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Abstract

Reeently, the molecular basis of myotonic dystrophy (DM) has been characterized as an
unstable trinucleotide C’l‘GI‘ repeat amplification in the 3° untranslated region of a gene
encoding a protein with serine/threonine Kinase activity. As a first step towards understanding
the molecular mechanisms underlying DM, we have analyzed the amplification of the CTG
repeat and the DM kinase (DMK) mRNA steady state levels in tissues and cell lines obtained
from normal and congenital DM individuals. Southern blot analysis qf DNA samples from a
severely alfected nconate showed somatic heterogeneity of the CTG repeat in all tissues
analyzed. Interestingly. RNA slot blot experiments on these tissues combined with a PCR-based
expression analysis designed to look at transcripts derived from the mutant allele, showed a
marked increase in DMK steady state mRNA levels relative to control. This demonstrated that
the mutant DMK allelc was expressed regardless of the number of CTG repeat and that the
increase in DMK mRNA levels was due to elevated mutant mRNA levels. These results
suggested that the dominant inheritance pattern of’ DM could be due to elevated DMK levels.

As these studies were ongoing, other groups reported under-expression of the mutant
allele, as well as ﬁp- and down-regulation of the normal DMK mRNAs as an effect of CTG
amplification in DM patients. Furthermore, using a variety of DMK anti-peptide antibodies,

reduced levels of a 54 kDa protein in affected tissues had been reported. The size of this

| | .
reactive species is significantly smaller from that predicted by the full length cDNA sequence

(about 70 kDa). Furthermore, data from our laboratory and others have demonstrated that the

. ‘ ;
54 kDa protein previously shown to react to DMK anti-peptide antibodies is not a product of



the DMK gene. We have, therefore, raised polyclonal antibodies against human DMK fusion
protein and undertook DMK protein expression analysis in freshly sampled musele tissues {rom
normal and DM individuals. Our antibody detected DMK protein isoforms off 72 and 84 kDa.
for which the levels and .distribution‘ were not signiticantly altered in tissues from adult and
congenital DM patients. In addition. we have demonstrated that the previously rcpnrtcd
decrease in DMK mRNA expression in affected tissues may be the result of a signilicant loss
of type | myofibers. whic'h preferentially express DMK, In contrast to previous reports, our
results also showed that the mutant DMK allele was clearly transeribed as a high molecular
weight mRNA in muscle tissue of a severely affected patient. These abservations raised the
interesting possibility that the basis for the dominant inheritance pattern of DM may not
involve the DMK product, but rather, may be mediated dircetly by a dominant eftect, through
the expanded CTG repeat in the 3° UTR.

Taken together, cur data then showed that the mutant mRNA was over-expressed in
muscle tissues from affected individuals but that the total levels of DMK protein in these
tissues remained relatively unchanged. In agreement with this, Tancja et al., (1995) reported
that mutant DMK mRNAs accumnulated in the nuclei of fibroblasts and muscle cells derived
from DM patients while the normal transcript did not, suggesting that the mutation alters the
normal .l processing and/or rrietabolism of the mutant DMK mRNA. Therefore, CTG
amplification may increase the steady state mRNA levels of the mutant DMK transcript and
alter its export from the nu(.;leus, whereby the total levels of DMK protein, translated mostly

from the wild type mRNA, remain relatively constant. Therefore, our working hypothesis was



that this accumulation of DMK mRNA (and possibly DMK protein) could alter the normal
physiology of muscle cells in vivo.

The observation that individuals with the most severe congenital form display a marked
delay in muscle development in vivo was used to test our hypothesis in an in vitro skeletal
muscle differentiation system. Initially, in order to gain insight into the role of DMK during
myogenesis, we have examined DMK expression during muscle differentiation in vitro and
subsequently investigated the effect of DMK ovérsexpression on the terminal differentiation
ol the murine myoblast cell line C2C12. We demonstrated that DMK is up-regulated 2 to 3-
fold during skeletal myogenesis and that constitutive cver-expreésion of DMK mRNA in
myoblasts caused a marked inhibition of myoblast terminal differentiation. Surprisingly, this
activity mapped to the 3’UTR of the DMK transcript. When the DMK 3’UTR was placed

downstream of a hygromycin resistance gene, the same inhibition of myogenesis was observed.

