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The CAG repeats in the human Huntington’s disease
(HD) gene exhibit striking length-dependent inter-
generational instability, typically small size increases
or decreases of one to a few CAGs, but little variation
in somatic tissues. In a subset of male transmissions,
larger size increases occur to produce extreme HD al-
leles that display somatic instability and cause juvenile
onset of the disorder. Initial efforts to reproduce these
features in a mouse model transgenic for ~ HD exon
with 48 CAG repeats revealed only mild intergenera-
tional instability ( 2% of meioses). A similar pattern
was obtained when this repeat was inserted into exon
1 of the mouse Hdh gene. However, lengthening the re-
peatsin Hdh to 90 and 109 units produced a graded in-
crease in the mutation frequency to >70%, with insta-
bility being more evident in female transmissions. No
large jumps in CAG length were detected in either male
or female transmissions. Instead, size changes were
modest increases and decreases, with expansions
typically emanating from males and contractions from
females. Limited CAG variation in the somatic tissues
gave way to marked mosaicism in liver and striatum for
the longest repeats in older mice. These results indi-
cate that gametogenesis is the primary source of in-
herited instability inthe  Hdh knock-in mouse, asitis in
man, but that the underlying repeat length-dependent
mechanism, which may or may not be related in the two
species, operates at higher CAG numbers. Moreover,
the large CAG repeat increases seen in a subset of
male HD transmissions are not reproduced in the
mouse, suggesting that these arise by a different fun-
damental mechanism than the small size fluctuations

that are frequent during gametogenesis in both
species.

INTRODUCTION

/.sduu wioJy papeojumoq

Huntington’s disease (HD), with its hallmark choreiform mov%
ments and graded pattern of neuronal cell loss in the basal gagglla
(1,2), is caused by a CAG tractin one copy of a nqueb8 gene 3.
(HD) that is expandedB5 to >130 units) beyond the normﬁ
polymorphic range (6—34 units) (3). The mutation acts at the I%\/el
of the protein by extending a glutamine segment in huntinggn,
triggering a pathogenic mechanism that remains to be elucidated
(4,5). Disease onset varies inversely with thegtle of the @
expanded glutamine tract (3,6—24). Thus, most HD cd8e8(
CAG units) manifest in mid-life but symptoms may not be@w
until old age due to tracts 6B5-39 CAGs that exhibit reduced®
penetrance (19,20).d0asionally, the defect claims its victims ir
childhood with repeats aib5 or more units, which are typlcallyﬂ
inherited from father§3,21-24).

The expandediD repeat exhibits striking mtergeneratlonﬂ
instability that, in conjunction with the CAG length- dependefnt
pathogenic mechanism, explains puzzling genetic aspects o? the
disorder. In the vast majority of transmissions from either
mothers or HD fathers (>80%) the expanded regetd—50 9»
units) is subtly altered, increasing or decreasmg by one or a%ew
CAG units (6—24). However, onazasion, paternal HD trans>
missions produce large expansions that cause juvenile @set
disease (6,21-24). Similarly, paternal transmission of chrorgo-
somes with 34-39 CAGs serves as a source of sporadic H by
producing rare jumps into the overt disease-causing ralge
(25-30). This pattern reflectsugnetic mosaicism that has been
demonstrated in sperm DNA of some HD males (6,31-35).

In contrast to the intergenerational instability of the expanded
HD repeats, limited length variation is exhibited in somatic
tissues of most HD patients (3,6,31,35—-38). Only the largest
arrays (*®b5 repeats) show dramatic mosaicism in brain and
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other organs of some juvenile onset HD patief32,37).

Intriguingly, in a proportion of the latter cases the cerebellum 1 2 3.4 5 6

possesses a single dramatically reduced allele rather than a CAG,
combination of different repeat siz&2). Notably, the predomi-

nant mitotic stability oHD CAG repeats argues that specific - -0
somatic mosaicism in the target tissues, the basal ganglia and

cerebral cortex, does not explain the selective pathogenesis of the e —90

disorder (31,37).

