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Summary

Using positional cloning strategies, we have identified
a CTG triplet repeat that undergoes expansion in myo-
tonic dystrophy patlents. This sequence is highly vari-
able in the normal population. PCR analysis of the in-
terval containing this repeat Indicates that unaffected
individuals have between 5 and 27 copies. Myotonic
dystrophy patients who are minimally affected have at
least 50 repeats, while more severely affected patients
have expansion of the repeat containing segment up
to several kilobase pairs. The CTG repeat is tran-
scribed and is located in the 3' untranslated region
of an mRNA that is expressed in tissues affected by
myotonic dystrophy. This mRNA encodes a polypep-
tide that Is a member of the protein kinase family.

Introduction

Myotonic dystrophy (DM) is an autosomal dominant neuro-
muscular disease with an estimated minimum incidence
of 1 in 8000 (Harper, 1989). It is the most common form
of muscular dystrophy affecting adults. The clinicai picture
in DM is well established but exceptionally variable {Har-
per, 1889). Although generally considered a disease of
muscle, with myotonia, progressive weakness and wast-
ing, DM is characterized by abnormalities to a varisty of
other systems. DM patients often suffer from cardiac con-
duction defects, smooth muscle involvement, hypersom-
ia, cataracts, abnormal glucose response, and, in males,
premature balding and testicutar atrophy (Harper, 1989).
One of the striking features of this disorder is the variability
of phenotype both within and between families. For ctinical
purposes, patients are often subdivided into three groups

according to the clinical syndroms and age al onset of
the disorder (Harper and Dyken, 1972). The mildest form,
which is occasionally difficult to diagnose, is seen in mig-
dle or old age and is characterized by cataract with little
or no muscle involvement. The classical form, showing
myotonia and muscle weakness, most frequently has on-
sel in early adult life and adolescence. The most severe
form, which occurs congenitally, is associated with gener-
alized muscular hypoplasia, mental retardation, and high
neonatal mortality. Those congenitally affected offspring
surviving the neonatal period invariably exhibit the classi-
cal form of the disease in late childhood or adolascence.
The congenital form of DM is exclusively maternally trans-
mitted. The phenomenon of anticipation (Howsler et al.,
1989), in which the disease symptoms become more se-
vare and age at onset earlier in successive gensrations,
is often most strikingly manifested in a family producing a
congenitally affected child.

Biochemical studies have failed to identify the defective
protein in myotonic dystrophy, although several have im-
plicated defects in membrane structure and function
{Harper, 1989). Abnormalities in calcium transport (Seiler
and Kuhn, 1870), membrane fluidity (Butterfield et al.,
1974), sodium-potassium ATPase stoichiometry (Hut and
Roses, 1976), and apamin receptor expression (Renaud
et al., 1986) have all been reported for DM. Evidence of
reduced phosphorylation of membrane proteins in both
red blood cells {(Roses and Appel, 1973} and sarcolemmal
membranes from muscle biopsies of patients (Roses and
Appel, 1974) has led to the suggestion by these authors
that a defect in a protein kinase may be significant in DM,

In order to identify the gene responsible for this disorder,
we have employed the techniques of positional cloning.
Over the past few years, we and others have produced
genetic (Brunner et al., 1989; Johnson et al., 1990; Harley
etal., 1991; Tsilfidis et al., 1991) and physical (Korneluk et
al., 1989; Smeets et al., 1990; Brook et al., 1991a, 1991b)
maps of the fong arm of human chromosome 19 to localize
the DM gene to band 19913.3 between DNA markers ER-
CCl and D19551. Construction and analysis of radiation-
reduced hybrids (Brook et al., 1992) and YAC, cosmid, and
phage libraries (Buxton et al., 1992; Jansen et al., 1992;
Shutler et al., 1992) has allowed saturation mapping of the
interval between these two markers. The DM region could
be narrowed down further through linkage disequilibrium
studies. Markers 018563 and D19895 are in strong link-
age disequilibrium with DM {Harley et al., 1991, 19982). No
disequilibrium was observed for markers flanking these
foci. Screening of phage fibraries derived from a radiation-
reduced hybrid, 2F5(Brook et al,, 1992), produced a series
of overtapping phage clones that spanned the interval be-
tween D19563 and D19595.