Differentiation and proliferation are considered to be mutually exﬁlusive (reviewed in
Olson et al., 1991). However, over-expression of the DMK 3’ UTR in NIH 3T3 fibroblasts did
not have any effect on their proliferation, suggesting that the 3’ UTR does not prevent cell
cycle withdrawal and differentiation by promoting growth. Further characterization of the 3’
UTR sequences mediating the observed inhibition of terminal differentiation mapped these
. elements to a 239 bp conserved segment of the 3’ UTR located upstream of the CTG repeat.
Furthermo;e, the DMK 3’ UTR did not have any significant effect on the activity of the

myogenic regulator MyoD when co-transfected into 10T1/2 celis along with a reporter

iii



construct bearing a muscle specific enhancer element, This suggested that the 3° UTR did not

interfere with the ability of MyoD to transactivate muscle-specific genes. However, when the

mRNA levels for two other early myogenic regulators were analysed, myoblast clones over-

expressing the 3’'UTR expressed normal levels of MEF-2C | but showed redueed myogenin

| mRNA levels compared to controls, following the induction of dilferentiation. In addition, in
contrast to controls, myogenin protein levels \chc found to be unchanged during myogencsis

[in these clones. These data suggested that over-expression of the DMK 3° UTR may alter the '

expression of specific mRNAs leading to a delay in terminal differentiation.

Therefore, CTG amplification in the DMK 3’ UTR may alter the nuclear metabolism

of the mutant DMK transcript causing its accumulation in muscle cell nuclei, which may then

affect a wide range of physiological processes such as differentiation and the excitation-

contraction coupling mechanism in myofibers.
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Chapter I: Introduction
The molecular basis of Myotonie Dystrophy

1. Clinical presentation of’ Myotonic Dystrophy

Myotonic dystrophy (Dystrophia Myotonica; DM) or Curschmann Steinert
discalsc is the most common inherit‘ed form of adult ﬁcuromuscular discase and affects
1 in 8000 individuals globally‘ (Harper, 1989). Cz;nadians have the highest reported
incidence of DM with frequencies of 1 in 529 in some regions of Quebec (Mathieu et
al., 19963. DM is a multisystemic, autosomal dominant disorder for which affected
individuals present with a wide range of symptoms (reviewed éxtensively by Harper,
1989).

There are two clinically distinct forms of DM, an adult onset and a congenital
form. Affected adults present mainly with myotonia, a delay in muscle relaxation, and
muscle weakness and wasting. These typically involve the muscles of the face, jaw,
neck, arms and legs. Furthermore, adult patients freguently display cardiac conduction
defects, premature balding, cataracts, retinal degeneration, gonadal atrophy and mental
retardation.

The clinical presentation of congenital DM, the most severe f‘orm of the disease,

differs significantly from the adult form (Vanier, 1960). Affected neonates suffer from



marked hypotonia. feeding difficultics and respiratory  distress. Mental impairment
ensues in the children that survive the neonatal period. In the surviving patients, an
improvenient is noted during childhood, lollowed by a gradual deterioration during
adolescence with the development of symptoms characteristic of the adult onset.
Congenital DM has been observed to be exclusively transmitted by affected mothers
(Mulley et al., 1993). Whether specific maternal factors contribute to the development
of the congenital DM phenotype remains to be clucidated.

Histological studies and protein profile analyses on muscle tissues {rom
congenital DM children have demonstrated an abundance of satellite myoblasts and
altered expression of mature muscle-specific protein isoforms, suggesting impaired
muscle terminal differentiation (Sarnat and Silbert. 1976; Farkas-Bargeton et al.. 1988:
Soussi-Yanicostas et al., 1991). Observations. indicative of developmental delay have
qlso been reportéd for other organs such as brain and kidneys (Younglcl al., 1981).

DM individuals have been observed to present with highly variabl:c phenotypes
ranging from an assymptomatic condition to the most severe and frequently fatal
congenital form. Furthermore, within families, genetic anticipation (an incrcasc in
disease severity in successive generations) has been associated with DM (Howeler ct
al., 1989). Before the cloning of the genetic defect responsible for DM, these

phenomenon were not understood.



2. Cloning of the molecular defect underlying DM

Prior to the idemificati‘on of the DM gene, the function and properties of the
corresponding protein were unknown. Therefore, the identification of the molecular
dcl‘cét underlying DM was achieved through positional cloning (revieWed,in Shutler,
G.G., Ph.D thesis, sﬁbmitted to the department of Microbiology and Immunology,
Ul1ivefsily of Ottawa). Initial genetic studies had mapped the DM gene to the long arrﬁ
of chromosome 19 (Hulsebos et al., 1985; Myklebost and Rogne, 1988; Smit et al.,
1988). Later, using specific RFLP analysis, the DM locus was ﬁore precisely mapped
td subregion q13.3 of chromosome 19 (Schonk et al., 1989). Follow_ing extensive
genetic and physical mapping the essential genomic region containing the DM gene was
bracketed by two genetic markers, ERCC1 (Smeets et al., 1989) and. X75b (Jansén et
al., 1992a), and subsequently cloned in a 700 kbp contig derived from overlaﬁping
cosmids and vyeast artificial chromosomes (YACs) (Aslanidis) et al., 1992; Jansen et al.,
1992a; Shutler et al., 1992). Using sequence analysis of patient DNA, candidate genes
comprised within this region were screened for mutations in order to identify the DM
~gene. The observation that single copy probes derived from the candidat: region
revealed an unstable genomic fragment in DNA from DM individuals greatly facilitated
the search for the DM locus (Aslanidis et al., 1992; Buxton et al., 1992; Harley et al.,
1992a; Mahadevan et al.,' 1992§ Fu et al., 1992; Brook et al., 1992). Indeed, in DM