The fundamental processes that participate in HD CAG repeat
instability are unknown, but comparison of the stable inheritance
of alleles in the normal range with the unstable behavior of
expanded CAG repeat tracts demonstrates that instability is
length-dependent in both male and female transmissions. The
observation of mosaicism in sperm, but not somatic tissue, of . _48
typical HD patients and the finding that monozygotic twins have .
an identical HD repeat size both point to gametogenesis as the -
primary source of instabilit(31). In HD males, ametic
mosaicism in sperm tends to increase with the length of the
constitutional CAG reped81,33). Gmetic mosaicism has not
been shown directly in females but similarities to the majority of
male transmissions suggest that maternal instability is likely to
occur during oogenesis.

To explore HD instability in an experimental animal, we have
inserted a single CAG tract into the mouse germline to optimize
detection of subtle repeat fluctuations in offspring. Mice harboring
a single random integration of BID exon 1 segment from a typical . e
HD patient with 48 CAGs displayed CAG alterations in ari%o :
of transmissions, indicating dramatic differences in CAG repeat
instability between mouse and man. As an optimal test, we inserted
CAG tracts of different lengths (18-109 units) into the appropriatéigure 1. PCR amplification of thélD CAG repeat fronD exon 1 transgenic
genomic location, in exon 1 of the murid® gene homolog;idh and Hdh CAG knock-in mice. DNA from tail clips obtained from typical
(39,40), creating a related set of genetically precise HD mougdD™!CAG(lane 1), HDTeXICAG4(lane 2), HAhQ20 (lane 3), HAhQ0

: ) : (lane 4),HdNR92 (lane 5) andHdhR11 (lane 6) heterozygotes were used fors.
models(41). These mice revealed CAG length-dependent InterPCR amplification of théiD CAG repeat (48). No PCR product is amplified &

generational instability that reproduces many of the features Gfom the endogenous mousteh allele because its DNA sequence is notgs
human transmissions but at longer repeat lengths. conserved in this region (39,40). The location of size standards of 18, 48, 90 and
109 CAGs, is indicated. y
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RESULTS . . :

inserted in exon 1 of the murindD homolog(41) on mouse§
HD exon 1 transgenic andHdh CAG knock-in mice chromosome 5 (39,40). Four knock-in lines from these experi-
ments, HdhQ2% HdhQ50 HdhQ92 and HAhQ1L are precise 2

HD CAG repeat instability typically constitutes small fluctu- ti dels of HD that tel tant huntiniati
ations in the modestly sized repeat tracts (4050 units) that ca aegn.edlgt;n ?10? ssh%wn) anz ;%%?rgn?yy;;( ?ﬁg;;ny# {ahne Ctxgr@ n

adult onset HD, although occasionally larger jumps occur givin peat tract (18, 48, 90 and 109 CAGs, respectively).
rise to extreme repeat§55-130 units) that trigger juvenile A repeat I’eng:[h can be monitored in each of the4Bix

disease. To study thi_s sub_tle pattern of repeat behavior we hq}@nsgenic and knock-in mouse lines by standard PCR amplifica-
generated lines of mice with smgﬁp_CAG tracts that can be_ tion assays, developed for genotyping in man, that depend on
followed accurately in progeny. Initially, we used embryonicyjinqn cleotide primer sets specific for the human exonz 1
stem (ES) cell technology to create lines of transgenic mice fquences flanking the repéaf42,43). As shown inigure 1, &
which anHD exon 1 fragment with either 18 or 48 CAGs, typicaly,o " mopility of the PCR product obtained with tail clip DNA

of normal and HD chromosomes, respectively, is inserted at @ reases with increasing CAG number, from 18 to 109 units,
random location in the mouse genome (Materials and Methodg mprising in each case a single nested set of bands that allows

- : i Tex1CAG18 _ : \
Two of the lines from this experimentiD and  assignment of repeat size relative to cloned, sequenced arrays.