This intensive search recently resulted in the identifica-
tion of DNA markers adjacent to D19595 that detect pa-
tient specitic bands on Southern blots (Harley et al., 1992;
Buxton et al., 1892; Aslanidis et al., 1992). Probes pBB(.7
{Hasrtey et al., 1992) and cDNA 25 {Buxton et al., 1992)
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Figure 1. Restriction Map of the 10 kb Ecof Fragment That Undergees Expansion in Myolonic Dystrophy Pationts

This magp was detived from overlapping genomic phage ciones from unaftected individuals. Restriction sites for BamH! (B), EcoRI (E}, Hincll {2},
Hindiil (H), Pstl {P), and Sac! {§} ara indicated. The subcloned 1.4 kb Bamth fragmeni (p10M-5) is snown entarged with 1he Pstl and Rincll sitas,

CrICCCAGECETEEAGTT THCCCARTCUACGTC AR L TCAGC L TGALCCAAAGARAGAAAT CUTC TTG TATUCCS .
CAASGGTCC SR OTOARM GCA T TACGTOCACTCC UGRAG T COLACCGGO T TT I:J TICTIT AAEC.:AGMC&T‘AGGG"

which Hank the expanded region. The positions of PCR primers 86, 98. 100, 101, 102, and 103 and the sequence betwoen primers 10 and 102

is showrr.

identify the same EcoRl| restriction fragment tength poly-
morphism in the normal population, with alleles of @ kb or
10 kb. In 43 of 53 unrelated affected individuals reported
inthese two studies, only one of the normal-sized allslesis
present, plus an additional, larger, disease-specific band.
This restriction fragment varies in length betwean patients,
even between siblings within the same family. Furthar-
more, the size of the variable fragmant increases in suc-
cessive generations and shows a correlation between in-
creased severily and earlier onset of the disease. The
largest fragmeni detected is 15 kb, an increase of 5 kb
over the normal size (Harley et al., 1992). In many individu-
als with fragments larger than 11 kb, a diffuse hybridization
signat corresponding 1o a DMA fragment size greater than
11 kb is observed in a gel that otherwise gives tight DNA
banding patterns, indicating that somatic mosaicism with
respoct 1o the precise extent of the increase in size of the
DNA sequence within the EcoRi fragment has occurred.
This situation is strikingly similar o that reporied recently
for the fragile-X mentai retardation syndrome, where varia-
tion in length of a CGG repeat resuits in genetic instability
{Diatrich ot al,, 1991; Fu st al., 1881; Kremer et al., 1991;
Oberls ot at., 1991; Verkerk ol al., 1991; Yu st ai., 1991).

In arder to idantify the mutation in OM, we have charac-
terized genomic clonas spanning the 10 kb fragment that
is increased in size in this disaase. Ws have identified a
CTG repeat sequence that is highly polymorphic in the
normal population and that undargoss remarkable expan-
sion in DM patients. The modal number of rapeats found
in 202 normat alleles surveyed is 5 {48%), with the fargest
being 27. Minimally affected DM patients have at least 50
copies. The CTG repeat is transcribed and is found at a
position 500 bp from the poly(A) tract of an mANA ex-
pressed in many of the tissues affected in DM. The RNA

in which tha repeat resides encodes 2 polypeptida with
strong amino acid hamology to members of the protein
kinase gene family.

Results

Fine Mapping of the Reglon Amplified

in DM Patients

A series of phage clones derived from libraries of radia-
tion-reduced hybrid 2F5 (Brook et al.. 1992) have been
used 1o span the interval between D19863 and D19S95,
the foci in linkage disequilibrium with DM. Intensive
screening of this interval led to the identification of clones
AM10M {detected by hybridization with cDNA 25 [Buxton
et al., 1992]) and AMBL and ASM2 (which contain clone
pBBO0.7 [Hanley et al., 1992]). These clones span tha 10 kb
EcoRl fragment that is increased in size in DM patients.
Figure 1 shows a detailed restriction map of this interval.
Sites for BamHI, HineM, Hindlll, Pstl, and Saci are marked.
Single-copy probes mapping within this EcoRl fragmen
were hybridized to DNA from patient and normal individu-
als digested with a series of restriction enzymes. Figure 2
shows the result of one such hybridization. The normal
control is heterozygous for an EcoRI RFLP. As previously
reportad, a patient-specitic EcoRI band, larger in size than
gither normal atlele, is observed in the DNA of the DM
patient {(Harley et at., 1992; Buxton et al,, 1992). Digestion
with BamH}, Psti, and Sacl each revealed patient-speciﬁc
bands, The smallest region containing the expanded se-
quence that could be established by hybridization was a
475 bp Psti-Hincll fragment contained within the 1.4 kb
BamH fragment {(pM10M-8) shown in Figure 1, Partot this
fragment was sequenced to make primers for polymerase
chain reaction (PCR) analysis, Amplification by PCH be-
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Figure 2. Southern Blot Analysis of the DNA Fragment Expanded in
DM

