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ABSTRACT

Myotonic dystrophy (DM) is the most common form of

adult onset muscular dystrophy, with an incidence of mil

in 8500 adults. DM is caused by an expanded number of
trinucleotide repeats inthe 3  '-untranslated region (UTR)
of a cAMP-dependent protein kinase (DM protein
kinase, DMPK). Although a large number of transgenic
animals have been generated with different gene
constructions and knock-outs, none of them faithfully
recapitulates the multisystemic and often severe
phenotype seen in human patients. The transgenic data
suggest that myotonic dystrophy is not caused simply
by a biochemical deficiency or abnormality in the DM
kinase gene product. Emerging studies suggest that
two novel pathogenetic mechanisms may play a role in
the disease: the expanded repeats appear to cause
haploinsufficiency of a neighboring homeobox gene
and also abnormal DMPK RNA appears to have a
detrimental effect on RNA homeostasis. The complex,
multisystemic phenotype may reflect an underlying
multifaceted molecular pathophysiology: the facial
dysmorphology may be due to pattern defects caused
by haploinsufficiency of the homeobox gene, while the
muscle disease and endocrine abnormalities may be
due to both altered RNA metabolism and deficiency of
the cAMP DMPK protein.

THE CLINICAL AND GENETIC FEATURES OF
MYOTONIC DYSTROPHY

and severity vary greatly among family members and between
generations.

Genetic linkage experiments localized the DM gene locus to
chromosome 19g13.3) The DM gene €114 kb and encodes
2.3 kb of mRNA with 15 exons and a protein (CAMP-dependent
kinase) of 624 amino acidd,). Surprisingly, no mutations were
found within the coding region of the DM gene in DM patients.
Instead, the mutation responsible for the DM disease was found in
the 3-untranslated region '(®TR) (6-9). The normal DM gene
contains 5-37 CTG repeats in tHeJIR, while all DM patients
have the repeat expanded from 50 to several thousand CTG
trinucleotides. It appears that most patients have received the mutant
gene from a common ancestor (founder effect). Despite this low
initial mutation rate, the mutant gene shows dramatic changes
between generations of families (meiotic or germline instability) and
also dramatic changes in different cells of any single patient (mitotic
or somatic instability) 10-12). On average the severity of DM
symptoms correlates with the number of repeats in a patjea}. (

The molecular mechanisms leading to triplet repeat instability
have been the focus of intense stuil—17). Progressive triplet
number changes have been reported only for the CTG (CAG), CGG
(GCC) and GAA (CTT) sequenced 8. Recent studies of
replication of repeat sequences in yeast suggest that a replication fork
is formed and that the lagging strand is appropriately single-
stranded, however, repeating triplets autohybridize and form
‘hairpin’ structures 17-19). DNA polymerase can misread the
hairpin (Okazaki fragments would not be bound to the hairpin
structure), leaving a decreased number of triplet repeats on the newly
synthesized strand after replication is complete. The same looping
and hairpin formation appears to play a crucial role in triplet
expansion: once the Okazaki fragments are synthesized on the

Myotonic dystrophy (DM) is a dominantly inherited disorder whichiagging strand, the fragment containing the triplet repeats would
shows a very wide range of presentations and progresSiondtii  form g hairpin structure with itself or loop back onto the template
an incidence dfll in 8500 aduitsy). The eponym derives from the strand. This would triggede novoreplication of the already
adult onset form, which typically presents with distal musclgepjicated triplets from the template strand. Endonuclease would not
weakness (dystrophy) and impaired relaxation of muscle (myotoniga apje to repair this duplication of the Okazaki fragment, rather,
after 20 years of age. The disease is progressive and often leadgger pnA ligation a corresponding repeat expansiauld be

significant disability. Characteristic facial changes are also commogqged to the template strand, resulting in an expansion of the
low-set ears, a hatchet chin and drooping of the lips and eyeligg)|et repeat region. '

