transcripts. Although the larger mouse 
Hdh transcript, like that in man, is probably 

generated by alternative polyadenylation, we 
did not obtain any c D N A  clones to confirm 
this supposition. 

The 5' UTR and the first few bases of 
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S A 2712 
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N L V A A 2768 
FTERTQFEMMYLTLTELRRVHPSEDEILIQYLVPATCKAAAVLGM 60 DKTVAEPVSRL . 2743 

RV V I 2824 
LESTLRSSHLPSQIGALHGILYVLECDLLDDTAKQLIPVVSDYLLSNLKGIAH 61 CVN 2799 

I I 2880 
IHSQQHVLVMCATAFYIMENYPLDVGPEFSASVIQ 62 MCGVMLSGSEESTPSIIYHCA 2855 

A H V 2936 
LRGLERLLLSEQLSRLDTESLVKLSVDRVNVQSPHRAMAALGLMLTCMYTG 63 KEKAS 2911 

T N A 2992 
PGRASDPSPATPDSESVIVAMERVSVLFDR 64 IRKGFPCEARVVARILPQFLDDFFPP 2967 

I T 3048 
QDVMNKVIGEFLSNQQPYPQFMATVVYK 65 VFQTLHSAGQSSMVRDWVMLSLSNFTQR 3023 

A T F A 3104 
TPVAMAMWSLSCFLVSASTSPWVSAI 66 LPHVISRMGKLEQVDVNLFCLVATDFYRHQ 3079 

L L T R 3144 
IEEEFDRRAFQSVFEVVAAPGSPYHRLIA~CLQNVHKVTTC* 3119 

Fig. 3. (Continued) 

coding sequence were not recovered in any 
cDNA clones. To obtain these sequences, we 
isolated a genomic clone by screening a 
129-phage library with probes from the 5' 
end of PCC4-8. Direct sequencing of the 
phage insert provided Hdh sequence from 89 
bp upstream of the initiator ATG through 
the first 44 bases of the coding sequence. 

Composite Hdh cDNA and Huntingtin 
Sequences. The composite D N A  sequence 
generated from the clones shown in Figure 2 
spans 9998 nucleotides and has been depos- 
ited in GenBank, with accession #L28827. 
The putative initiator ATG codon at nt 90 
and the TGA stop codon at nt 9447 bracket 
an open reading frame that predicts a mouse 
huntingtin protein of 3119 amino acids (Fig. 
3). Like human huntingtin, mouse huntingtin 
has a region with stretches of polyglutamine 
and polyproline near its N-terminus (see 
below). Across the coding sequence 5' (nt 

90-143) and 3' (nt 267-9446) to the gluta- 
mine/proline-rich region, respectively, the 
DNA sequence is 90% and 86% identical t o  
the human cDNA (not shown as a figure). In 
the 89 nt of 5' UTR, identity to the human 
sequence declines to 67%, with the mouse 
sequence having an insert of seven bases 48 
nt upstream from the ATG (Fig. 4A). The 
552 nt of 3' UTR is less conserved overall 
(64%) with many gaps required to match the 
sequences from the two species (Fig. 4B). 
Interestingly, however, the 75-nt segment 
immediately upstream from the site of 
poly(A) addition shows 90% identity in man 
and mouse, perhaps indicative of a common 
structural basis for alternative polyadenyla- 
tion at this site. 

At the protein level, human and mouse 
huntingtin are 100% and 91% identical 
N-terminal and C-terminal to the glutamine/ 
proline-rich region, respectively. The mouse 
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protein is shorter than the human protein, 
owing largely to a smaller glutamine/proline- 
rich region (see below). The remainder of 
the mouse protein displays 238 conservative 
amino acid substitutions, 29 nonconservative 
substitutions, 5 residue deletions, and 1 
residue addition relative to its human coun- 
terpart (Fig. 3). 