DNA trom a OM patient {(DM) and an unaffected individual (N) digested
withEcoR), BamHI, Pstl, and Sacland hybridized with pM10M-6 shows
an increasad band in the DM lane with all enzymes.

tween oligos 98 and 100 produced single bands that were
identical in size in patient, normal, and pM10M-6 lanes
when visualized on ethidium-stained agarose gels (data
not shoawn). In contrast, PCR using oligos 96 and 103 pro-
duced two bands in a normal human sample, a single band
in DM DNA, and a single band in pM10M-6 that was smaller
than any of the other bands. Analysis of the sequence
derived from pM10M-6 between cligos 96 and 103 re-
vealed tandem repeats of the trinucleotide CTG. Two other
oligos, 101 and 102, which more closely flank this triplet
repeat, were tested using PCH. These produced similar
but more striking band size differences than with oligos 96
and 103 because of the smaller PCR product. The se-
quence of pM10M-6 between oligos 101 and 102 is shown
in Figure 1.

Variability of the CTG Repeat in the
Normal Population
In order to examine length variability of the PCR fragment
produced with oligos 101 and 102 in the normal population,
radiolabeled products obtained from a series of normal
individuals were analyzed on sequencing gels. Figure 3
shows the resuits of one such experiment. The majority
of individuals are heterozygous at this locus. “A™ has a
genotype (13, 21), “J°, (5, 21); “S", (5, 24); and “W", (5, 16).
Family studies show that the pattern illustrated by “0” is
indicative of homozygosity for (CTG)s in normal individu-
als. Interestingly, shadow bands occurredin positions indi-
cating that they differed by three bases from the major
bands.

To confirm that this variability of length is dus to different
numbers of the triplet repeat, we cloned and sequenced
the PCR products from two normal heterozygous individu-

Figure 3. Variability of Repeat Length in the Normal Population

The size of labeled products derived by PCR amplification using oligos
01 and 102 was analyzed on sequancing gels. The smallest and most
commeonly seen allele corresponds to 5 repeats, with the maijovity taing
in the 10-16 range. Four heterozygous individuals are indicated in
lanes A (13-21), J {5-21), §(5-24), and W (5-16). Lane O shows an
individual homozygous for the smallest band, corresponding 1o 5 re-
peats.

als. From one individual, six clones were analyzed; three
contained 12 copies of the CTG repeal, two contained 17
repeats, and onhe had 18 repeats (the variation between
clones with 17 and 18 repeais may be an artifact of stut-
tering during PCR). In the second individual, two clones
were sequenced and contained 5 and 11 copies of the
repeat. These repeat lengths are consistent with the size
of bands from these individuals determined by analysis of
tabeled PCR products on sequencing gels. In all clones
analyzed, the sequence flanking the repeat was identical
to that derived from pM10M-6, with the exception of two
point mutations, which differed between clones and which
may be due to errgrs by Tag polymerase.

The variation in repeat length was analyzed in 282 indi-
viduais, and the distribution of repeats in the normal popu-
lation is shown in Figure 4. Alleles were sized against se-
quenced standards and sequencing ladders, Over 40% of
alleles analyzed had 5 repeats. No alleles were observed
with & or B triplets, and only single examples of 7 and 9
ware found. The majority of repeats were in the 10-16
interval, with the highest being 27. Normal Mendelian in-
heritance was demonstrated for 20 meioses in two CEPH
pedigreses (data not shown).

Variability of the CTG Repeat in DM Patients

During our initial attempts to characteriza the variable re-
gion in patients, we observed that the DM sample tested
by PCR assay produced a single band. To establish
whether the single band was specific to this sample or
whether it reflected something common to alt patients, we
analyzed by PCR 12 unrelated DM samples. PCR products
were visualized on ethidium-stained gels. in all cases a
single band from the normat size range (<200 bp) was
present. In one sample (DMH9) a faint diffused band was
observed above 360 bp on ethidium-stained gel. This pa-
tient was not severely affected and did not show signs of
the disorder until age 45. In order to determine the nature
of the larger fragment in patiant DMH9, we cloned and
sequenced the PCR product from this individual, In excess
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Figure 4. Distribution of Allelas within the Narmal Population

The X axia rapresenis the number of CTG repeals per chromosome,
and the Y axis reprasents the number of allelas observed with this
repeat length. The fotal numbaer of chrgmasames axaminad was 282.
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Figure 5. Visuatizaton of a Sacond Altele in Two Midly Alected
Patienis