HD Tex1CAG48were shown by Southern blot analyses to possegs, - : A -
: ' ) the ad t CCG-rich t dl I h
a single copy of thelD exon 1 fragment with 18 and 48 CAGs, ; cause the adjacen rien segment IS midly polymorpnic

. . n man (44), we also assessed its size in members of each of the
respectively (data not shown). The transgene was not d_es'gne‘#rﬁﬁsgenic and knock-in mouse lines and found it to be unchanged
an expression cassette and immunoblot studies confirmed thatg
neither line produces stab#D exon 1l-encoded polypeptides,
although RT-PCR analysis revealed very low levels of RN
product in most tissues bfD TeX1CAG48njce (data not shown).

Subsequently, to provide an accurate genetic model éflthe
defect, we used homologous recombination in ES cells to creaide have monitored intergenerational CAG repeat instability in

Hdh knock-in lines with distinct CAG tracts appropriately these HD transgenic andHdh knock-in lines by directly

| uoisan

even repeat units (data not shown).

Alhheritance of normal and adult onsetHD CAG repeat
lengths



Human Molecular Genetics, 1999, Vol. 8, No. 1117
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HdhQ1L knock-in mice. These displayed a striking, graded
increase in instability (Fig. 2) to a level comparable with that
exhibited by the majority of HD chromosomes in man. The 90
unit tract was altered about half the time (46/84 meioses) and 109
CAGs changed in 73% of offspring (69/95 meioses). In a
proportion of the mice with altered 48, 90 and 109 CAG repeats,
we also assessed the length of the adjacent CCG repeat stretch an
did not observe changes to the seven CCGs present in each of the
Hdh knock-in mice (data not shown). These findings clearly
demonstrate that CAG repeat length is a primary determinant, of

Frequency of Altered Alieles

Parental CAG Repeat Number (Units)

Figure 2. Frequency of altereHD CAG repeat alleles transmitted bigh instability in the mouse_and t.hat t.hiS instability occurs by2a
knock-in parents to progeny. For e#tith knock-in line HdhQ20(18),HdhQSC process that has no discernible impact on the downstrgam
(48),HdNR92(90) ancHdhR111(109), the frequency of alteretD CAG alleles CCG-rich sequences. 2

occurring during transmission from either mothers or fathers (gray bar), as well

as maternally (hatched bar) and paternally (black bar) altered, 18, 48, 90 and

109 repeats is indicated. The proportion of altered alleleske§?20 0/46 . -
(0/26 female and 0/20 maléydhQ50 6/155 (2/47 female and 4/108 male); S€X Of parent effect on frequency of instability
HdhQ92 46/84 (29/42 female and 17/42 malgythQ11L 69/95 (27/31 female

and 42/64 male). Examination of the data to determine whether the sex of ¢he

transmitting parent influences the mutation rate reveale@ a
tendency for changes to occur more frequently when the regeat
tract is inherited from females (Fig. 2). This effect is not apparent
at 48 repeats, with about equal proportions of male and female
. i transmissions resulting in changes (4/108 and 2/47 eveénts,
comparing the length of the repeat tract in each mother or fath@ispectively), but is evident for both the 90 and 109 repeat arrays.
with that observed in their progeny. These assessments Wefg the HdhQ92 line, the mutation frequency in male transs
performed over a period of time on matings involving a fewnjssions was 41% (17/42 events) versus 69% (29/42 events) in
heterozygous males and females (three to four) of each lingmale transmissions. For the longer array, alterations wiere
Parental mice were of mixed 129SvEV/CD1 genetic bz_ackgrourgbserved in 66% (42/64 events) and 87% (27/31 events) ofithe
and were typically bred to CD1 partners, to examine trangsrogeny of heterozygoltdhQ1imales and females, respectivéﬁ
missions from the same, rather than different, parents. ly. These data demonstrate that the longer repeat tracts change ir