(ptosis). Severe cases of adult-onset DM also show a high incidence

of presenile cataracts, testicular atrophy, diabetes, kidney failure apg ANSGENIC MOUSE MODELS OF THE HUMAN

early frontal balding in males. Mental retardation and ‘difficult’D EASE

personalities can also be seen. A second, more severe, congem{a

form of DM is characterized by general hypotonia and respiratofjo test if the triplet repeat alone showed meiotic and mitotic
distress at birth. The congenital disease shows delayed motastability in mice, Moncktort al (20) created transgenic mice
development and mental retardation. In both forms the symptorasing only the 3UTR with 162 CTG repeats. The construct did
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not include the DM gene itself, but only a small region of itavas no parental bias as suggested in the Monckton S0)dNO
3-end. In mice containing a single copy of the transgenevidence of DM phenotype was seen in the mice.
transmission through the female germline showed mild meiotic Although DM transgenic animal models have provided
instability, with a tendency for reduction in the number of repeaisteresting data, they have uniformly failed to reproduce the
(+2 to —7), while in male transmission there was a tendency fmthognomonic clinical features of the human disease, a finding
increase the number of repeating CTG triplets (0 to +7)vhich suggests that they may not be reproducing the molecular
Somatic/mitotic instability was even less evident, with the numbg#athology. They were able, in some cases, to reproduce meiotic
of repeats in different tissues showing little variabilip)( In and mitotic instability, but to a very minor extent relative to the
addition, these mice did not show the DM phenotype. Although thfamatic germline and tissue changes in repeat size seen in
model does not attempt to address the pathophysiology of DM, tiigtients {0-12,21). There have been hints of muscle disease, but
study showed that the CTG repeats themselves can be intrinsicai§ain not nearly to the extent seen in human patieftsy). Are
unstable during meiosis. these differences simply a consequence of the differing physiology

The meiotic and mitotic instabilities observed in these transgerf mouse and human or do they reflect incorrect construction of
mice were much less dramatic then those seen in human patiefiguse models (none are exact molecular replicas of the human
The mice had a pathological repeat of 165, while most humdA¥ mutations). It is important to examine the human disease,
patients have 500 or more repeats. The extent to which rep@Qtth with regard to mherltar)ce patterns and models of molecular
changes are observed may simply be correlated with the lengthRgithogenesis, and determine if the mouse data argues for or
the initial repeat. It is important to note here that the tissue whi@painst any of the possible models.
shows the most dramatic cellular abnormalities in DM patients,
namely muscle, is post-mitotic. Yet it has been well established
that DM patients show a striking increase in length of the repeROMINANTLY INHERITED LOSS-OF-FUNCTION
in their muscle as they agd((21). Thus there must be a
mechanism for repeat expansion in non-replicating post-mitotithe DM gene codes for DMPK, a member of the CAMP-dependent
tissues such as muscle. Here it is interesting to note the sharingefine-threonine subfamily of protein kinasé} (ts catalytic
some subunits of the replication machinery responsible for errg@pmain share&45% identity with theDrosophilawarts gene,
repair with the transcriptional machinery. This suggests that thevdhich encodes a protein that is a tumor supregsprAlthough
may be transcription-coupled DNA repair and that it is thi®nce thought to be tightly membrane bound, new studies have
process that is responsible for the dramatic expansions seerSitpwn that DMPK is more loosely associated with the membrane
post-mitotic cells #2). This issue has not yet been addressed:; aind can form high molecular weight disulfide-linked complexes
studies to date have looked at repeat instability during replicatiof?.6)- The substrates of DMPK and its specific actiongvoare

In an attempt to better understand the pathophysiology amgt known. E>_<per|mente vitro suggest that DMPK phosphorylates
symptomatology of DM itself, Reddst al (23) created DM Muscle-specific voltage gated Nehannels and may regulate the
protein kinase (DMPK) knock-out mice. Surprisingly, theexcitability of muscle cellsZ(7). In addition, T|mchenk_cet al
heterozygote animals showed none of the symptoms characteriSit?'ved that DMPK phosphorylates fisubunit of the dihydro-
of the DM phenotype, suggesting that the dominantly inheriteBYfdin€ receptor voltage-dependeneCeelease channe2§).
human disease is not due to loss-of-function of the gene (haplo-DM patients are heterozygous for the expansion mutation, with