individuals, this genomic segment was found to increase in length, beyond the predicted



size for the normal allele. Further characterization of the genomic region and
corresponding ¢cDNA clones revealed that this increase in size observed in DM patients
- was due to the amplification of a CTG trinucleotide repeat in the 3° UTR of the gene.

The amplification of this trinucleotide repeat in affected individuals forms the molecular

basis for DM,
3. The DM mutation

Analysis of genomic DNA from normal individuals has shown that the CTG
repeat is polymorphic in the normal population, ranging from 5 to approximately 40
repeats (see review by Wieringa, 1994), HoWever, beyond 40 and up to 80 repeats, no
or minimal symptoms, such as cataracts, can be. observed. Furthermore, these alleles
" have been observed to remain fairly stable during transmission to offspring (Barcelo et
al., 1993). Although some cases of mutation reversions have been reported (O’Hoy ct
al., 1993; Brunner et al,, 1993; Shelbourne et al., 1992), expansions cxceeding 80
repeats have been found to be extremely unstable anFl observed to incrcasc in sizc
during transmission in successive generz_ttions. The degree of expansion has been
inversely correlated with the age of onset and positively correlated with the severity of
the disease (Tsilfidis et al.,, 1992; Harley et al., 1992b), suggesting that the obscrv‘cd
genetic anticipation is a true phenorpenon in the case of DM.

individuals that present with classical DM carry CTG expansions ranging from

4



80 to approximately 1000 repeats. In the case of congenital DM individuals, CTG
amplifications have been observed to vary between ‘500 and over 2000 repeats.
Significant overlap has been demonstrated between DM patients with respect to CTG
repeat length, making it unreliable as a prognostic criterion (ilqﬂey et al,, 1992b;
Thibault ¢t al., 1993). Remarkably, the sizc of the repeat shows significant
heteropeneity upon genomic DNA analysis of affected individuuls, suQ,gestjng that the
repeat’is mitolicﬂly unstable (Aslanidis et al., 1992; Buxton et al., 1992; Harley et al..
1992a). Significantly, the length of the repeat in skeletal muscle and other tissues has
been found to be consistently larger than that of peripheral blood leukocytes (Thorton
ct al., 1994; Anvret et al,, 1993) supporting the hypothesis that mitotic instébility
contributes to the observe:i heterogeneity within and between tissues. Interestingly,
when sperm DNA from affected fathers was compared to blood DNA isclated from
their oftspring, no overlap in repeat size was 6bserved, suggesting that the repeat can
also be meiotically unstable during gametogenesis (Jansen et al., 1994).

During intergenerational transmission, genetic studies have demonstrated that
maternal transmissions give rise to much greater expansions in the next generation when
compared to offspring of fathers bearing similar initial repeat length (Harley et ai.,
1992b; Lavedan et al., 1993). One explanation for this difference is that sperm cells
bearing large expansions are not viable or give' rise to non-viable embryos (Mulley et

al., 1993).



4. Structure of the DM sene and its encoded product

Characterization of cDNAs and cosmid clones containing the DM locus revealed
sipnificant homology .bctwecn the DM gene coding sequence and members n'l‘ the
serine/threoninc kinase family (Brook et al.. 1992: Fu et ai.. 1992: Mabadevan ot al.,
1993b; Jansen st al., 1992b). For this reason, the DM protein will now be reterred
a:‘; the DM kinase throughout this thesis (DMK Sabourin ct al., 1993; [\‘l{lil{ltlc\'illl el
al., l993b). The 'DMK_ gene is comprised of 15 exons and is highly homologous (more
than 90%) to the murine gene (Mahadevan et al., 1993b: Jansen et al., 1992b). Both
proteins share 86% identity and 90% sirmilarity at thc-uminﬁ acid level, The N-terminal
first exon encodes a leucine rich rcgion. presumably il‘;VOlVQd in protein-protein
interaction. The kinase catalytic domain is encoded by exons 2 to 8 and displays all the
signature motifs of serine/threonine kinase family members (Hunter, 1987; Hunter and
Sefton, 1991; Kemp and Pearson, 1990). However, DMK shows more significant
homology to protein kinase A and C (Brook et al., 1992; Fu ct al., 1992;Jansen et al.,
1992b). In agreement with this, serine/threonine-specific kinase activity has been
demonstrated m vitro on histone H1 substrate (Dunne ct al., 1994). Following the kinase
region, a domain with a predicted «-helical coil structure homologou§ to those found
in myofibrillar proteins is encoded by exons 9 through l2 Except for a predicted

hydrophobic domain in exon 15, the remaining 3 exons do not show any similarity to



any known polyvpeptides. The polymorphic CTG trinucleotide repeat is also found in
exon 15, Interestingly, the mouse pene displays an  imperfeet  rvepeat  (5°-
CrGCTGCAGCAGCTG-3%) which has not been {ound polymorphic in mice (Jansen
ct al., 1992b).