We initially studied the inheritance of 18 and 48 unit CAGsjze more often when transmitted through the female rather fhan
repeat tracts fronHDTex1CAG18and HDTexICAG8transgenic  the male germliney@ = 7.45, 1 dfP = 0.006). &

mice and examined repeat size in a total of 110 and 102
transgene-positive offspring, respectively. No changes in the 18
CAG repeat were observed, whereas the 48 unit array was altetegtk of parental age effect on frequency of instability
in two progeny. The differential stability of the normal and =
expandedD CAG tracts is therefore reproduced in the mousé/\e also examined the data to determine whether the age af the
However, the low frequency of instability of the 48 CAG arraydams and sires at the time of conception influenced the mutétion
(2% of meioses) is in stark contrast to its high mutation ratftequency and found no clear evidence of an effect in either&ex
(>80% of meioses) in man. This might indicate that the pathways the ages tested. Females were 2—-17 months and bore t#o to
leading to instability in man do not operate similarly in the mousthree litters, while the males were 1-11 months of age ﬁnd
or that instability is suppressed by the site of transgene integratitathered two to five litters each. For example, the 90 CAG tract
or some other peculiarity of thtD TeX1CAG4gine Alternatively, ~was altered about two thirds of the time when transmitted byan
48 CAGs may not be a good substrate for instability in the contelidhQ92 female at® (4/6 meioses), 7 (2/3 meioses) and 8 (5/6
of only a short, non-expressedsegment of thélD gene. meioses) months of age. AtdhQ92 male transmitted altered

To explore these scenarios, we assessed the inheritance ofrdj8eats about one third of the time when he was 3 (2/7 meioses)
and 48 repeat units located appropriately in exon 1 of thend 6 (2/6 meioses) months old. The majority of 109 repeat tracts
endogenous mouse locus (Fig. 2). In transmissionsHdiR20  transmitted by fivéddnQ1lfemales were changed, whether pups
and HdhQ%0 knock-in mice we observed no alterations in thewere conceived when the mothers were 2 (8/10), 5 (3/3) or 16
small number of meioses involving the 18 CAG repeat that wg/5) months of age. This array was alter®&9% of the time
monitored (0/59 events), whereas the 48 repeat tract changedliiring transmissions from andh@1l male atl month (3/5
[(M% of meioses (6/155 events). These results are similar to theeioses) and from the same male at 4 months of age (4/6
mutation frequencies observed in the transgenic mice, suggestimgioses). Thus, in these experiments CAG repeat instability in
that the distinct behavior of 48 CAGs in mouse and man is not dtleeHdh CAG knock-in mice is not dramatically influenced by the
to inherent differences in chromosomal context or transcriptionalge of the parent. However, we have yet to test a large number of
activity of the repeat. transmissions from either very young or elderly mice of each line.
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Figure 3. Relationship oHiD CAG repeat size iRldhQ92andHdhQM parents and corresponding progesy. Examples of ABI 377 automated genotyping results 5
obtained for PCR analysis of tail clip DNAs fromddhQ92mother (left) and father (right) and four of their progeny. The dashed vertical line in each trace indic&es
the position of the 90 CAG repeat size standard. In each sibship, the CAG allele size (units) in the parent (top traceffapdnepftraces below) is indicated.
(B) Examples of PCR products amplified and displayed using the radioactive format to ascertain transmission of the longerep@@td#@t from aHdhQ11l
father (F) (top) and two mothers (M) (bottom) to offspring (humbered sequentially to the right of the parent). The pdstibdOCAG repeat size standard is
indicated. The father possesses 108 CAGs, rather than 109, and transmitted alleles of 107 (progeny 1), 110 (2), 1081(39, (8)01@9 (7), 109 (8), 108 (9) and
108 (10) repeat units. No result was obtained on this gel for progeny 5. The first mother, with 109 CAGs, transmittéd @ldf@®geny 1), 105 (3) and 107 (4)
repeats, with no PCR product amplified in the DNA of progeny 2. The second mother, also with 109 CAGs, transmitted a8idl@®géip 1), 106 (2), 102 (3),
108 (4) and 101 (5) repeat units.
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Magnitude of repeat expansions and contractions although increases of one and three CAGs were also identified.
. . OurHdhQ!1preeding has involved predominantly inheritance ©f