: - . . _Yone normal and one mutant DMPK gene. If the expansion
insufficiency). -Homozygous mice (complete  loss-of-function), utation destroys the ability of the mgutant gene to Sroduce

while normal up to 9 months, did eventually show som . . .
histological evidence of degeneration and fibrosis in muscle, wiﬁ%gc}gﬂ 2&%2?;'2;?e:g?;g;ﬁg?g?; eh ?]:Ldl ;?r!lslﬂ?f?ce.géf, rnliggzl()f
some subsequent muscle yveaknegs. However, the characterﬁ;] e is not enoth protein produced by the normal allele to
plethorg of symptoms associated W't.h. the DM phenotype, such vent biochemical abnormalities (50% is not enough). In this
myotonia, cataracts and loss of fertility, did not develop despitg, | joss of protein production from the mutant allele could be
complete loss-of-function of DMPK. Jansetral (24) approached |

i : y ~ because the expanded CTG repeats in theTR prevent
the same question using an elaborate experimental design:jifyy(a) tailing or interfere with mRNA and/or protein synthesis.

addition to knocking out the endogenous mouse DM gene, theyysistent with this model, most sudies have shown a negative
simultaneously overexpressed the normal human DM gengfect of the repeat on gene transcription and translaB {;
These knock-out/overexpressor mice with multiple copies of theig_ 1). Moreover, studies of patient muscle have shown a
human DM gene also did not develop the characteristic hum@gcrease in the amounts of DM mMRNA and DMPK protein
DM phenotype. However, mice with >20 copies of the humagzp-33). However, there are some major problems with haplo-
DM gene showed signs of cardiac myopathy and reducgfisufficiency as a pathogenetic model. First, one would expect
lifespan, but no changes in the striated musculature. completdoss-of-function to show a much more severe phenotype
Most recently, Gourdoet al (25) made transgenic mice using then haploinsufficiency. On the contrary, knock-out mice show
the complete 45 kb human genomic locus encompassingofly a very mild phenotype2g). Moreover, a human patient
defective DM gene (55 CTG repeats) and two surrounding genégmozygous for DM has been reported and this patient shows the
DMR-N9 and DMAHP (homeobox gene). In this study onlytypical congenital form of the disease4). A second major
6.8% of descendants showed any increase in the number of Cpféblem is more theoretical in nature: DM is one of the most
repeats (meiotic instability). The mice had 1-4 transgene copieklnically variable inherited disorders known; can cells be so
and in most cases only one of the copies showed any CTgxquisitely sensitive to the levels of DMPK protein? If the most
expansion, and then it was very minor (-1 to +6, most commaevere disease is due to having 50% of the normal DMPK level
+1). Both germinal and somatic instability were noted, but therg®% from the mutant allele and 50% from the normal allele) and
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adult onset is due to having 70% of the normal protein level (20% A model where chromatin changes alter the function of several
from the mutant allele and 50% from the normal allele), then thisontiguous genes could account for both the congenital and the
would be the first disorder in any animal showing such dramati&dult onset phenotypes. In congenital DM the greatly expanded
differences in phenotype due to relatively subtle changes @TG repeats could interfere with many contiguous genes, while
protein levels. However, it is possible that haploinsufficiencyhe smaller expansions in adult onset DM would have more
does not apply to the DM gene product alone, but alseestricted effects. As homeobox genes play a primary role
neighboring genes through effects on chromatin structure (sé@oughout development and regulate cascades of events,
next section). DMAHP deficiency could have serious consequences for a
A final problem with the haploinsufficiency model is that mostdeveloping organism, leading to a diverse, though specific,

studies of DMPK mRNA and protein in patient muscle havesymptomatology.

shown far less than 50% of normal leved®,83). This data

suggests that the mutant gene has some effect on the normal aEEFECTS IN RNA METABOLISM ( TRANS-DOMINANT
B

(see section on RNA metabolism). In conclusion, data from A DISORDER)

variety of sources and experimental systems suggest that
abnormal CTG repeat donst cause the disease through simpl

. ®The pathogenetic mechanisms described above assume that the
loss-of-function of the mutant allele.