Critical features of DNA encoding the 
glutamine/proline-rich region of human hun- 
tingtin are the polymorphic CAG repeat that 
is expanded on disease chromosomes and the 
adjacent polymorphic CCG repeat. In Fig. 
4A, we have compared the human and mouse 
sequences across the glutamine/proline-rich 
region. In man, the polyglutamine stretch 
varies from 13 to 36 residues' and is encoded 
almost entirely by CAG except for a penulti- 
mate CAA codon. The mouse gene encodes 
seven consecutive glutamines in an imperfect 
repeat with a CAA codon flanked on the 5' 
and 3' sides by two and four CAG codons, 
respectively. In both species, the glutamine 
stretch is followed by a segment with runs of 
proline with the occasional glutamine or 
other amino acid residue interspersed. In 
man, the CCG repeat located just down- 
stream from the polymorphic CAG repeat is 
also polymorphic (9). 

Polymorphisms of a CCG Repeat in Hdh. 
To determine whether the repeat sequences 
displayed polymorphism in the mouse compa- 
rable to that on human chromosomes, we 
amplified the corresponding region from 
various strains of laboratory mouse and from 
M. spretus. A typical result is shown in Fig. 5, 
in which 129 (represented by clone PCC4-8), 
C57BL/6J, and CBA/J all yield an identical 
product. The shorter product generated from 
M. spretus was sequenced for comparison 
with PCC4-8. The difference in length is not 
due to any change in CAG number, but 
rather to a decrease of one CCG in the M. 
spretus (see Fig. 4A). Thus, the CAG repeat 
is not only shorter in mouse than in man, it 
also does not display any evidence of 
significant length variation. 

DISCUSSION 

The mouse Hdh gene is located on 
chromosome 5, in a region of synteny 
conservation with human chromosome 4 (11, 
17). Although the genomic structure of Hdh 
is unknown, the human l iD gene contains 67 
exons, spread across 180 kb of 4p16.3 (15). 
The human and mouse genes are extremely 
similar, showing an overall amino acid 
identity of more than 90% over most of the 
predicted protein. A comparison of the 
differences (Fig. 3) indicates that they are 
not confined to alterations affecting a few 
exons, but are found throughout the gene. 
However, neither are they equally distrib- 
uted. The regions encompassing amino acids 
373-403,567-641, 1684-1717, and 2136-2374 
seem particularly rich in amino acid substitu- 
tions in contrast to segments such as residues 
60-372 and 1190-1637. The latter might 
indicate the locations of critical functional 
domains of huntingtin, but without any 
reasonable clue as to the function of the 
protein, this is impossible to evaluate. More 
extensive differences are found in the DNA 
of the 5' and particularly the 3' UTRs, 
suggesting less stringent selective pressures 
overall on these sequences. However, the 
relatively high level of conservation of the 
DNA sequence immediately upstream from 
one site of poly(A) addition in man indicates 
that this segment may be involved in regulat- 
ing alternative polyadenylation (Fig. 4B). 
Although the existence of alternative polyade- 
nylation has not been demonstrated un- 
equivocally in the mouse, the ubiquitous 
expression of two Hdh RNAs comparable in 
size to the human HD RNAs supports this 
supposition. 

While the work reported here was in its 
final stages, Lin et al. (18) reported a cDNA 
sequence for mouse Hdh spanning 9992 bp, 
also encoding a huntingtin protein of 3119 
residues. However, the composite cDNA 
sequence reported here has notable differ- 
ences. These are best compared at the 
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human 

mouse 

234 CCCATTCATTGCCCCGGTGCTGAGCGGCGCCGCG ....... AGTCGGCCCGAGGCCTCCGG 287 

ililillllilll i fill II lilllilii Ill llI i I i II i i 
i CCCATTCATTGCCTTGCTGCTAAGTGGCGCCGCGTAGTGCCAGTAGGCTCCAAGTCTTCAG 61 