In examining the inheritance of the 48, 90 and 109 CAG arrayfie 109 repeat tract from males. The vast majority of the
of the Hdh knock-in mice we identified a total of 121 altered haternally altered repeats (34/42 events) were increases of ofe o
arrays, 63 deriving from paternal transmissions and 58 producggh, ynits, with the remainder (8/42) being decreases of one orfwo
in maternal transmissions. Typical examples of parents and th@i\Gs. n the smaller number of female transmissions, almosgall
offspring are shown in Figure 3. The majority of cases involvegds ihe altered 109 arrays entailed the loss of one to eight regeats
subtle changes of only one or a few CAGs. In no case did W84/27 events), while the three exceptions had increased by either
observe a large expansion akin to the dramatic jumps in size thale or two units. Consistent with the lack of an age eﬁect‘gon

are inherited from fathers in HD. Indeed, the largest expansic"rbquency of instability, there was no obvious age of parent effect

exhibited an increase of only three CAGs. Most contractions We[g ejther sex on the magnitude or the direction of the changesfor
of similar small magnitude, with the largest constituting a changéhy of the repeat sizes (data not shown). >
of eight repeat units. Z
«Q
CAG repeat variability in somatic tissues oHdh CAG @
Sex of parent effect on direction of change knock-in mice S
N

While the magnitude of the size change was typically small, thete HD, somatic CAG repeat variation is obvious only in the
was a strong bias toward either expansion or contractiqgmost-mortem brain and peripheral tissues of some juvenile onset
determined by the sex of the transmitting parent (Fig. 4). Only sbases with extreme CAG expansi¢Bg,37). We observed no
mutant alleles were produced in matings witthQ@>0knock-in  mosaicism in genotyping tail clip DNAs from any of tHeh

mice, four from paternal and two from maternal transmission€£AG knock-in mice. Similarly, when we examined the size of the
The former were evenly split between increases and decreasesapfeat tract in DNAs extracted from the brains and peripheral
one CAG unit whereas the latter two maternal changes were batigans of each line we found little or no somatic variability in the
decreases of one and two CAGs. For the 90 CAG tract transmitté8l CAG tract at 15 months of age (Fig. 5). However, male and
by HdhQ92 knock-in mice, the majority of paternally altered femaleHdhQ92 andHdhR1 mice at[® and 5 months of age,
repeat tracts (11/17 events) were expansions of a single CA@spectively, show mosaicism that is detectable in spleen and
while the remaining third (6/17) involved the loss of one unit. Ircortex but which is striking in liver and striatum. As shown in the
contrast, all but two of the arrays that changed in maternakamples in Figure 5, the broad PCR signal in the latter tissues
transmissions were contractions of one to six repeat units (27/29)ggests that the 90 and 109 repeat tracts both display a bias
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Figure 4. Size distribution of alteretiD CAG repeats. The frequencies of  Figure 5.Comparison ofiD CAG repeat length in somatic tissues of oldietn
maternally (hatched bar) and paternally (black bar) inherited size changesknock-in mice. ThéiD CAG repeat was amplified by PCR from DNA samples—.
varying in magnitude from a loss of eight units to a gain of three repeats, extracted from tissues dissected from a sihigle?** male at 5 months of age S

associated with the transmission of 48, 90 and 109 repeat urktdH®?0 (top), a 9-month-oltHdhR92male (middle) and BidhQ>Cfemale mouse at 15 3
HdhQ92 andHdhQ!knock-in mice, respectively, are shown. The number of months of age (bottom). Ta, tail; Li, liver; Sp, spleen; He, heart; Lu, lung; K&
maternally and paternally altered alleles w#h@50 4 and 2HdhQ92 17 and kidney; Cx, cerebral cortex; Cb, cerebellum; St, striatum; T/O, testis or ova&.
29; HdhQILL 27 and 42, respectively. As PCR analyses were carried out using bulk tissue DNA, the modest changes

in repeat size of the germ cells in the testis and ovary DNA samples are ot

. . . . apparent. In each case the position of the 48, 90 and 109 unit CAG size-stanfard
toward expansion, particularly apparent in the striatal DNA,is given. The band above the 48 unit PCR product in the kidney DNA appegrs

which tends to be a smear of larger allele sizes. Remarkably, thigonsistently only in this sample and is due to contamination.
dramatic pattern of somatic instability was not observed in female

