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Myotonic Dystrophy Mutation: An Unstable CTG 
Repeat in the 3' Untranslated Region of the Gene 

Myotonic dystrophy (DM) is the most common inherited neurom~cular disease in adults, 
with a global incidence of 1 in 8000 individuals. DM is an autosomal dominant, multisys- 
temic disorder characterized primarily by myotonia and progressive muscle weakness. 
Genomic and complementary DNA probes that map to a 10-kilobase Eco RI genomic 
fkagment fkom human chromosome 19q13.3 have been used to detect a variable length 
polymorphism in individuals with DM. Increases in the size of the allele in patients with DM 
are now shown to be due to an increased number of trinucleotide CTG repeats in the 3' 
untranslated region of a DM candidate gene. An increase in the severity of the disease in 
successive generations (genetic anticipation) is accompanied by an increase in the number of 
trinucleotide repeats. Nearly all cases of DM (98 pefcent or 253 of 258 individuals) 
displayed expansion of the CTG repeat region. These results suggest that DM is primarily 
caused by mutations that generate an amplification of a specific CTG repeat. 

YOTONIC DYSTROPHY (DM) IS 

an autosomal dominant disorder 
characterized primarily by myoto- 

nia and progressive muscle weakness, al- 
though central nervous system, cardiovascu- 
lar, and ocular manifestations also frequently 
occur (1). The disease shows a marked vari- 
ability in expression, ranging from a severe 
congenital form that is frequently fatal just 
after birth to an asymptomatic condition 
associated with normal longevity. Further- 
more, the progression of DM in affected 
families may exhibit genetic anticipation, an 
increase in the severity of the disease in 

M. Mahadevan. C. Tsilfidis. L. Sabourin. G. Shutler. C. 
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successive generations. (2). 
We have cloned the essential region of 

human chromosome 19q13.3 that contains 
the DM locus (3-5). We isolated genomic 
and cDNA probes that map to this region 
and that detect an unstable, 10-kb Eco RI 
genomic fragment in individuals affected 
with DM. This variable length polymor- 
phism is similar to the instability at the 
fragile X locus (6-8). The map 
location and genetic characteristics of the 
variable length polymorphism are consistent 
with it being the cause of DM. We now 
further characterize the variable length poly- 
morphism segment to determine the molec- 
ular basis of the unstable genomic region. 

We identified, using Southern (DNA) 
blot analysis, two different DNA polymor- 
phism~ mapping within the 10-kb Eco RI 
genomic fragment (Fig. 1). The polymor- 
phism~ are detected by two genomic probes 
(pGB2.6 and pGP1.5) that map to this Eco 
RI fragment. In normal individuals. these 
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morphism and is associated exclusively with 
chromosomes from individuals with DM. 
DNA sequence analysis of this genomic fi-ag- 
ment revealed a trinucleotide CTG repeat 1 e  
cated approximately 300 bp distal to the cen- 
tromeric Barn HI site (Fig. 1). Quomasome 
19 cosmids F18894 and Y100263 (5) con- 
tained 20 and 11 CTG repeats, respedvely. 

We have used the 1.5-kb Bam HI frag- 

ment, as well as other genomic probes from 
the DM region, to isolate human and mouse 
cDNAs from brain, muscle, and heart librar- 
ies. Sequence analysis shows that some of 
the isolated cDNAs contain the variable 
CTG repeat (Fig. 1). Multiple stop codons 
are found in all three reading frames 5' to 
the trinucleotide repeat. Furthermore, a 
polyadenylation signal and polyadenylated 

Fig. 1. (A) Resmction map lib 
of the genomic segment A - 

TER containing the variable - =EN 
length polymorphism de- ~e b P H P 

tected at the DM locus. The B E PIH P B PI b P P Bg P 61 P B  E 

map was constructed by the 
I ,  I 

analysis of subclones derived 
n A 

from the cosmid Y100263, 
a eenomic done oreviouslv WE26 ~GPIS 

the variable kng& polymor- 1 ~ ~ c ~ A G G c ~ ~ ~ ~ ~ ~ A ~ G ~ c G ~ ~ ~ ~ ~ c c G ~ ~ T ~ c  

phism and 2, 61 GTGCCGCCGCCCXGXTGCAT'KGGmTGGC-CG-CCM~CACCGCAGTCT 
respectively) are detected by SeQuence oroh. 121 G G C G C C G C ~ G W L G C C G C C C G ~ ~ ~ M C C ~ A G M C T G T C T T C G A C T C ~ C  

brientation of the map is 2.1 TCA-cCGm-GCG-Tm-mGmcCAGTm~AT~~CCCGcCC 
primer 40% given from telomere (mR) 