Labeted PCR reactions wera sun of saquencing gels irom two sets of
grandparents. From each pair, cne of the grandparents had a second
band cofresponding to 52 repeats. In sach casa the number of repaals
were: lane 1, 13 and 52; lane 2, 11 and 14 lane 3, 5 and 12; fane 4,
12 and 52.
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Figura 6. Ampiification of 1he Repeal in a Middly AHected DM Patient
The upper allele frorn a UM patient was claned and sequenced. Fifiy-
two copies of the trinucieotide repeat are present in this cione.

of BO CTG repeats were pregent. We were unable to read
bayend the CTG triplet; however, sequencing from either
side of the repeat revealed thal the fanking DNA wasintact
and had the samae sequence as pM10M-6,

A singte band was observed in PCR analysis of DNA
fram 11 of 12 DM patients, who had increases in Southern
blot bands of 2 kb or more. Tha 12th patient, an individual
who had later onset of the disorder, produced a faint upper
band on PCR analysis. This suggested to us that in the
other 11 patienis we had been unabte to amplify their sec-
ond allele because of the extent of the amplitied CTG re-
peat. In order 1o identify additional individuals likely to can-
tain expanded CTG repeals that could be successiully
identitied by PGR, we focused on other mildty affected
individuals. Three pairs of grandparents were selected
from DM pedigress in which it was ditficutt to decide, on
clinical grounds, which wasihe atfectedindividual. in each
case, ona of the pair had cataracts, PCR products ana-
lyzed on ethidium-stained gels showed that one individual
from each pair had two aWeles in the normal range,
whereas the other grandparent (in sach case, the one with
cataracts) had one band in the normail range in addition to
asacond diffuse band at about 250 hp. For accurate sizing
of this Jarger band, we anatyzed labeled PCR products on
sequencing gels. Figure 5 shows the size of these alleles
in two pairs of grandparents. Though unretatad, thase two
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Figute 7.
The Pedigree of & Myotonic Dystrophy Family with
Their Genolypes af the DM Locus

The genotype for each famity member, with respect 1o the
region of the DM logus that includes tha CTG repeat, is indi-
cated. The approximata size in base pairs of products defived
by PCR amplification will oligos 10t and 102 is indicated in
paraninesas 1or each individualin the pedigres. For individuals
1T and V-2, the sizes of the two alleles at the DM locys, as
determined by Sauthera blot analysis of EcoRl-digested DNA

PCR (120,---) § (120,120}
SQUTHERN [N, +2kb! |

Y To

(126,1200 (120,---1 {12020
{N,+2kb]

tybridized to probe pBBO.7, are indicated in brackets as follows: N indicates an allele equal in size to the normal population. +2kb indicates an
allele approximately 2 kb grealer in size than the larger allate in the normal population. The ciinical diagnoses of the members of this famify were
as follows. Individual i1 had few symptams other than cataracts. I1-1, U-2, and U-3 showed no clinical symptoms associated witk DM. Diagnostic

work on -2 and II-3 waa (ast carsied oul wheh they were age 81 and 64, re

spactively, 11-4, fike his mother {-1). showed tew symptoms other than

cataracts. -1 had classical adult onsel. This patient shows extensive clinical symptoms, including myotonia of grip, marked facia! and muscla
waakness, and lens opacities. IV-2 had earlier onsel than his affected father (lli-1}, axhibiting claar elinicat signs of iiness in his teenage years.

115, (i1-2, V-1, and V-3 are clinically normal.

individuals had very simitar larger bands {corresponding
to 50-55 repeats). In order to determing whether the in-
creased fragment size in these patients 15 dus entirety to
the expansion of the CTG repeat, we cloned and se-
quenced 1he larger allele trom each patient following PCR
amplification. Six clones wore analyzad from patient
DMHB (shown in Figure 5): four contained 52 repeats, one
had 64 repeats, and one had 57 repeats. Sequence from
onhe such clone is shown in Figure 6. Analysis offive clones
from patient DMH? ravealed 1wo with 50 repeats, two with
52 ropaats, and one with &1 repeats. In all clones the se-
quence of the DNA flanking the repeat was the same as
that derived from pM10M-8. The only difference was in
the length of the triplet repeat. The different CTG lengths
observed in different clones from the same individual may
reflact somatic mosaicism or stuttering during the PCR
reacton.