HdhQ92andHdhR 1 mice at 5 weeks of age (data not shown).

Thus, repeat instability occurs in select somatic tissues and is ) o

dependent on the length of the CAG tract and the age, but not flgspectively, are altered I7—10% of transmissions. In contra:
sex, of the mouse. Notably, we did not observe repeat tracts thger arrays of120-150 repeats iAD exon 1 (47) an®MPK &
were severely reduced in size in any of the tissues surveyettUTR (48) transgenic mice change(iB0-70% of meioses. In2.
including the cerebellum which, in some juvenile onset HD casegddition, extremely high, age-dependent, mutation rates were
exhibits a peculiar single allele dramatically smaller than tha2bserved upon female, but not male, transmission of an 82 CAG

1Je/f§ﬁ1u/u100'dno

found in other tissue@?2). repeat tract in a spinocerebellar ataxi®TCA) cDNA transgenic o
line (49). These results, therefore, are consisititthe view that §
DISCUSSION CAG repeat number, rather theis or trans sequence element

(45-48) or transcriptional state (47), is thelprainant determinant
We have demonstrated that two distinct HD mouse models whid instability. Moreover, as suggested previoudlg), these dataZ
differ in the chromosomal location and expression of a typical adwdiso support the notion that the underlying process(es) aC'[S%it a
onset HD CAG tract (48 units) both display similar low levels ofgreater repeat length in mouse than in man. @
CAG repeat instability,2—4% of meioses. Thus, in these mice, the The uniformity of the CAG repeat in the somatic tissues of
precise genomic context of the array, including accurate transcripeung adult mice strongly argues that intergenerational instabifity
tionftranslation, is not primary to the underlying mutationaloccurs in gametogenesis. This notion is further supportecEby
process(es). Indeed, by comparing the behavior of repeat tracts ipaaiental sex effects that are evident in a higher mutaﬁon
series oHdh knock-in mice which differ only in the size of the arrayfrequency in females (by20%) and a strong bias toward male
(18-109 units), we have established that the length of the CA&xpansions and female contractions. Moreover, these @ata
repeat itself is the major determinant of intergenerational instabilityidicate that the fundamental mechanisms operating to produce
In addition, in agreement with previous stud#s—49), our data gametic mosaicism in males and females may be distinct.
reveal that high mutation frequencies (>70% of meioses) areln contrast to reports of repeat instability in ) and SCA
achieved only by large arrays, akin to those at the extreme high eh@9) transgenic mice with long CAG tracts, we did not observe
of the range causing juvenile onset HD. Thus, Hi® repeat, a parental age effect in either male or female transmissions,
appropriately inserted into the mou$tD homolog, reveals suggesting a different behavior of the repeat arraysidh
length-dependent instability similar to that in man but operating &nock-in mice. However, this feature merits further study as our
longer CAG repeat numbers. parental males and females were well into adulthood, averaging