human 

mouse 

i ii 
288 GGACTGCCGTGCCGGGCGGGAGACCGCCATGGCGACCCTGGAAAAGCTGATGAAGGCCTTC 348 

II [[II IIIII lJl III Illlll IlIllllJlllilllliiIlill llJ 
61 GGTCTGTCCCATCGGGCAGGAAGCCGTCATGGCAACCCTGGAAAAGCTGATGAAGGCTTTC 122 
i M A T L E K L M K A F ii 

human 

mouse 

human 

mouse 

human 

mouse 

12 Qn Q Q P 44 
349 GAGTCCCTC~GTCCTTC(CAG)nCAGGAGCAGCAGCAGCAGCAGC~CAGCCGCCACGGC 445 

I l i l l  I t [ l l l l l  il I l l i l l l l  I J l l l l l l l i l l l  JJlJlJli  I l l i  
123 GAGTCGCTC~GTCGTTT ...... CAGCAGC~CAGCAGCAGCAGCCACCGCCGCAGCCGC 177 
12 E S L K S F Q Q Q Q Q Q Q P P P Q P P 30 

45 L A L 63 
446 GGCGGCCGGGGGCGGCGCCT---CCTCAGCTTCCTCAGCCGCCGCCGCAGGCACAGCCGCT 503 

fill IIfIillllilllIl IIIII I iilIIIlllIIIll lili lillll 
178 CGCCACCGGGGGCGCCGCCTCCGCCTC~CCCCCTCAGCCGCCGCCTCAGGGGCAGCCG-- 236 
31 P P P P P P P P Q P P Q P P P Q G Q P 49 

64 L P Q P Q P P P A V A 83 
504 GCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGCCACCCGGCCCGGCTGTGGCT 564 

llJlllll JllilIIIiJ ii II III Jl 
237 ...................... CCGCCGCCACCACCGCCGCTGCCAGGTCCG ...... GCA 269 
50 P P P P P P L P G P  A 60 

A. 

Fig. 4. Comparison of human  and mouse 5' and 3' D N A  sequences.  (A) The 5' U T R  and CAG-CCG region. The 
human  and mouse  D N A  sequences  across the 5' U T R  and CAG-CCG-r ich  region were aligned, and gapped 
(dashes)  to maximize similarity. Vertical lines join identical bases. Bases shown in italic indicate the regions subject 
to polymorphism in each species. (CAG)n (encoding Qn) indicates the polymorphic repeat  segment.  Numbering is 
based on 21 C A G  repeats as in Fig. 2. The mouse  protein sequence,  beginning with the initiator Met as codon 1 is 
shown below the D N A  sequence.  Mismatches  in the human  protein sequence are shown above. (B) The 3' UTR.  The 
human  and mouse  3' U T R  D N A  sequences were aligned and displayed as above. Both sequences were halted at the 
site of  poly(A) addition. 

protein level, where the two sequences differ 
at 28 residues spread across the entire 
protein, from position 2 to position 3096. In 
24 of these cases, our mouse huntingtin 
sequence matches the amino acid sequence 
found in man. In the remaining four cases, 
Lin et al. (18) matches the human sequence. 
Our 3' UTR  sequence has seven mismatches, 
additions, or deletions of single bases com- 
pared to Lin et al. (18). In addition, both of 
our clones PCC4-3 and PCC4-5 contain a 
stretch of 35 bp not present in their 
sequence. These investigators also found 
that in their cDNA clones the CCG repeat  
beginning at codon 32 varies between C57BL6 
and random outbred laboratory mice, display- 
ing three and four repeat units, respectively. 
While our amplification of genomic DNA 

agrees with the site of this polymorphism, it 
does not yield the same strain-specific pat- 
tern. In our experiments, all three strains of 
laboratory mice, including 129, C57BL/6J, 
and CBA/J,  possessed four CCG units, while 
only M. spretus revealed three CCGs. Finally, 
Lin et al. (18) reported the identification of a 
putative alternative splicing event that re- 
moved nt 4652-6091, and therefore amino 
acids 1522-2001 from the protein. An exami- 
nation of Figure 2 reveals that this segment 
begins in exon 35 and ends in exon 44 of the 
human gene. Thus, unless the exon structure 
of the mouse gene differs radically from that 
of the human gene, the clone isolated by Lin 
et al. (18) cannot be explained by simple 
alternative splicing. Indeed, these authors 
suggest that the same variant sequence is also 
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human 9748 