A DM family that shows increased severity of disease in
successive generations is shown in Figure 7. A band of
approximately 300 bp is ohsarved in the PCR product of
tour family members in the first two generations shown in
the padigree. This result demonstrates that a CTG repeat
unit of approximately 80 repeats can ba transmitted from
one generation o the next without an obligatory expan-
sion. Individuals in the first two generations had mitd symp-
toms such as cataracts or were apparently asymptomatic.
Howevat, individuals in the third and fourth genarations of
the family showed severe symploms of DM. These individ-
uals showed only a singie PCR band within 1he normai
range. Southern blatting analysis confirmad that, for these
individuals, as for most other severely affected DM pa-

tignts, a dramatic expansion in allele size has occurred to
increase the repeat size beyond that which can be de-
tected by PCR analysis.

The CTG Repeat Is Transcribed

The triplet repeal sequences amplified in fraghe-X syn-
diome and X-linked spinal and butbar muscular atcophy
{SBMA) are expressed in mRNAs. To test whether the
CTG repeat amplified in DM right be within a gane, we
first hybridized clone pM10M-6 10 a Southern blot of DNA
from different species. Figura 8 shows that DMA se-
quences contained within this clone are strongly con-
served, suggestive of a {ranscrived sequencs. pM10M-6
was used to screan cDNA libraries derived from several
different sources including adult frontal corlex, substantia
nigra, fetal muscle and fatal brain. A total of 10° clones
were screened from these libraries and 110 positives were
identified. Twenty wete purified and six, from differant ti-
braries, were selected for further analysis. These clones
were designated C28, C31, C34, Cas5, 39, and C85. The
insert size of each clone and the library from which it was
derived is C28 (frontal conex), 2.5 Kkb; C31 (frontal cortex),
2.1 kiy; C34 (substantia nigea), 1.7 kb; CAas(fetal brain), 1.7
kb; C38 (frontai cortex}, 2.7 kb: CBS {fetal muscle), 2.8 kb.
All six clones were hybridized to 8 pane!l of hybrid cell
fines to confirm that they were from the expected redion
of chromosome 19. They were also mapped to fitiers of
digested genomic phage clones AM10M and AMEL {which
span the 10 kb Ecofll fragment amplified in patients) 1o
determine haw much genomic DNA they cover. cONAs
C28 and CB5 each span at least 10 kb ot genomic DNA.
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Figure 8. Clone pM10M-6, Containing the CTG Repeat, Shows
Cross-Species Sequence Gonservation

Southern blo! analysis of Hindll|-digested DNA from human, hamster,
baboon, bavine, and rat hybridized with pM10M-6 reveals cross-
species sequence consarvation. 2F5 is a human-hamster hybrid cell
fine containing & small amount of human chremosome 19, which re-
veals a human band 1 kb higher than the band presant in the human
tane, This repressnts the upper allaig of a Hindlll polyrnorphism. Tha
sample vsed in the human lane is homozygous for the lower allels.

Clone C39 was chimeric at the 5’ end, whereas the others
mapped as expected. Clones C28, C34, and C35 were
completely sequenced and clone C85 was partially se-
quenced. Al clones contained the CTG repeat, and 1his
variad in length between clones. Clones €28, C34, €35,
and C85 contained 11, 8, 12, and 13 triplets, respectively.
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Figure 9. Northern Blot Analysis with cDNA Loric:}

cONA G286 hybridized to a Northern blot of baboon poly(A) RNA detects
a transcript of 3.0-3.3 kb, which is expressed in haart, muscle, and,
1o a lesser extent, brain,
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Figure 10. Nuclectide and Amino Acid Sequence of cDNA C28

The nucieclide |above) ang predictad amino acid sequence (beiow) is
shown with a presumaed openr reading frams of 1747 bp. The triplet
repeat iz underlined.

Comparison of the cDNAs with the genomic clones indi-
cates that the gene is transcribed in the orientation
telomere-lo-centromere and that the CTG triplet is on the
coding strand.

Northern blot analysis with €286 is shown in Figuee 9.
The full-fength transcript is between 3.0 and 3.3 kb in
fength and is highly expressed in heart and to a lesser
extent in muscie. Prolonged autoradiographic exposure
indicates that this transcript is also expressed in brain,
cansistent with the identification of cONAs from this
tissue,

The sequence of C28 is shown in Figure 10. This clone
contains a complete 3" lerminus, which inciudes the poly-
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Figure 11. Amino Acid Algnment to Protein Kinase Family Members
A C28 (isted as DM)is shown atong with four oiher protein kinase tamity members {Hunler, 1531}).
{ tha protain kinase famity. Tha shadowed regions indicate the key amino acids in aach domain.