301 CIXAG-CGGGGAGGGAGGGGCCGGGTCCGCGGCCCGCGAA-C'l'- 
to centromere (CEN), and 4 primer 41 o 
the msition of relevant re- 361 -n - - 

Pst I smction sites are given: B. 421 ~ G G C T G A G G C ~ A C G T G W L ~ C A A A C P G ~ G G C ~ G G ~ G C A R G ~ ~ G  
4 primer 406 Hind m Bg, Bgl '; E, EcO 481 6 C G T C C G ~ C G C A C C C c c A C ~ A T C G T K i G a T C C C A A A G ~ -  

RI; H, Hind m; and P, Pst a primer 407 
1. (B) ~ ~ ~ l ~ ~ , i d ~  sequence 541 TT T G C A T G A C G C C ~ G C G ~ T ~ C K j C c T G C l T A C l ' C G  

Bam HI 
of the 3' region of a cDNA 601 G G A A A ~ ~ C A A A ~ ~ ~ C G G G G A T C C C G C G C C C C C ~ ~ ~ ~ C A C I T G C  

:lone was 661 G C T G , m A W C C C A W m C G C C C G - m m c G A T A T l T A T I G A C m  
ed from a human heart cDNA librarv IStrataeene- 721 C G T C m C f f i A ~ A C A G G e r A C A G G A C C C C C M C M c C C C A A T C C A f f i m A T  
~- - - -  ~ ~ - -  

Inc.) with the iT5ikb%& 781 GCACTGAGACCCCGACATTCCmGTATlTATIGTCTGTCCCCAC~AGGACCCCCACCC 

HI frapent containing the 841 - c m G ~ G c c c c r c ~ - c c c ~ A ~ n  
variable length polymor- 
phism as a probe. The sequence shown is the last 60 bp of the penultimate 3' exon (top line) followed 
by the entire 875-bp sequence of the 3'-most exon. The nucleotide position designated by the number 
1 corresponds to the first base of the last exon. A tonsensus polyadenylation signal sequence is 
underlined. Relevant resmction enzymes are shown in italics above their recognition sequences. Primers 
used for sequencing and PCR amplification are underlined and numerically designated. Indicated in 
bold letters are the five CTG repeats located between primers 409 and 410 found in this cDNk The 
genomic sequence derived from cosmid clones F18894 and Y100263 is identical to the sequence of the 
last exon of the cDNA, except there are 20 and 11 CTG repeats, respectively. Plasmid DNA was 
prepared by a routine alkaline lysis method. Dideoxy chain termination reactions with vector primers 
and internal primers were performed with fluorescent dye-labeled dideoxynucleotides, according to 
manufacturer's specifications (Applied Biosystems), and subsequently run on an ABI 373A automated 
sequencer. DNA sequencing was also performed with radioactive nudeotides to resolve sequence 
ambiguities. 

Fig. 2. Southern blot analysis showing varying N N n u Es N ES Eo El E2 EO 
degrees of allelic expansion in DM-affected indi- -PC w 
viduals. Eco RI allele sizes of 9 kb and 10 kb are 
found in the normal population (lanes 1,2, and 
6). Genetic phasing of all our DM families reveals I r R l  45 kb 

that the 10-kb allele is the expanding allele in DM #=ram, 
individuals. Classification of expansion is as fol- . CI 2::: 
lows: EO, no expansion; El,  expansion of 0 to 1.5 
kb; E2, expansion of 1.5 to 3.0 kb; E3, expansion 
of 3.0 to 4.5 kb; E4, expansion of 4.5 to 6.0 kb or 
more. Approximately 30% of DM individuals 1 2 3 4 s 6 7 a 9 l o  11 

(affected status verified by DNA typing) show no 
allelic expansion on the Southern blot level (lanes 8 and 11). Varying degrees of expansion are seen in 
other DM individuals, ranging from E l  (lane 9) to E2 (lanes 3 and 10) to E3 (lanes 5 and 7) to E4 (lane 
4). N refers to normal individuals. Genomic DNA (5 pg) was digested with Eco RI, separated by 
electrophoresis on 0.8% agarose gels, and transferred to nylon membranes. Southerns were probed with 
the Bam HI-Eco RI fragment of pGB2.6, washed in saline sodium citrate [ 0 . 2 ~  standard saline citrate 
(SSC)] with 0.1% sodium dodecyl sulfate (SDS) at 65"C, and exposed to x-ray film for 1 to 4 days. 

tail are present in these clones approximately 
500 bp downstream of the repeat region. 
Therefore, the CTG repeat is contained 
within the 3' untranslated region of this 
DM candidate gene. 