mouse 9457 

human 9801 

mouse 9508 

human 9860 

mouse 9559 

human 9920 

mouse 9598 

human 9980 

mouse 9655 

human 10035 

mouse 9714 

human 10095 

mouse 9774 

human 10155 

mouse 9830 

human 10215 

mouse 9870 

human 10275 

mouse 9925 

human 10335 

mouse 9985 

.... TGAGCGCCATGGTGGGAGAGACTG---TGAGGCGGCAGCTGGGGCCGGAGCCTTTG 

I i III III Ill fill II III IIIII IIIIII 
TGAGTAGTGCCTGTGGGACAAAAGGCTGAAAGAAGGCAGCTGCTGGGGCCTGAGCCTCCA 

GAAGTCTGTGCCCTTGTGCCCTGCCTCCACCGAGCCAGCTTGGTCCCTATGGGCTTC-CG 

I II Ill II II II I I I I ]I I I I II1111 1 
GGAGCCTG ........ CTCCAAGCTTCTGCTGGGGCTGCCTTGGCCGTGCAGGCTTCACT 

CACATGCCGCGGGCGGCCAGGCAACGTGCGTGTCTCTGCCATGTGGCAGAAGTGCTCTTT 

I I rl I IIIIIIIII IIll llll IIII 
TGTGTCAAGTGGACAGCCAGGCAA ................... TGGCAGGAGTG--CTTT 

GTGGCAGTGGCCAGGCAGGGAGTGTCTGCAGTCCTGGTGGGGCTGAGCCTGAGGCCTTCC 

I Ill I IIIIIII I I II IIIII llilllll III 
GCAATGAGGGCTATGCAGGGAACATGCAC---TATGTTGGGGTTGAGCCTGAGTCCTGGG 

AGAAAGCAGGAGCAGCTGTGCTGCACCCCATGTGGGTGACCAGGT ..... CCTTTCTCCT 

II II II I II II IIIIIII fill IIII 
TCCTGGC-CTCGCTGCAGCTGGTGACAGTGCTAGGTTGACCAGGTGTTTGTCTTTTTCCT 

GATAGTCACCTGCTGGTTGTTGCCAGGTTGCAGCTGCTCTTGCATCTGGGCCAGAAGTCC 

I II IIII I II lilllllIlllllill II l III llllillll 
AGTGTTCCCCTGGCCATAGTCGCCAGGTTGCAGCTGCCCTGGTATGTGGATCAGAAGTCC 

TCCCTCCTGCAGGCTGGCTGTTGGCCCCTCTGCTGTCCTGCAGTAGAAGGTGCCGTGAGC 

I IIIIIII I III I I III: IIIII ]II II I II I 
TAGCTCCTGCCAGATGGTTCTGAGCCNGCCTGCTCCACTGGGCTGGAGAGCTCCCT .... 

AGGCTTTGGGAACACTGGCCTGGGTCTCCCTGGTGGGGTGTGCATGCCACGCCCCGTGTC 

I I I II I I llilll II IIIII 
................... CCCACATTTACCCAGTAGGCATACCTGCCAC-ACCAGTGTC 

TGGATGCACAGATGCCATGGCCTGTGCTGGGCCAGTGGCTGGGGGTGCTAGACACCCGGC 

IIII III fill IIII I lllill III II II II 
TGGACACAAA ..... TGAATGGTGTGTGGGGCTGGGAACTGGGGCTGCCAGGTGTCCAGC 

ACCATTCTCCCTTCTCTCTTTTCTTCTCAGGATTTAAAATTTAATTATATCAGTAAAGAG 

IIIIII Ill llll I llllIlllllllll 1111111111111111tlllllllill 
ACCATTTTCCTTTCTGTGTTTTCTTCTCAGGAGTTAAAATTTAATTATATCAGTAAAGAG 

ATTAATTTTAACGT 

llllllillll II 
ATTAATTTTAATGT 

B. 