Various human DMK ¢DNAs representing different alternatively spliced variants
have been isolated (Fu et al., 1992; Jansen et al.. 1992b; Mahadevan et al., 1993b). In
addition w0 the Tull lenpgth ¢DNA  encoding a protein with a prcdicfcd size of
approximately 70 kDa, ¢cDNAs corresponding to the splicing of exons 13 and 14 have
been cloned. The predicted size of this isoform is approximately 10 kDa smaller (about
60 kDa) thun the one encoded by thé full length mRNA. Additional isoforms have becn
detected in murine libraries or by RT-PCR of human muscle RNA (Jansen et al.. 1992b;
Fu et al., 1992). However, the mRNAs cncoding these putative isoforms can only be
detected by RT-PCR, supgesting that they might represent intermediates trom

incomplete heteronuclear RNA processing.

5. Trinucleotide repeats and genelic diseases

?

Several other important dominant genetic diseases have been shown to be
associated with trinucleotide repeat amplification (see table I). The fragile-X mental
rctardation syndrome (FRAX-A) has been demonstrated to involve the expansion of a

CGG trinucleotide repeat in the 5° UTR of the X-linked FMR-1 gene (Verkerk et al.,



Table 1-1.

Machado-Joseph CAG

Myotoﬁic Dystrophy CTG

Condition Repeat

sequence
FRAXA CGG
FRAXE CGG
FRAXF CGG
FRA16A CGG
Kennedy CAG
Huntington CAG
SCALl CAG
DRPLA CAG

Repeat

localization

S'UTR
?
?
?

ORF
ORF
ORF
ORF
ORF

3'UTR

Dynamic mutations with triplet repeat expansion

Repeat
number
large (200-1000)
large (200-1000)
large (300-500)
very large (1000-2000)

small (<100)
small (<150)
small (<100)
small (<100)
small (<100)

very large (200-4000)




Table 1-1. Dynamic mutations with triplet repeat expansion showing the repeat sequence
and localisation within the respective gene. Reproduced from Willems (1994).



1991). Similarly, other X-linked syndromes, FRAX-E (Knight et al., 1993), FRAN-I
(Parrish et al., 1994) and FRAI6A (Nancarrow et al., 1994) are associated with the
amplification of a CGG repeat. However, these diseases have not yet been demonstrated
to involve any specific transeribed sequcﬁccs (Willems, 1994), In FRAX-A, CGG
amplification induces hypermethylation of these CpG residues and causes transeriptional
repression of the FMR-1 gene (Pieretti et al., 1991; Bell et -ul.. 1991 Sutelifte et al.,
1992).

Other genetic defects such as Kennedy’s disease, or X-linked spinal and bulbar
muscular atrophy (SBMA; LaSpada et al., 1988), and Huntington's discu;;c (HD: The
HD Collaborative Research Group, 1993} involve the amplification ol a CAG.rcpcul.
Similarly, spinocerebellar‘ ataxia type 1 (SCAIl; Orr ct al., 1993), dentatorubral
pallidoluysian atrophy (DRPLA; Koide et al,, 1994; Nagafuchi ct al., 1994) and
Machado-Joseph disease (Kawaguchi et al., 1994} are also caused by the expansion ol
a CAG repeat. In contrast to DM and fragile-X, these penetic discases are associated
- with the amplification of a trinucleotide repeat in the coding region ol their respective
genes, resulting in the lengthening of a polyglutamine tract. Furthermore, the degree of
these expansion are markedly less than what has been obscrved for DM or fragile-X
syndromes (see review by Wieringa, 1994)

‘The effect of CAG expansion on protein function or activity is unknown,
However, as longer polyglutamine tracts appear to increase the lransactivalion.al aclivity

of transcription factors (Gerber et al., 1994), it has been postulated that CAG expansion



causes a gain of function of the respective protein (Housman, 1995). Although unstable
in humans, mutant alleles derived from SBMA patients were found to be stable in
transgenic mice bearing mutant human cDNAs (Bingham et al., 1995). suggesting lhﬁt
the chromosomal location of the mutation or specific trans-acting lactors uniqué to

human cells may affect its stability.
Functions of 3’ untranslated regions (UTR).