Notably, adult and juvenile length HD CAG repeats in ou5—6 months of age, when the majority of their pups were

knock-in mice yield levels of instability similar to those observed irtonceived. The striking age-related increase in contractions of a
a variety of transgenic mouse lines (45-49). CAG repeats of 45 alathg CAG repeat in SCA 1 transgenic mice is already evident in
54 units, in genomic DNA segments carrying the entire androggounger motheré49). A similar Emale-specific pathway might
receptor AR (45) and DM protein kinasdOMPK) (46) genes, be found to contribute to the higher mutation frequency and bias
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toward contractions that we observed in female transmissionspnocesses underlying the most frequent alterations affecting HD
Hdh knock-in mice when additional younger females are testedisease alleles in man.
The distinctive age-dependent pattern of somatic mosaicism in
the liver and striatum dfldhQ92andHdhQ11knock-in mice is
also noteworthy. It is reminiscent of instability reported in theIATERIALS AND METHODS
transgeni¢iD 140-160 CAG exon 1 mouse model, distinguishe% f fHD 1t . dHdh knock-i
by expression of a truncated N-terminal huntingtin fragmen eneration o exon L transgenic an nock-in
which rapidly causes neurologic disease and dgatfp0). In mice

these mice, striking mosaicism in the liver and striatum, not seqp ¢ transgenic foHD exon 1 possessing 18 and 48 CAG repeat
in young mice, is severe in older mice, indicating that age IS hits were created usingD exon 1 CAG18 andiD exon 1
factor (47). However, ouHdh knock-in mice do not rapidly caG48, two clone constructs generated by inserting a 4.1 kb
develop disease or display evidence of abnormal cell prolifeg R restriction fragment of tHeD gene (accession no. L34020)
ation, such as reactive gl|qs_|s _(unpubllshed data), suggesting thayy a normal individual and a typical adult onset HD case,
the age-dependent instability is due to repeated rounds of D pectively, into pGEM7(KJ1)-Sal upstream of a pGKneo
repair in post-mitotic cells, rather than proliferative alterations iRg|ection cassette. The number of CAG repeats in these clones was
the cell population. In any case, it is evident that the underlyingstermined by DNA sequence analyd). In each case, thed
mechanism(s) is critically dependent on CAG repeatlength, as Wanomic fragment comprisetD exon 1, 3.6 kb of DNA sequencé
did not readily detect mosaicismiituh knock-in mice with the 5 of the ATG initiation codon and 269 bp of downstream introrg 1
shorter repeat tract. Thus, long CAG tracts may fo_rm structurggquence_ These constructs were linearized at a uSigle &
that are targets for processes, active in liver and striatal cells, thadriction site and, in separate experiments, introduced into the:R1
produce DNA damage, leading to repeated rounds of DNA repgjie of ES cells by electroporatiof52). Selection of ES cellS
that, overtime, yield a smear of CAG repeat sizes in these tsSUgSionies in G418, extraction of DNA and Southern blot analyses
Overall our results indicate both similarities and differences ijere as previously described (41,53). DNA isolated fram
the behavior oD CAG repeat arrays idhknock-in mice and  G418-resistant ES cell clones was assessed by Southemgblot
HD patients. In both species, gametogenesis is the primary targ@lysis to identify transformants with a single randomly infe-
of the underlying CAG length-dependent processes and distingtated copy of either pGEM7(KJ1)SelD exon 1 CAG18 or 3
mechanisms are likely to produce instability in males a”?(?EM?(KJl)SaHD exon 1 CAG48. The integrity of théD exon 2
females. In addition, altered arrays transmitted from mothers and fragment was confirmed by restriction witecaRI, while
fathers are typically subtle variants of the parental repeat tragihzymes that do not cut within the construxtsgi, Hindlll and
with size increases tending to come from males. However, the tw@Rv, permitted assessment of transgene copy number vihen
species exhibit different precise sensitivity to the length of thgjots were hybridized withmeospecific hybridization prob@l) 2
CAG tract. Extreme repeat numbers are required to achieve highd a single copy probe, 191F1B10A, located at the extreemel5 <
levels of gametic instability in the mouse, where the impact &f the HD gene fragment (accession no. L34020). Foungder
each additional repeat appears to be mild. This contrasts with t&§imeric males were generated in aggregation experifshet) o
situation in man, where there is a steep increase in intergenesg, in each case, two were bred with CD1 females to establish the
tional instability going from CAG repeats in the normal range4pTex1CAG1§ndHD Tex1CAGA4gines, maintained on a 129SvEvh
((5—34 units) to those in the HD disease range{48 units).  CD1 mixed genetic background used in this study. Transgenic riiice

