An Unstable Triplet Repeat in a Gene Related to
Myotonic Muscular Dystrophy
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Synthetic oligonucleotides containing GC-rich triplet sequences were used in a
scanning strategy to identify unstable genetic sequences at the myotonic dystrophy
(DM) locus. A highly polymorphic GCT repeat was identified and found to be
unstable, with an increased number of repeats occurring in DM patients. In the case of
severe congenital DM, the paternal triplet allele was inherited unaltered while the
maternal, DM-associated allele was unstable. These studies suggest that the mutational
mechanism leading to DM is triplet amplification, similar to that occurring in the
fragile X syndrome. The triplet repeat sequence is within a gene (to be referred to as
myotonin—protein kinase), which has a sequence similar to protein kinases.

HE MOLECULAR BASIS OF GENETIC
“anticipation,” defined as the appear-
ance of increasing disease severity in

subsequent generations of a family with an

inherited disorder was recently elucidated
for the fragile X syndrome, where the phe-
nomenon is referred to as the Sherman

paradox (1, 2). A triplet (CGG) in the 5’

region of the FMR-1 gene is tandemly

repeated 6 to 54 times in normal individu-
als, but occurs more than 200 times in
patients with fragile X syndrome. The triplet
repeat becomes unstable, particularly during
female meiosis, once the repeat number ex-
ceeds about 52. The FMR-1 transcript that
contains the repeat is not expressed in pa-
tients with the fragile X syndrome (3). A
second disorder, spinal and bulbar muscular
atrophy (Kennedy disease), has disease fea-
tures associated with a CAG repeat expan-
sion within the coding sequence of the
androgen receptor gene (4, 5). Thus, fragile

X and Kennedy syndromes are the conse-

quence of a novel mechanism of mutation,

expansion of GC-rich short tandem repeats
within gene transcripts.

Myotonic dystrophy (DM) is a common
autosomal dominant myopathy with pleio-
tropic effects including prolonged muscle
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contractions, cataracts, and cardiac arrhyth-
mias (6). The severity of DM also increases
over multiple generations (anticipation),
suggesting a mutational mechanism similar
to that found in fragile X and Kennedy
syndromes. The symptoms of DM range
from asymptomatic adult heterozygotes to
newborns who have severe disease associat-
ed with hypotonia and retardation. These
different clinical manifestations can occur
within single families.

Myotonic dystrophy has been mapped to
19q13.2-13.3 by genetic linkage (7, 8) and
a consensus genetic and physical map of the
region is being prepared (9-11). We sub-
cloned YAC clones 231G8 and 483E7 (11)
into cosmids and human clones were iden-
tified by the presence of common repeat

Fig. 1. Sequence of the GCT triplet 1
repeat (uppercase) and its flanking 61
regions (lowercase). The locations

cgccecectageggtegg g

sequences (12). A mixture of four oligonu-
cleotides consisting of tandemly repeated
GC-rich trinucleotides (CAC, GCT, TCC,
and TCG) hybridized to two overlapping
cosmids out of 300 (MDY1 and MDY2).
The set of four repeat oligonucleotide
(each 21 nucleotides in length) included 24
of 60 possible triplet repeats with emphasis
on GC-rich units. The CGG repeat was
examined separately. A 1.4-kb Bam HI frag-
ment that specifically hybridized to the GCT
repeat was identified and subcloned into
pBluescript (pMDY1). The sequence of
pMDY1 was determined by dideoxynucle-
otide termination and an ABI 373 automat-
ed fluorescent DNA sequencer (Fig. 1) (13,
14). As predicted by oligonucleotide hybrid-
ization, a region containing 11 repeats of
the GCT triplet was identified. This triplet is
known to be highly polymorphic (4) and
unstable (15) in the androgen receptor gene.