The presence of the DM mutation in the 3° UTR may alter one or several of the
functions mediated by 3° non-coding sequences. These include the contro! of mRNA

metabolism, translation or transport.

1. Control_of mRNA_stability

The 3' UTR of mRNAs have been demonstrated to play important roles in the
regulation of translation (see Jackson, 1995; Curtis et al., 1995 for review), mRNA
metabolism (reviewed by Belasco and Brawerman, 1993) and in the control of growth
nnd differentiation (Rastinejad and Blau, 1993; Rastinejad et al., 1993; Sabourin et al.,
submitted). More importantly, numerous studies involving mRNAs with short half lives,
have helped to delineate t.he RNA sequences and the corresponding binding factors that

control mRNA degradation. Although coding elements have been mapped, most stability

*
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determinants have been shown to reside in the 37 UTR of labile mRNAs and to function
as stability determinants or turnover clements.

The steady state levels of a given mRNA are determined by the equilibrium
between the rate of synthesis and the rate of degradation tor that mRNA. Lixtensive
studies on specific mRNAs such as estrogen-regulated mRNAs and carly growth
response genes, including the proto-oncogencs e-fos and c-mye have provided insights
into the mechanisms that govern mRNA turnover. Thc analysis of cell eycle-repulated
genes such as histone H3 and the transferrin receplor have also uncovered important
RNA staBility determinants and novel RNA binding proteins, These stability elements,
involved in the control of mRNA degradation, have been mapped (o the 3° UTR of
these mRNAs.

Vitellogenin mRNA levels have been shown‘ to be ﬁcstabilizcd upon estrogen
treatment of chick liver cell cultures. However, estrogen has been dcmonslrali:d o
stabilize other mRNAs in the same system {Brock and Shapiro, 1983). The hormone-
induced destabilization has been found to be mediated through the 3’ UTR of the
vitellogenin mRNA by inducing a degradative activity. Similarly, other ilt)rtnoncs such
as glucocorticoid are known to affect the stability of several mRNAs through 3* UTR
sequences. Elements in the 3° UTR of hormone-rcgulated mRNAs have been
demonstrated to specifically bind protein factors of 60 kDa and 34 kDa involved in the
control of mRNA stability (Belasco and Brawerman, 1993). However, these faclors

have not yet been characterized. The activity of the protein factors involved in the
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control of mRNA stability have been shown to be regulated, in part, by agents that act
through protein kinase C and A, which are important components of signalling
pathways.

The mRNAs encoding the proto-oncogene c¢-fos and c'-r:;yc have been more
extensively studied and the sequence elements mediating the control of their degradation
have been mapped. .When arrested fibroblasts are stimulated with growth factors such
as platelet dcrived growth factor (PDGF), phorbol esters (PMA)‘ or high serum, early
growth response (EGR) genes are rapidly induced, owing to an increase in their
transcription rate and stability (Greenberg and Ziff, 1984; Cochran et al., 1983; Lau and
Nathans, 1987). Shortly afier stimulation, the steady state levels of these transcripts
decline sharply. This decrease in mRNA levels is known to be mediated by turnover
determinants, termed AU-rich elements (ARE) in the 3° UTR of these mRNAs (Belasco
and Brawerman, 1993). These sequences have also been identified in the short-lived
mRNAs of several cytokines. Sequence swapping experiments have shown that AREs
do not affect the transcription rate of the genes in which they are found, but instead,
they cause a dramatic decrease in the half-life of the corresponding mRNA, suggesting
that they act as destabilizing sequences (Bonnieu et al., 1990; Kabnick and Housman,
1988; Treisman, 1985). Whereas some AREs, upon PMA treatment, enhance the
degradation of certain mRNAs like c-fos, other AREs will induce the stability of other
transcripts such as granulocyte-macrophage colony ‘stimulating factor (GM-CSF),

suggesting the existence of two classes of AREs. Refined deletion analysis of AREs has
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revealed that regions flanking the AU-rich scgment are also important in the control of
mRNA stability, suggesting that these sequences may be important in the preservation
of RNA sccdndary structure. Removal or mutation 61‘ the ARE in c-fox has little eftect
on its decay rate following growth factor stimulation, sugpesting that other determinants
may act in concert with the AREs. Supporting this. stability determinants have been
identified in the coding rcgion of ¢-fos and c-mye (Treisman. 1985 Wisdom and Lee,
1991). Importantly, mRNA degradation through the ARE is dependent on protein
synthesis, suggesting that the binding factors lﬁediming decay are labile or induced upon
“stimulation of arrested cells. |

Several factors binding 3° UTR AREs have been characterized. Interestingly,
although they all bind AREs, these factors have been showﬁ to have differential afTinity
for the various AREs. The ARE-binding protein AU-B/C shows high allinity for
lymphokine ARE but not to ¢-myc, whereas another factor, Auf, binds both ARE and
stimulates the decay of c-myc. Interestingly, AU-A binds both types of ARE in the
nucleus of stimulated cells.