pathological repeat expansion has a negative (loss-of-function)
effect on transcription of the DM gene. On the contrary, a number
of recent studies have shown that the mutant allele is in fact
DISRUPTION OF NEIGHBORING GENES transcribed and accumulates to levels in total RNA pools which are
(CONTIGUOUS GENE SYNDROME) similar to the normal allele in patient muscle biopsis-%0).
However, the same patients show a significant reduction in DMPK
Expanded CTG repeats have an ability to interfere with the locpbly(A)* RNA levels ¢:8,49). This suggests that the expanded CTG
chromatin structure: Wang and GriffithS) showed that 75-130 repeat interferes with normal splicing or polyadenylatiohil&this
CTG repeats cause an increase in nucleosome assemblyRINA processing defect should still lead to loss-of-function of the
Xenopus borealisin both in vivo (35 and in vitro (36)  mutant allele (haploinsufficiency), one study showed that RNA
experiments nucleosome stability was dependent on the numipeocessing of thenormal DMPK gene was also severely
of repeats, a finding readily explained by hairpin structurelepressed, leading to levels of poly{/&RNA in patient biopsies
formation and autohybridization of the CTG repe&d.(The that were just 20—25% of the levels of that seen in muscles from
unusual nucleosome helix structure could also account for tpatients with unrelated disorde#s$(Fig. 1). This observation led
greater than expected electrophoretic mobility of DNA segments the hypothesis that RNA metabolism may be altered in a more
containing long stretches of CTG and CGG repé&ss ( global manner, with DMPK RNA containing the expansion
This ability of expanded CTG repeats to interfere with the locahutation having a detrimental effect on processing of many
chromatin configuration could affect expression of both DMPKdifferent RNAs {8). Consistent with this hypothesis, abnormal
and neighboring genes. The enhancer and the first exon of tle@els of insulin receptor mMRNA were observed in patient muscle
adjacent more centromeric DMAHP homeobox gene are in clogg1), which could explain the increased insulin resistance seen in
proximity to exon 15 of the DM gene, making them a vulnerablenany patients.
target for regional chromatin change®+41). The expanded A series of recent studies using different experimental approaches
number of CTG repeats could affect transcription from théave provided support to the RNA metabolism defect hypothesis.
DMAHP homeobox gene. In fact, recent experiments showdtis known that RNA—protein interactions are critical for correct
that the level of DMAHP mRNA in fibroblasts and myoblastsprocessing and trafficking of RNA molecules within celig)(
from DM patients is significantly lower than in normal control Some mRNAs have documented localization signals within the
cells @1,42;, Fig. 1). Quantification of the mRNA transcribed 3'-UTR, but the proteins that bind to them are largely unknown
from the mutant DMAHP allele (DM associated allele with Cac8(for a review see 52). A number of studies strongly suggest that
polymorphism) showed that DMAHP mRNA is reduced toabnormal RNA—protein interactions play a role in DM pathogenesis:
10-30% compared with the normal alleld)(or in some cases DMPK mRNA in DM patient fibroblasts and myofibers was
transcription is completely inactivatet?j. Many of the disorders abnormally accumulated in foci within the nucleus (five to
caused by mutations of transcription factors (homeobox, pairddindreds of copies), while the control cells had a cytoplasmic
box) cause disease through haploinsufficienty+45). Fifty  perinuclear localization of the transcrip,63,54). The foci of
percent of the corresponding transcription factor is not enoughBMPK RNA contained non-poly(A)RNA and contained the
fully complete pattern formation and tissue development, leadin@athological repeat@), in complete agreement with the RNA
to dysmorphology. Thus haploinsufficiency of DMAHP causedtudies of Wangt al and Kraheet al cited above48,49). Two
by the repeat expansion could be the cause of the faciacent papers by Timchenkbal have begun to offer molecular
dysmorphology characteristic of DM patients. mechanisms for the abnormal RNA metabolism in BEX6).
Gene 59, upstream of the DM gene, is another candidate tollsing the band shift assay Timcherdtoal isolated a protein,
adversely affected by the CTG repeat expansiogit) The CUG-BP, from Hela cells that binds to synthetic (CEIBNA
mouse homolog of this gene, DMR-N9, is strongly expressed aligonucleotides. Careful analysis of this protein revealed two
the brain, heart, liver, testis and kidney, but not detected in skeletalvel isoforms of a heterogeneous nuclear ribonucleoprotein
muscle {7). If affected by the chromatin changes, alteredhnRNP) of the type called hNab50. The two isoforms were
transcription from gene 59 could account for some of the clinicalubbed CUG-BP1 (49 kDa) and CUG-BP2 (51 kDa). hnRNP
features observed in DM patients: mental retardation, reducedoteins are typically present within the nucleus, where they bind
fertility and kidney failure. to poly(A)* RNAs and are involved in nuclear RNA processing
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of Na+ channels ? Floppiness in C-DM