We investigated the relation of both DNA 
polymorphisms to DM by Southern blot anal- 
ysis. Genomic DNA fiom a tod of 280 nor- 
mal and 258 affected individuals from 98 DM 
findies were used in the study. The insertion 
polymorphism in normal individuals can be 
d e t d w i t h  a variety of resmction enzymes 
(Fig. 1). In all ofour affected families, the DM 
chromosome segregated with the larger inser- 
tion allele, which has a frequency of 0.60 in the 
normal population. This strong hkage dis- 
equilibrium suggests that there exists a limited 
number of DM mutations. Alternatively, the 
larger 10-kb Eco RI allele may be somehow 
predisposed to DM mutation. 
- ~ncieases in the size of the variable length 
polymorphism (5, 9, 10) up to 6.0 kb and 
greater were detected (Fig. 2). Nearly 70% 
of individuals with DM (180 of 258) show 
distinct increases in the size of the variable 
length polymorphism by Southern blot 
analysis. Furthermore, almost all DM fami- 
lies (96 of 98) have at least one individual 
with expanded DM alleles. Normal individ- 
uals (280 analyzed) do not exhibit allelic 
expansion. 

Expanded alleles often have a blurred 
appearance on Southern blots (Fig. 2). This 
suggests a somatic cell heterogeneity in the 
size of the expanded alleles similar to that 
seen in the fragile X mutation (6-8, 11). 
Furthermore, preliminary results suggest 
there is a tendency for the DM variable 
length polymorphism alleles to increase in 
size in successive generations of a family and 
that the greater the expansion of these vari- 
able length polymorphism alleles, the great- 
er the clinical severitv of the disease. There- 
fore, genetic anticipation may, in fact, be a 
real phenomenon in DM (2) and may not 
simply be due to ascertainment bias, as 
originally suggested (12). 

To determine whether an increased num- 
ber of CTG repeats is responsible for allelic 
expansion, primers for the polymerase chain 
reaction (PCR) flanking the CTG repeat 
region were derived frbm the DNA- se- " 
quence in Fig. 1. All primer combinations 
produce similar patterns of amplification in 
normal individuals. A substan&l variabilitv 
in the size of normal alleles can be seen wi& 
agarose gel electrophoresis and ethidium 
bromide staining. Polyacrylamide gel elec- 
trophoresis (Fig. 3) revealed that the sizes of 
normal alleles corresponded to variability in 
the number of CTG repeats, ranging from 5 
to 30 (124 normal chromosomes analyzed). 
CTG repeat numbers of 5 and 13 are the 
most common in the normal population 
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(frequencies of35% and 19%, respectively). 
The overall heterozygosity among normal 
individuals is 8 1%. 

PCR amplification of the CI'G repeat re- 
gion of genomic DNA from individuals af- 
f d  with DM reveakd that although the 
udKected alleles are readily amplified, the 
mutant alleles are not usually visible by ethid- 
ium bromide staining and agarose gel elemu- 

Fig. 3. Size distribution of CTG repeats in normal 
individuals. Analysis of 32P-labeled PCR products 
by denaturing aaylamide electrophoresis shows 
repeat lengths ranging from 5 to 28 repeats. The 
most common repeats in the normal population 
(5 repeats, 35%; 13 repeats, 19%) are designated 
by the arrows. Primer 409 (1 kg) was radioac- 
tively labeled with y-[32P]adenosin~aiphosphate. 
CTG repeats were amplified with genomic DNA 
from various normal individuals in standard PCR 
reactions containing 50 ng of both primer 409 
and 410, and 10 ng of radiolabeled primer 409. 
Amplified products were resolved by gel e l m -  
phoresis on 8% polyaaylamide. Dried gels were 
exposed to Kodak X-AR5 film and autoradio- 
graphed at room temperature for 17 hours. Se- 
quencing reactions generated from a control tan- 
plate were used as molecular size standards. 

phoresis. In order to denrmine whether the 
mutant alleles were in fact amplified, a syn- 
thetic (CTG),, oligonudeotide was used to 
probe a Southern blot of PCR products. 
Genomic DNA amplified by PCR from indi- 
viduals with DM showed a distinct smearing 
of the hybridization signal above the normal 
alleles, presumably due to heterogeneity of 
the expanded allele. In contrast, the oligonu- 
deotide probe hybridized only to the normal 
alleles in u n a t T d  individuals (Fig. 4). 