3’ UTR stability determinants are also known to be important in the control of
the cell cycle-regulated transferrin receptor (TfR) and histone H3 (l—l3“) mRNAs. The
steady state levels of TfR mRNA are known to be regulated by intracellular iron. Iron
depletion induces a 10 to 20-fold increase in TFR mRNA stability (Mullner and Kuhn,
1988). This increase is mediated by conserved 3 UTR sequences lermed iron

responsive elements (IRE; Mullner et al., 1989). Upon iron starvation, the [RE has been
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demonstrated to bind a 69 kDa iron-sulphur [RE-binding protein (IREBP) which
dramatically increases the stability of the (fR mRNA. Interestingly, IREs have been
found to function in the same manner when placed downstream of heterologous
mRNAS, suggésting that they are sufficient to mediate mRNA stability under cqnditions
of iron depletion.

Al the end of cach S phase of the cell cycle, histone mRNAs are rapidly
degraded and cells proceed to M phase. The cell (;ycle-regulaled degradation of H3 also
involves a stem loop structure at the 3 end of the mRNA. However, the depradation
of replication-regulated histones is dependent on the position of this loop relative to the
termination codon. A protein factor, stem loop binding protein (SLBP) has been
identified that binds the loop during S phase. Following tﬁe completion of DNA
synthesis, SLBP is modified and that triggers the degradation of histone mRNAs,
suggesting that SLBP promotes histone mRNA stability by masking a nuclease attack
site in the 3° UTR during S phase (Belasco and Brawerman, 1993).

It is now well do::umented that the 3° UTRs play important functions in the
control of mRNA stability. This is accomplished in frans by the binding of distinct

protein factors to specific sequence elements found in the 3° UTR of mRNAs.

2. 3" UTRs and translational control

The control of mRNA translation occurs, for the most part, in the 5 UTR of
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most mRNAs. However, recently. the 3° UTR of mRNAs have been implicated in
important aspects of translational control. For instance, the existence of a poly-A tail
appears to dramatically increase translational efticiency. This is thought to be mediated,
in part, by the binding of the poly-A binding protein (PABP) o the poly-A tail (Keller,
1995; Jackson, 1995; Curtis et al.. l9l95). The binding of’ PABP scems to lacilitate the
assembly of the 60S ribosomal subunit and its subsequent inicracliun with lhc-cmSl
subunit. In addition, the binding of the PABP complex to the puwiy-A il uphcurs to
protect the mRNA 3" end from degradation (Sachs. 1993: Beelman and Parker, 1995).

The formation of the poly-A tail during transcription rcquirc# the activity of
several protein factors. Poly-A polymerization is mediated by the cooperative interaction '
of the cleavage and polyadenylation specificity factor (CPSF) and the cleavage
stimulatory factor (CstF). These proteins form a stable complex on the canonical
AAUAAA polyadenylation signal of pre-mRNAs. Subsequent to the interaction ol
CPSF and CstF, the poly-A polymerase (PAP) is required for polyadenylation. This
elongation step is facilitated by auxiliary proteins such as the poly-A binding protein
II (PABP II; Manley and Proudfoot, 1994)

The extent of polyadenylation has been shown to be a comrqlling slep in gene
expression. In both X. laevis and mouse, changes in the length of poly-A tails on certain -
maternally derived mRNAs are known to occur in the cytoplasm during oocyte
maturation and early development (Curtis et al, 1995; Jackson, 1995). Prior to

translational activation, maternal mRNAs have a short poly-A tail and are "masked” by
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protein factors that prevent their translation. Significantly, these masking elements are
found in the 3° UTR of developmentally regulated mRNAs. During both cogenesis and
embryogenesis, the translational activity of specific mRNAs is regulated by the poly-A
tail length, nhd specific sequences in the 3° UTR have been shown to control
polyadenylation. Therefore, 3’ UTR sequencés can repress or activate ("unmasking")
translation by modulating the length of the poly-A tail, thus regulating translational
efliciency. At the onset of maturation, the poly-A tails of some mRNAs are elonggted,
allowing "unmasking”" and translation, Cytoplasmic polyadenylation requires two
scquencc' elements: a U-rich c&toplasnﬁc polyadenylation element (CPE) and the nuclear
polyadenylation signal AAUAAA. Furthermore, precise spacing between the CPE and
the poly-A signal is required for efficient extension of the poly-A tail. Iﬁ the absence
of these 3° UTR motifs, no poly-A elongation occurs and the mRNAs remain
translationally repressed. The presumption is that protein-RNA interactions at the CPE
or other 3° UTR elements regulate the changes in poly-A tail length. Other specific
sequences, distinct from the CPE have been identified in the 3° UTR of several other
developmentally regulated genes sﬁch as the reticulocyte-specific 15-lipoxygenase
mRNA (Ostareck-Lederer et al., 1994). These novel elements .are composed of tandem
repeats of a pyrimidine-rich motif, ca_lled R sequence that mediate translational
repression. Therefore, the combination of "masking" elements and CPE (and others) in
the 3’ UTR of mRNAs likely contributes to the tight reéulation of mRNA translation.