We chose to test genetic instability at the
DM locus by studying families with congen-
ital DM children born to affected DM moth-
ers (Fig. 2). Family 1860 (Fig. 2B) shows a
three-generation transmission of DM with
progressive enlargement (8.8 to 12.7 kb) of
an Nco I fragment. Sequence enlargements
were also observed in the affected mothers
from families 1127 and 1800. Other restric-
tion endonucleases, including Ban I and Taq
I, also identified fragment enlargements
(Fig. 2A). With the resolution afforded by
Nco I, we found 9 of 9 congenital DM
patients and 14 of 16 adult DM patients
who had fragment enlargements. An appar-
ent exception is shown in Fig. 2B (family

gggccgggtccgeggccggegaacggggetcgaag

ggtccttgtagecgggaat GCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTggggggat
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Fig. 3. (A) Polymorphic
nature of the GCT locus
in normal human ge-
nomic DNAs. Amplifi-
cation of genomic DNA
was carried out as de-
scribed (16) and ana-
lyzed on a denaturing
DNA sequencing gel.
The electrophoretic pat-
tern of each allele con-
sists of two or three
bands spaced at 3-base
intervals. (B) GCT al-
leles determined by PCR
in control and myotonic
dystrophy families.

1585). However, subsequent studies with
Bam HI revealed a small wild-type fragment
(1.4 kb) that resolved sequence enlargements
of 200 to 300 bp in patients whose altera-
tions could not be detected in Nco I digests.

There were no fragment enlargements or
reductions among 31 controls examined.
Since each congenital DM patient had a
unique enlarged restriction fragment that
cannot be attributed to the parents, we
conclude that this DNA sequence expansion
is the mutational basis of DM. In each of
these families, non-parentage was excluded
by the linkage study.

To delineate the sequence involved in the
DNA expansion, we examined the variation
in GCT repeat size by amplification with the
polymerase chain reaction (PCR) (16). Syn-
thetic oligonucleotides that directly flank the
GCT repeat (Fig. 1) were used to obtain the
radioactive amplification products. The re-
gion is highly polymorphic (Fig. 3A). The
most common allele consisted of five repeats

Fig. 4. Amino acid sequence comparison between
myotonin-PK and two protein kinases. The letters
in bold represent amino acid identities. TPK2 is
the catalytic subunit of Saccharomyces cerevisiae
cAMP-dependent protein kinase (18). Bov-PKC
is the ¢, form of the catalytic subunit of bovine
cAMP-dependent protein kinase (19). The two

with a range of 5 to 30 from 40 normal
individuals analyzed; the heterozygote fre-
quency was 85%. This length polymor-
phism was also observed by agarose gel
analysis but with less detailed resolution.
Examination of this sequence polymor-
phism in three DM and four control families
is shown in Fig. 3B. Unaffected individuals
had the expected frequency of pairs of al-
leles, while DM patients had only one allele,
from the unaffected parent. Mendelian in-
heritance of alleles was observed in the
control families. Thus, in these family stud-
ies, the DM GCT allele (as measured by
PCR) was not detectable; a repeat sequence
of >1 kb is beyond our current ability to
amplify by PCR. DNA hybridization analy-
sis indicated that each affected individual has
a large expanded fragment. The simplest
interpretation of these data is that the GCT
repeat at the DM locus has meiotic instabil-
ity and is responsible for the mutation in
DM. We have examined by PCR the regions

ARKKKK KKK

MT-PK 80 DFEILKVIGRGAFSEVAVVKMKQTGQVYAMKIMNK
Bov-PKC 43 QFERIKTLGTGSFGRVMLVKHMETGNHYAMKILDK
TPK2 69 DFQIMRTLGTGSFGRVHLVRSVHNGRYYAIKVLKK

ARKRKRRRKRK
MT-PK 199 LGYVHRDIKPDNILLDRCGEIRLADFG
Bov-PKC 161 LDLIYRDLKPENLLIDQQGYIQVTDFG
TPK2 187 HNIIYRDLKPENILLDRNGHIKITDFG

domains contain the protein kinase signatures sequences (asterisks). The G-rich consensus signature is

(LIV)-G-x-G-x-(FY)-(SG)-x-(LIV) and identifies an ATP-binding

ition (20). The second consen-

sus sequence (function unknown) is (LIVMFYC)-x-(HY -x-D-(LIVMFY)-K-x-x-N-(LIVMFC). This
consensus identifies serine/threonine protein kinases (21). In the consensus for tyrosine kinases, R or

A/S/T/ in position 7 substitutes for K.