As discussed above, nearly 70% of indi- 
viduals with DM show distinct expansion of 
the variable region by Southern blot analysis 
of genomic DNA. However, most of the 
remaining 30% that do not show allelic 
expansion by Southern blotting show some 
increase in the sizes of the mutant allele by 
the PCR-based oligonudeotide assay. Only 
a few of our DM f d e s  (2 of 98) are 
negative by both types of analysis. These 
f d e s  may represent unique mutations of 
the DM gene that do not involve an increase 
in the number of CTG repeats. 

Occasionally, in DM individuals a faint 
higher m o l d a r  size band detectable by 
ethidium bromide and agacose gel electro- 
phoresis is amplified by PCR. This occurs 
only with DNA from DM individuals that 
show minimal or no visible expansion of the 
10-kb Eco RI or 9.5-kb Hind III allele. 
These bands produce an intense hybridiza- 
tion signal when bound to the (CTG),, 
oligonucleotide (Fig. 4). Selective PCR am- 
plification of these bands followed by direct 
DNA sequence analysis showed no differ- 
ences in the DNA sequence flanking the 
CTG repeat (tiom primer 407 to primer 
409) (Fig. 1) in comparison to normal 
individuals. Only the number of CTG re- 
peats appeared to vary between normal and 
DM alleles, although this was Wcult  to 

Fig. 4. South~m blot w k  of PCR- E l  N N N N N N N N EO €2 E l  E4 €4 EL €2 
amplified genomic DNA from normal (N) I 

% 

and DM-afKkted (E) individuals. South- 
ems were probed with a (CTG),, oligo- 
nudwtide. PCR-am~lified DNA from # 
DM individuals shod  a distinct smearing 
of the hybridization signal, presumably 
due to heterogeneity of the expanded al- 
lele. In wnuast, the oligonudeotide probe 
hybridized only to the normal alleles in (( 
d e c t e d  individuals. Individuals who 
show no expansion (EO) at the Southern 1 2 3 4 5 6 7 0 9 10 11 12 13 14 
blot level show clear expansion with the PCR-based assay (lane 10). In some PCR-amplified samples 
from DM individuals, the hybridization smear produced by the labeled (Cn;) ,, oligonudeotide is faint 
and could be mistaken for that of an una&cted individual (lane 13). However, examination of Southern 
blot analysis of Eco RI- or Hind III-digested genomic DNA probed with pGB2.6 or pGP1.5 reveals 
the p m c e  of a greatly expanded allele (E4) in this individual. Presumably, a greatly increased number 
of CTG repeats is refractory to PCR amplification under the conditions used. Thus, appropriate 
molecular diagnosis of DM should indude both Southern blot analysis of genomic DNA and the 
hybridization analysis of PCR-amplified DNA. Genomic DNA (2 pg) was PCR-amplified with primers 
406 and 409 by a standard protocol and 30 cycles of 94°C for 1 rnin, 60°C for 1 min, and 72°C for 1.5 
min. Amplified products were separated by electrophoresis on 1% agarose gels, nansferred onto nylon 
membranes, and probed with a labeled (CTG),, oligonudeotide. Membranes were washed in 6x SSC 
with 0.1% SDS at 40°C and exposed to x-ray film overnight. 

determine unequivocally because of severe 
compression problems in the sequencing 
gels, a problem similarly encountered in the 
DNA sequence analysis of CGG repeat in 
the fragile X mutation (1 1). However, the 
compression problems were typically evi- 
dent after about ten trinucleotide repeat 
units were sequenced from either strand of 
the mutant allele. These sequencing data, 
combined with the observation that strong 
hybridization smears were produced by 
probing with the (CTG) ,, oligonucleotide, 
suggests that the difference in this region 
between the DM and normal alleles is due to 
the variable number of CTG repeats. 

Our results suggest that DM is caused 
primarily by a mutation or mutations that 
increase the size of a genomic fragment due 
to the amplification of-a CTG rep&. This is 
similar to the trinucleotide repeat mutation 
in fragile X (8, 11) and in X-linked spinal 
and bulbar muscular atrophy (13). Nearly all 
individuals with DM (98%) in our popula- 
tion display an increased number of CTG 
repeats, which can be detected by Southern 
blot analysis of genomic DNA or hybridiza- 
tion analysis of a PCR-based assay or both. 
We have demonstrated that these trinucle- 
otide repeats are located within the last exon 
of the DM gene. This gene has recently been 
suggested to encode a putative serine-threo- 
nine protein kinase, as deduced from the 
DNA sequence analysis of human (14) and 
homologous mouse (15) cDNAs. In light of 
the surprising result that the DM mutation 
is found in the 3' noncodq region of the 
DM candidate cDNA, it will be interesting 
to examine the role of this defect in the 
pathogenesis of myotonic dystrophy. 
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