Fig. 4. (Continued) 
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expressed in man. For this to occur would 
require a complex change, including the 
recognition of a segment in exon 35 as a 
splice donor, the use of a different sequence 
in exon 44 as a splice acceptor, and the 
bypassing of conventional splicing signals in 
exons 36-44. Alternatively, the sequence 
reported by Lin et al. could have resulted 
from a cloning artifact. 

Human huntingtin is predicted to be a 
large protein of greater than ~ 3130 amino 

acids that does not display significant homol- 
ogy to any known protein. The high level of 
conservation of mouse huntingtin (91% 
identity) suggests that there are tight evolu- 
tionary constraints on its sequence. However, 
the absence of recognizable conserved mo- 
tifs, except for a questionably significant 
leucine zipper motif at position 1424, makes 
it hard to predict a function for huntingtin. 
The protein has yet to be isolated, and its 
N-terminus determined with certainty, but 
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Fig. 5. CCG polymorphism in Mus spretus. Mouse 
genomic or cloned DNA was amplified using PCR 
primers flanking the CAG-CCG-rich region near the 5' 
end of the Hdh gene. Products were displayed on a 6% 
denaturing polyacrylamide gel. Lanes: 1:PCC4-8 cDNA; 
2, C57BL/6J; 3, CBA/J; 4, M. spretus; 5, C57BL/6J + M. 
spretus. The laboratory mouse (L = 190 bp) and M. 
spretus (S = 187 bp) products differ by one CCG repeat 
unit (see Fig. 4A) as confirmed by DNA sequence 
analysis. 

the decline in D N A  sequence conservation 
ups t ream from the putative initiator A T G  
suggests that the coding sequence indeed 
begins as predicted and includes the polyglu- 
tamine segment encoded by the CAG repeat.  

The fact that mouse huntingtin also 
contains a short stretch of polyglutamine 
argues for a role of this segment in the 
normal function of the protein. However,  
there must be considerable leeway in the 
fulfillment of this role and of the role of  the 
adjacent polyproline stretch, given the exten- 
sive CAG repeat  variation on normal human 
chromosomes.  The failure to observe a 
similar variation in the mouse gene, with the 
exception of a one codon change in a CCG 
repeat ,  may indicate a stronger selective 
pressure for maintaining the length of these 
repeats  in the model organism. Alternatively, 
the variation in the human repeats  may 
indicate that a greater  mean length, the 

particular chromosomal context in which 
they are found, or species differences in 
characteristics of the replication process 
produce a higher mutation rate in man. 

The mechanism by which the expanded 
CAG repeat  leads to neuronal loss in H D  is 
uncertain, but there are a number  of argu- 
ments for its operating at the protein level. 
Because R N A  is produced at normal levels 
from the H D  allele and heterozygous disrup- 
tion of the gene by translocation does not 
produce any phenotype (15), the expanded 
CAG mutation does not entail simple cis- 

inactivation of the H D  gene (although its 
effects on adjacent genes remain to be 
determined).  The dominant nature of the 
H D  phenotype (19, 20) indicates that the 
effect of the expanded repeat  must include 
either t rans- inact ivat ion  of the normal prod- 
uct or conferring of a new property on the 
abnormal product. Both of these possibilities 
seem more likely to operate  at the protein 
than at the R N A  level, particularly since 
initial antibody studies of huntingtin have 
not revealed grossly altered expression in 
H D  (21). The small size and apparent  
stability of the CAG repeat  in mouse is 
consistent with the absence of an HD-like 
disorder in this model organism. However,  
the overall conservation of the H d h  gene 
suggests that genetic manipulation in the 
mouse,  e i ther  to produce homozygous 
"knock-outs"  or  to introduce an expanded 
C A G  repeat,  provides a reasonable hope of 
resolving the mechanistic issues and of 
generating an accurate animal model of HD. 
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