Efficient translational control has also been demonstrated for maternal mRNAs
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that are not subject to poly-A tail elongation. For example. nanos (108) mRNA locatizes
to the posterior pole during oogenesis in Drosophila (see section below on mRNA
localizatioﬁ). During early development, nos protein is 0|1l_\" translated  from the
localized mRNA (Gavis and Lehman, 1994; Curtis et al.. 1995). Scquences that mediate
the translational repression of nos have been mapped to the 37 UTR of the mRNA, 1t
has been proposed that a uniformly distributed repressor inhibits the translation ol
unlocalized nos RNA. Similarly, oskar mRNA localization and translation are nw.dialc‘d
through se‘quences in its 3" UTR ‘and like nos, oskar translation and localization are
coordinately regulated. During embryogenesis nos protein represses translation of the
maternal hunchback (hb) mRNA. Sequence motifls, the nos response clements (NRE),
in the b 3’ UTR are necessary and sufficient for nos-mediated translational repression.
During the production of sperm cells or eggs in the C. elegans hermaphrodite, a similar
mechanism may be operational during cell-type switches (Hodgkin, 1987).

Finally, translational repression through an mRNA antisense type mechanism has
been observed in C. elegans. The association of a small non-coding complementary
mRNA (/in-4) with repetitive elements in the 3° UTR of lin-14 has been dcponstralcd

to regulate its translation (Curtis et al., 1995).

‘3. mRNA depradation: role o"f the 3° UTR

The degradation of mRNAS is a crucial step in the control of gene expression.
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As discussed above, distinet sequences can mediate the specific breakdown of certain
mRNAs through the binding of sequence-specific factors. The degradation of mRNAs
can occur through two independent mechanisms: deadenylation-dependent or -
independent decays. During deadenylation-independent decay. endonucleolytic cleavage
(or 5’ decapping) of the mRNA occurs, usually within a region that harbors a stability
determinant, and rapid degradation of the intermediates follows by an cxoquclease
activity (Sachs, 1993; Beelman and Parker, 1995). This type of decay seems to control
the degradation of the TR mRNA, where endonucleolytic cleavage appears to occur
in the 3f UTR, in the region containing the IRE. Therefore, binding of the IREBP may
act to protect the mRNA from nuclease attack. In c;ontrast, deadenylation-dependent
decay involves the shortening of the poly-A tail as the rate limiting step of the pathway
(Beelman and Parker, 1995). Several stu'clies have demonstrated that RNA sequence
clements such as AREs may stimulate deadenylation of unstable mRNAs, making these
shortecned -mRNAs good targets for subsequent degradation steps (Belasco and
Brawerman, 1993). It would then appear that specific 3° UTR sequences can enhance
deadenylnation activity, which is a prerequisite for the decay of certain class of
mRN/'\s._mRNAs are not degraded until the poly-A tail are shortened to 10-12 residues.
This presumably causes a loss of PABP binding which appear to prbtect the 3’ end of
polyadenylated mRNAs from degradation. 'l;he ribonucléase involved in the shortening
of poly-A tails has been purified from yeast. This poly-A nuclease (PAN) requires a

protein-RNA complex as a substrate (Manley and Proudfoot, 1994). PAN deadenylation

’
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activity in vitro can be regulated by 3° UTR clements off the polyadenylated substrate
mRNA, possibly through the AREs or other destabilizing sequences. Following
deadenylalimi. processes such as decapping, 57— 3" as well as 3°= 57 deeay have been
observed to occur for some mRNAs, suggesting that the stimulation ot deadenylition
of mRNAs through specific 3" UTR sequences is the lirst vate limiting step in the decay

of certain mRNAs. -

4. Role of the 3° UTR in mRNA localization.

Twelve years ago, it was demonstrated that actin mRNA :5 enriched in the
myoplasm of Ascidian eggs (Jeffrey ct al., 1983). Since then . many mRNAs have been
demonstrated to localize to specific sites within cells. such as fibroblusts. myoblasts,
neurons, or specific cell population within developing embryos. It is presumed that
mRNA localization is an efficient way to target protein cxprcssio'n and to avoid protein
translocation. which requires more energy than RNA transport.