Moreover, the large jumps in repeat size that characterize patergglre subsequently identified by PCR analysis ofHBe CAG §
transmission in HD do not appear to occur in the mouse. By thepeat using standard protoc(8s42,43).

same token, femalddh knock-in mice display higher levels of  Generation oHdhQ20 HdhQ@>0 HdhQ92andHdhR1knock-in <
instability than males, although there is no readily apparent sex@iice with 18, 48, 90 and 109 consecutive CAG repeats, insé%gted
parent effect on the frequency of instability in HD. in the appropriate position of the murik® gene, by targeted2
The direct comparison éfdh knock-in mice and HD patients replacement dfidhexon 1 with a chimerieldh:HD exon 1, was S
is complicated by numerous inherent distinctions, including bothccomplished using the ES cell-homologous recombination
genetic and environmental factors, and some qualitative artrategy described previously #ddhQ30(41). TheHdhQ20and £
quantitative differences are therefore to be expected. Even HduhQ®0lines were established from two germline transmitti‘ﬁg
man, some of these confounding variables, such as the multiplfounders while théldh@92andHdhQjines, in each case, were;
ity of distinct disease chromosomes and diversity of races aggénerated from a single germline transmitting male aggrega@on
nationalities, limit the interpretation of many HD family studies.chimera. The presence of the appropriate targeted allele in each
Our results suggest that the mechanism that generates extrekneck-in mouse was determined by specific Southern blot assay
repeats during transmission from fathers, which explains some offtail clip DNA as described (41). For all tHelhknock-in lines,
the perplexing genetic features of HD, is apparently not shared the male founders were bred to CD1 females and the lines were
the knock-in mouse. However, the preponderance of smatiaintained on a mixed 129SvEv/CD1 genetic background. Male
fluctuations in both species suggests the possibility of a commamd female parental mice were second or third generation from
mechanism for the bulk of CAG repeat alterations. Indeedhe germline transmitting founder. In each case, the length and
relatively minor species-specific differences in a process consninterrupted nature of the CAG repeat was confirmed by DNA
mon to both man and mouse could account for the apparesgquencing of PCR products amplified from tail clip DNAs. The
guantitative and qualitative differences in the patterns of repepblyglutamine stretch in the mutant huntingtin product, denoted
instability. Consequently, thédh CAG knock-in mouse, with its  in the name of the knock-in allele, is two residues longer than the
marked CAG length-sensitive intergenerational instability, pronumber of CAG units in the repeat due to invariant, penultimate
vides a potential system in which to explore the fundamentaixon 1 CAA, CAG codons.

Lﬁmo:rdnoo_
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RNA and protein analyses that of the parent using the highest peak in the Genescan traces ol
the most intense band(s) in the smear of radioactively labeled
groducts and, in the latter, calling the alleles conservatively, i.e.

iffering the least from the parental alleles.

Expression of the transgene in thdDTex1CAGL8 gnd
HD Tex1CAGAgines was assessed by RT-PCR of template RN
(DNase I-treated) extracted from brain, liver, kidney, spleen,
heart and Iyng. First .stranq cDNA, synthesj_zed using rand_ogh,jItistical analyses
hexamer oligonucleotide primers, was amplified by PCR using

HD exon 1 primers (3,42,43) acdorg to the manufacturer’'s Statistical analyses were performed using the Sigma Stat analysis
protocol (RT-PCR kit; Stratagene). Immunoblot analysis opackage (Jandel Scientific), assessing differences in frequency of
protein extracts from brain, liver, kidney, spleen, heart and lunallele alterations by the? test and associations between

of the HD exon 1 transgenic artddh knock-in mice were as frequency or magnitude of instability and sex or age of parent by
described, using anti-huntingtin antisera that detect the N-termrANOVA.

nus of huntingtin (HP12 and 1F@)1).
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