The predicted amine acid sequence of part of DN
The raman aumerals indicate the major domains o

The numbers between domains refar to the position of the next aming acid shawn.

adenylation addition signal AAUAAA. The largest pre-
dicted open reading frama extends from the beginning of
the sequence o position 1747 with a coding capacity of
582 aming acids. The €28 sequence was compared tothe
nonredundant sequence database, which combines all
available protein databases. This sequence search re-
vealed homology to the cyclic AMP-dependent pratain
kinases. The highest score was lo the protein kinase TKR-
YKR from Saccharomyces cerevisiae, with a smallest
poisson probabifity score of 7.2 x 10°¥_ The 11 protein
kinase domains are found within the first 300 residues of
the deduced amino acid sequence, and are illustrated in
Figure 11. Beyond the kinase domain, some slight homol-
ogy to the chicken myosin heavy chain (smallest poisson
probability score 1.1 x 10°f) was observed.

Discussion

Myotonic dystrophy shows a clear autosomal dominant
pattern of inheritance. However, there are several aspeclts
of this disorder that are particularly challenging to explain
from amolecular genetic perspective. Firstis the consider-
able variability of phenotype between affected individuals,
even within the same family. Second, there is an associa-
tion of DM with specitic haplotypes in the population {(Har-
ley et al., 1991) indicating that most cases have resulted
from a small number of genetic events. Third is the mui-
systemic nature of the phenolyps. Fourth, there is an ap-
parent increase in severity of symptoms and reduction in
age at onset that is observed during transmission of the
gene within families.

Several molecular genstic features of DM appear 10 be
direcily comparabletoragile-X syndrome. infragile-X syn-
drome, increasing allele size at the FMR- focus, mea-
sured by Southern hybridization, is due o expansion of a
CGG repeat at the 5 end of the FMR-1 gens. ingreased
allele size carrelatas with tha severily of disease {Fu etal,
1991). The extant of fragment size increase in DM also
shows a clear cotrelation with increased severity and age
at onset of the disease (Harley et al., 1992, Buxton et al.,
1992). The identification of a CTG repeat, which is highly
variable in the normal population and which is greatly ex-
pandad in DM palients, extends the parallels between oM
and fragile-X.

Analysis of cloned PCR products reveals that the in-
crease in size of the PCH products observed in mildly and
minimally affected OM patients is dug entirely toincreased
number of the CTG repeats. The DNA Hanking the repeat
is intact in alf clones examined. Twa minimally affected
patients, BMH1 and DMHE, had repeat lengths of 50 and
52 (T(Gs, respectively, whereas a slightly more severely
affected patient, DMH9, had in excess of 80 repeats. PCR
analysis of the mosi severely affected patients reveals only
a single band, which is in the normal size range. In these
individuals the expanded allele canno! easiy be visualized
by PCR assay. Thus, as with fragile-X, phenotypic severity
correlates with the number of repeats.

Other similarities and differences between DM and
fragile-X are noteworthy. In fragile-X, individuals are cate-
gorized as normal, premutation, or full-mutation on the
basis of CGG repeat number (Fu et al., 1991). Transmis-
sions of 46 repeats and below are within the normal range
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and are stable. The transition from stability to instability
oceurs within the 46-52 repeat range, Premutations show-
ing no phenotypic effect range from 52 to 200 repeats and
are meiotically unstable. For myotonic dystrophy there is,
as yet, no clear classification of premutation. However, it
seems likely that minimally affected individuals could go
undiagnosed, wers it not for the appearance of a more
severely affected individual in a subsequent generation.
This point is further illustrated in Figure 7, in which two
siblings appeared normal on clinical examination at ages
64 and 61, yet showed the same upper allele as their
mother, who lived to age 89 and who did not show myoto-
nia but did have cataracts. These minimally affected indi-
viduals may be comparable to the premutational state
seen in fragite-X.

The molecular mechanistms that determine the stabiity
diring inheritance of DM alleles is unclear at present.
Thers is considerable variability at this locus in the normal
population: over 75% of normal individuals are heterozy-
gous. The largest allele observed was 27 repeats. The
most comman allele in the population, 5 repeats, is found
at a frequency of 0.48. Analysis of repeat length in 141
individuals ravealed no alleles with Jess than 5 copies of
the repeat. Furthermore, only two alleles were found in
the 6-9 repeal range, Replication of the 5 repeat allela
appears to be stable. Duplication or triplication with subse-
quent slippage during DNA replication (Jeffreys ot al.,
1988) may account for the genaration of other afleles. Un-
equal crossing over would seem to be unlikely as the
mechanism generating allelic diversity, in view of the
shoriage ot alleles between 5 and 10 repeats. Clearly,
further study of the rechanisms that underlie variation in
repeat length at the DM locus will be of great interest. In
addition, it will be imporiant to determine the exient of
tissue mosaicism in the expansion of the GTG repeat.
Such mosaicism could have a significant impact on clinical
phenotype.