2467

............. AAC CCT AGA ACT GTC TTC GAC TCC GGG GCC CCG TTG GAA GAC TGA GTG CCC GGG
............. asn pro arg thr val phe asp ser gly ala pro leu glu asp STOP

TCT GCC AAA AAA AAA AAA

GCA CGG CAC AGA AGC CGC GCC CAC CGC CTG CCA GTT CAC AAC CGC TCC GAG CGT GGG TCT
CCG CCC AGC TCC AGT CCT GTG ACC GGG CCC GCC CCC TAG CGG CCG GGG AGG GAG GGG CCG
GGT CCG CGG CCG GCG AARC GGG GCT CGA AGG GTC CTT GTA GCC GGG AAT GCT GCT GCT GCT
GCT GGG GGG ATC ACA GAC CAT TTC TTT CTT TCG GCC AGG CTG AGG CCC TGA CGT GGA TGG
GCA AAC TGC AGG CCT GGG AAG GCA GCA AGC CGG GCC GTC CGT GTT CCA TCC TCC ACG CAC
CCC CAC CTA TCG TTG GTT CGC AAA GTG CAA AGC TTT CTT GTG CAT GAC GCC CTG CTC TGG
GGA GCG TCT GGC GCG ATC TCT GCC TGC TTA CTC GGG AAA TTT GCT TTT GCC AAA CCC GCT
TTT TCG GGG ATC CCG CGC CCC CCT CCT ACT TGC GCT GCT CTC GGA GCC CCA GCC GCT CCG
CCC GCT TCG GCG GTT TGG ATA TTT ATT GAC CTC GTC CTC CGA CTC GCT GAC AGG CTA CAG
GAC CCC CAA CAA CCC CAA TCC ACG TTT TGG ATG CAC TGA GAC CCC GAC ATT CCT CGG TAT
TTA TTG TCT GTC CCC ACC TAG GAC CCC CAC CCC CGA CCC TCG CGA ATA AAA GGC CCT CCA

Fig. 5. Sequence of the last 15 codons (including the stop) and the 3’ untranslated region of the MT-PK

cDNA. The GCT repeat is underlined.
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immediately flanking the GCT repeats indi-
cated in Fig. 1, and have found them to be
nonpolymorphic and unaltered in DM fam-
ilies.

We looked for open reading frames in the
pMDY1 sequence by the computer program
GRAIL (17). This program revealed an “ex-
cellent” exon identification score, possibly
biased by the inclusion of triplet repeat
sequences. PCR amplification of brain and
skeletal muscle mRNA that had been re-
verse-transcribed into cDNA was used to
identify products of the expected size sup-
porting the computer prediction. The
pMDY1 probe hybridized to several cDNA
clones, including one of 3186 bp. Complete
sequence of this cDNA clone revealed a
unique predicted protein sequence, highly
similar to numerous protein kinases (Fig. 4)
(18, 19). The sequence has been submitted
to GenBank (accession number M87312).
As the putative protein from the DM cDNA
contained a G-rich consensus signature that
identifies an ATP binding domain (20) and a
second consensus sequence for a serine-
threonine protein kinase (21), it is likely that
the protein is a protein kinase. We therefore
designate it myotonin—protein kinase. Full
molecular and cellular confirmation of this
predicted function is requisite.