Figure 1. Processing of DMPK and DMAHP genes within normal and DM cells. In the normal cell, the two DMPK genes are both transétidad,fghecessed
in the nucleus and transported to the cytoplasm where they are bound by specific RNA binding proteins (CUG-BP), andtibéintatie DM protein kinase
(DMPK). DMPK has been shown to phosphorylate muscle-specific, voltage-gated sodium channels, and in this way may regitiédithefthe muscle cell.
Centromeric to the DMPK gene is the DMAHP gene. The DMAHP gene contains a homeobox domain and it is expressed in brdadnthghdseelopment
and through childhood. The presence of the homeobox domain suggests a possible role of this gene in early pattern estetdéii fnemt myotonic dystrophy
patients (DM), the DMPK gene is transcribed from both normal and mutant alleles but the transcripts are largely retathedwdeins. Transcripts from the mutant
DMPK allele are retained within the nucleus because the expanded number of CUG repeats bind and sequestre mRNA trasq@id@r&®). These proteins
are normally cytoplasmic (see ‘normal’), but in patient cells CUG-BP is largely localized within the nucleus, where itierepiritie the processing of other types
of MRNAs. Thigranseffect on RNA metabolism may lead to different symptoms such as endocrine defects or floppiness in congenital DM. to eetditiomgy
the cytoplasmic and nuclear transport proteins within the nucleus, the expanded numbers of CTG repeats wittirartiséaged region of the DMPK gene interferes
with the transcription of the neighbouring DMAHP gene by masking its enhancer that lies within the CTG island. This leadsénl @nount of DMAHP transcript
and decreased amount of DMAHP protein. Haploinsuffiency of the DMAHP protein might be responsible for the signs of dysynarghwiegtal retardation in
DM patients. Finally, the altered RNA metabolism of both the mutant and normal DMPK RNA transcripts leads to deficierizyBktpeotein (<20%), which
could lead to changes in phosphorylation of proteins, and symptoms such as myotonia.

(57,58). Photocrosslinking studies showed that CUG-BP1 andytoplasm. For example, they could be involved both in splicing
CUG-BP2 were able to preferentially bind theUIR of of mRNAs containing (CUQ)repeats and in their transport.
poly(A)* DMPK mRNA, suggesting that these hnRNPs might be The only protein other than the CUG-BPs that has been shown
transcript specific or interact with only a subset of mRNAsto bind RNA triplet repeats is thep RNA binding attenuation
Further band shift assay studies showed that CUG-BP1 proteirpisotein (TRAP) oBacillus subtilisand its close relativBacillus
predominantly in the cytoplasmic fraction and CUG-BP2 ipumilus (for a review see 59). Tryptophan-activated TRAP
predominantly in the nuclear fraction within normal lymphoblaststegulates expression of thgsubtilis trp operon at both the
However, in DM lymphoblast lines the amount of CUG-BPltranscriptional and translational levels by binding to 11 (G/U)AG
declined in the cytoplasmic fraction, while CUG-BP2 shiftedrepeats present in the untransldtpdperon leader. In addition,
localization from the cytoplasmic to the nuclear fraction.TRAP regulates translation of the unlinkgals gene by binding
Although the function of CUG-BP proteins is not clear at presentp nine triplet repeats. However, the trinucleotide repeats in the
it is likely that they could function both in nuclei and theTRAP binding targets are not contiguous, as is the case for
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CUG-BP/hNab50, rather the repeats are usually separated by 2epeats leading to the disorder. Although we know more about
3 nt. TheB.subtilisTRAP complex is composed of 11 identicalthis disease than ever, many aspects of the pathophysiology
75 amino acid subunits arranged in a single ring. This consistsmaimain elusive. We believe that the full pathophysiology of DM
11 seven-stranded antiparafietheets, with each sheet composedand other triplet diseases) is a complex process, probably to some
of four B-strands from one subunit and thfietrands from the degree involving most of the above-described mechanisms.
adjacent subunit. This novel protein structure has been termed the

B-wheel G0).

Recent evidence indicates that the TRAP RNA binding domaﬁEFERENCES
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