One of the families documented by Fu et al. {1991} ap-
pears to reprasent a fragile-X premutation segregating in
the normal poputation, which has yet to undergo expan-
sion to the full mutation.

1 is unclear in tragite-X whether new mutation is a fre-
quent event. It seems quite possible, however, that transi-
tion from a large allele in the normal population ta premuta-
tion allele in fragile-X coutd cccuf by the same mechanism
that generates diversity amongst alieles in the normal size
range {Fu et al., 1991). Thus, iarge alleles in the normal
popuiation and fragite-X premutations would represent a
continuum across a stability threshold, with the fragile-X
phenotype generated by multiple independent avents. At
the DM locus, howevar, two observations suggest that
expansion of the CTG repeat 1o a clinically significant level
is Jikely to occur only in a specific population subgroup.

First, there is clear evidence in heterogengous popula-
tions of linkage disequilibrium between DM and polymor-
phisms at “nearby” loci (Harley et al,, 1891, 1892} This
implies aither that there are few mutations, possibly a sin-
gle ancestral event, or that specilic nearby polymorphisms
predispose to the generation of DM mutations. It is difficuft
to envisage a mechanism by which multipls polymor-

phisms at distances of up to 70 kb (in the case of D19563)
from the CTG repeat could predispose to DM, On the other
hand, i there are very few, if any, new mutations, some
mechanism must maintain the disease allela in the popula-
tion, particularly in view of the genelic endpoint repre-
sented by severely affected individuats. Thus, there may
be a large unrecognized poo of individuals in the popula-
tion who carry and transmit the DM premutation with little
it any phenotypic effect. Extensive studies of narmal popu-
Iations (possibly focusing on individuals with cataracts) will
be necessary 1o test this possibility.

Sacond, the distribution of CTG repeat alieles is quite
distinct in the normal poputation and in DM patients. In
DM the smafiest number of CTG repeats observed is 50,
atmos doubie the largest number of repeals seen in the
normal population. It is possible that a doubting or tripling
in repeat number is the ancestral event that predisposes
an allele at the DM lacus to tusther expansion into an ailele
associated with the complete disease phenotype.

Unraveling the connections between expansion of the
CTG repeat and the symptoms of DM is an important chal-
lenge for future investigation. While it is certainly possible
that amplification of the CTG aftects the expression of
several transcription units in the immediate vicinily of the
repeat, it seems very Jikely that the transcription unit we
have identified in this study plays an important role in the
pathophysiology of DM. The machanismn through which
expansion of the CTGi repeat affects the function of the DM
gene remains te bea glucidated. Since DM is a dominantly
inherited disarder, mutant allales must exeri an effect in
the prasence of a normal allefe, There are a number of
possible ways in which an ampiified sequence in the 3'
UTA of a gene could exert an effect on the function of that
gene. One possibility is that, analogous to fragils-X, the
expansion of the CTG repeal causes a loss of axprassion
of the alfele carrying the axpandad repeat. if this is the
case, than the DM gene must indeed be extromely sensi-
tive to gene dosage, since the range of gene expression
lavels in the presence of a normal allele can range only
between 50% and 100% of normal., Genomic imprinting
cannot be invoked to increasa this range too tuch further,
since DM can be inherited from either the father or the
mather with quito severe sympioms. Theissue of congeni-
tal DM, which shows exclusively maternal transmission
and may well be atfected by imprinting, is not addressed
in this manuscript. Alternatively, the expansion of the CTG
rapeat may fead to a gain of function in the DM gene.
Gain-of-function mutations in the 3 UTR of the ferm-3 and
lin-14 genesof Caenorhabditis elegans have recently been
demonstrated {Ahringer and Kimble, 1991, Wightrman et
al., 1991). In both cases, deletion or inactivation of a bind-
ing site for a negative control efement is thought to rasult
in unregulated activity of these genes, Amplification of the
CTG repeat in DM may be producing a simitar effect.