We propose that the sequence expansion
associated with DM is an amplification of
the GCT repeat which, from sequence data,
resides in the 3’ untranslated portion of the
putative protein kinase mRNA (Fig. 5).
This would be consistent with the 3-base
spacing of the polymorphic alleles (Fig. 3A)
and direct sequence (Fig. 1). Present se-
quencing technology is incapable of con-
firming this speculation, because the DM
expansions exceed 1 kb and direct sequence
of GC-rich repeat regions is technically lim-
ited to 250 to 450 bp. A deletion or inser-
tion mutation is considered to be unlikely
since the sequence is unstable, expands in
families, and is resistant to restriction endo-
nuclease digestion (two enzymes that recog-
nize 6-base elements and one that has a
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4-base recognition sequence) (Fig. 2).
These were features of the fragile X CGG
repeat amplification.

We propose several hypotheses that might
explain the variability of symptoms in het-
erozygotes: (i) an effect of the amount of
gene product, such as occurs with the low
density lipoprotein receptor defect in type II
hypercholesterolemia (22); (ii) differential
parental inheritance of mutations, such as in
Angelman and Prader-Willi syndromes (23);
or (ii1) a disturbance of a signal transduction
pathway in which myotonin—protein kinase
is only one of the disease-producing factors.
Each of these hypotheses can be directly
examined given our new molecular knowl-
edge of myotonin—protein kinase.

These studies provide a simple method for
identification of unstable genetic elements in
the human genome. Although we used oli-
gonucleotides as probes and nuclear DNA
clones as targets, it is logical to search for
other unstable genes by screening cDNA
libraries for GC-rich triplet repeats. The
lessons of fragile X syndrome, Kennedy dis-
ease, and now DM are consistent. Heritable
disorders that exhibit the feature of antici-
pation or molecular imprinting (24, 25)
would appear worthy of investigation as
reported here for DM. Furthermore, since
somatic genetic instability is demonstrated
for the CGG repeat in the fragile X syn-
drome, genes containing unstable repeats
may be involved in neoplasia and possibly
aging, in which somatic mutations are im-
plicated in disease.
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The Linguistic Basis of Left Hemisphere Specialization

DaAviD P. CORINA,* JYOTSNA VAID, URSULA BELLUGI

In humans the two cerebral hemispheres of the brain are functionally specialized with
the left hemisphere predominantly mediating language skills. The basis of this
lateralization has been proposed to be differential localization of the linguistic, the
motoric, or the symbolic properties of language. To distinguish among these possibil-
ities, lateralization of spoken language, signed language, and nonlinguistic gesture
have been compared in deaf and hearing individuals. This analysis, plus additional
clinical findings, support a linguistic basis of left hemisphere specialization.

HE LEFT HEMISPHERE OF THE HU-

man brain is specialized for lan-

guage. The underlying basis of this
specialization has been controversial, and it
has not been clear if this brain system is
uniquely designed for language processing
or if it derives from a more general special-
ization based on motor control (1) or
symbolization (2). Until recently most of
our knowledge regarding hemispheric spe-
cialization for language has come from the
study of spoken languages. In contrast, we
have now addressed these competing hy-
potheses by studying native users of Amer-
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ican Sign Language (ASL) (3, 4).

ASL is a natural language with structural
properties akin to those of spoken languag-
es (5-10). After left hemisphere injury deaf
signers exhibit sign language aphasia, and
right hemisphere damage can result in se-
vere visuospatial disruption but leaves
signing intact (3). Thus, despite auditory
deprivation, deaf users of a signed lan-
guage show a complementary hemispheric
specialization like that of spoken language
users. Some researchers have used this ev-
idence to suggest that the left hemisphere is
uniquely predisposed for mediation of lan-
guage, both spoken and signed (11). Oth-
ers argue that left hemisphere specializa-
tion for signed and spoken language
derives from the left hemisphere’s more
general role in controlling changes in the
position of oral and manual articulators
(12). Under this interpretation, any skilled
motoric movement, such as the execution
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