The similarity of the DM gene to members of the protein
kinase family, in particular cAMP-dependent protein ki-
nase (cAPK), opens a broad range of physiological ques-
tions that should be directly tested. cAPKs {Huntas, 1991)
are known to modulate the activity of excilable calis by
phosphornylation of ion channels, exert control of glycogen
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and lipid metabolism through cascades of enzyme phos-
phorytation, and modify gene expression {Yamamolo el
al., 1988; Foulkes et al., 1991}, Abnormalities in function
or ragutation of such 2 molecule it well wilh the diverse
phenotypic efects axhibited by DM patients. [t isintriguing
that bigchemical data produced nearly 20 years ago by
Roses and Appel (1973, 1974} indicated that adefectina
protein kinase may be significant in DM, A resolution of
the undearlying physiologicat basis of OM should prove 10
be an imporiant step both in developing appropriate thera-
peutic intervention and in gaining further insight into the
multiple organ systems that exhibit physiological disrup-
ion in DM,

Experimertaf Procedures

PCR Analysia

The PCR analysis was performed as foliows. Reactions (10 ul) were
sat up using standard PCF conditians (50 mM KCi, 1.5 mtt MgCls, 10
mM Tris [pH 8.3], 200 uM dNTPs, 1 uM of sach primes. and 20 ng
tempiste DNA). For the radictabaied experimenis, oligo 101 was incu-
pated for 30 min &t 37°C with T4 polynucleotide kinase (3p) in 20 !
reaction with 50 mM Tris-HCI {pH 7.5). 10 mM MgCL, 5 mM githiothrei-
tol, 0.1 mM spermidine, and 1 w of {y-2PIATP (3000 ciimmel). The
PCR reaclion was spiked with the labeled primer in a ratio of 30:1
unlabeled o labeled. PCR reactions were carried outon a Stratagene
96 well tharmocycier. Cycling conditions were as {ollows: 1x {3 min,
84°CY, 35% {18 8, $4°C, 30 5, 62°C; 30 5, 72°C), ¥ {Smin, 72°(),
15°C s0ak. Sampies then were either loaged on agarase gels or ware
diluted 1:1 with sequencing buffer, denatured, and loaded an 8% s8-
quencing gels.

The sequances of Cligos used in PCA reactions was as follows:

95, GGT GCG TGG AGS ATG GAA CACGGAC
98, GCG TGC GAG TGG ACT AAC AAC AGC TG
100, CAC GCT CGG AGC GGT TGT GAA CTG G
101, CTT CCC AGG CCT GCAGTT TGC CCA TC
102, GAA CGG GGG TCG AAG GGT CCT TGT AGC
103, CCA GTT CAL AAC CGC TCC GAG CGT G

Genomic Digests and Southern Biots

Genomic DNAs were digasted with rastriction endonucleases Psy,
Sacl, EcoRl, ar BamHl (New England Binlabs) in 30l or 40 pireactions
with NEBufier 10x according ko the manufacturer's instructions. Di-
gested DNAs were run of 0.8% agarose gels (FMC}, denatured in
0.5 M NaOH, 1.5 M NaCl, reutealizad in 1M Tris (pH 7.03, 1.5 M NaCy,
and transfesred to Zetabind (AMF) membranes in t0x 55C.

Hybridizations

Hybridizations 1o both Northern and Sculhern Clols were performed

at 42°C in 50% formamide with 5x §5C, 1% Denhardts solution,

0.02 M NaPO,, 100 pg/m! single-strandad DNA, 10% dextran suiphate.
DNA probes were labeled by random priming [Feinberg and Vo-

gelstein, 1983).

Northarn blots

Total RNA was extracted from baboan tissue using the mathod of
Auffray and Rougeon (1980) with modifications Trom Buckier et al.
(1991). PolylAY ARA was isolated with oligo{dT)-celiulose, and gels and
Northern blots were set up as described in Buckler ot al. (19911

OHA Sequencing

Three paralist sequencing slralegies were adopted. Much of the se-
quencing was carcied out using a U.5. Biochemical sequence kit ac-
carding to manulacturat’s instructions on £ONA constructs, ingeneral,
vacior ohigonutieclides were used as primers, and in soma cases,
specitic oligonucleotides were synthesized from deduced seguence.
We also used cycie sequencing with a Promaga Kit and some auto-
mated sequencing on the ABl mode) sysiem 373A.

¢DNA Librades
Four cDNA libraries were screengd. Threa, construcied in LZAP from

frontal corex, substantia nigra, and felal brain, wera kindly supplied
by Dr. Marcy MacDonald. A fetal muscla library in AGT10 was kindly
supplied by Or. L. Kunkel.

DNA Databese Searching

DNA databases were searched on a digital VAX compuler using the
GCC softwara package (Altschul et al., 1990) and the BLAST natwork
sorvice Hom the National Center for Biotechnology Information.
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