Most of our knowledge on mRNA localization comes {rom numerous studies.
involving Drosophila and primary cell cultures (reviewed in St-Johnston, 1995). Several
of these studies have demonstrated that the localization of mRNAs is mediated by
determinants found in their 3 UTR. For example, when f3-actin mRNA localization is
disrupted using antisense oligonucleotides directed against the localization signals in the

3’ UTR, B-actin protein is no longer concentrated at the leading edge of migraling
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fibroblasts (Kislauskis et al., 1994). mRNA localization in the Draosophila melanogaster
oucyte plays an important role in the generation of polarity. More than ten maternal
mRNAs have been found to loealize to specific regions of the oocyte. Messenger RNAs
such as gurken localize to the dorsal anterior corner of the vocyte. Similarly. oskar
mRNA localizes to the posterior pole of the egg. Another class of maternal mRNAs that
are localized in the oocyte includes hicoid and ranos which are anchored at the anterior
“and posterior poles, respectively, and act as localized sources of diffusible proteins.
Similar to its DrosJphila counterpart, the Xenopus laevis oocyte sorts various maternal
mRNAs to specific regions of the cgg. A common feature of all localized mRNAs
studied to data Ib the mapping of localization determinants to the 3° UTR of the
transcript (St-Johnston, 1995; Jackson, 1995). These localization signals are rélatively
large and are likely to contain multiple protein binding sites. The bicoid mRNA has
heen extensively studied and is predicted' to have a complicated secondary structure
conserved during evolution, polemiéily involved in localization. At egg activation,
hicoid RNA is released from the cortex and anchored in the anterior cytoplasm. This
retention at the anterior pole requires the activity of staufen protein (Ferrandon et al.,
1994). Extensive mapping of bicoid 3° UTR has mapped a 440 nucleotide segment,
corresponding to three stem-loops, that associates with staufen. Similarly, posterior
transporl oi‘ oskar mRNA requires staufen. Again sequences that mediate oskar
localization are comprised within its 3’ UTR. As for the Drosuphila bicoid and oskar,

the localization of Xenopus Fg/ mRNA is mediated by a 340 nucleotide region of the
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3° UTR. shown to interact with a 69 kDa protein (St-Johnston, 1993), However this
protein has not yet been identified. In contrast. sraufen protein has been demonstrated
to contain five copies of a double-stranded RNA (dsRNA}hinding motil” and binds
dsRNA in vitro (St-Johnston et al., 1992).

Although the 3 UTR localization signals are conserved, mRNAs appear to be
targeted to their final location by various pathways. Specilic localization ol some
mRNASs involve the spatial control of mRNA stability. For example, hunchback mRNA
in early Drosophila embryos is specifically degraded in regions where the product is not
required, establishing an anteroposterior mRNA gradient. cher localization pathways
include the anchoring of mRNAs at localized binding sites, vectorial nuelear export and

directed transport (St-Johnston, 1995).

5. mRNA_export

The microinjection of mRNA into Xenopus oocyles and the study ol yeast
mutants have provided much insights into the process of mRNA export and the protein
factors that mediate transport (reviewed in [zzauralde i.llld Mattaj, 1995). Among the
most abundant nucléar RNA-binding factors are the hetlerogencous ribonuclear particle
proteins (hnRNP), One member of this family, Al, has been shown to be associated
with poly-A” mRNA and shuttles rapidly between the nucleus and cyloplasm. Several

other hnRNPs, in yeast and mammals, have been observed o behave like Al and could
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mediate export of mRNAs. Interestingly, the export of several classes of RNA (tRNAs,
58 ribosomal RNA, Ul small nuclear RNA [snRNA] and mRNAs) is specifically
suturable, that is that a given RNA can competitively inhibit the export of some RNAs,
without affecting others (Jarmolowski et al., 1994). These results suggest that sequence-
specific binding factors can be "titrated out" by other RNAs bearing similar binding
sites. Therefore, mRNA mutations may alt;:r the binding of such factors resulting in the
foss of interaction with export proteins. Alternatively, novel interaction with some
nuclear component may arise, leading to mRNA retention. This has been previously
reported by Legrain and Rosbash (1989), who demonstrated that interaction with
splicing components prevented pre-mRNA export. More recently, the U3 snRNA has
been shown lb be retained in the nucleus by interaction with a saturable factor (Terns
and Dahlberg, 1994).

Genetié screening of yeast mutants has revealed the existence of several genes
encoding export factors. The yeast raf and mir genes have been found to be implicated
in the transport of poly-A" RNA to the cytoplasm. In addition, nucleoporins, which are
part of the nuclear pore complex (NPC), have Been ident_iﬁed as mediators of mRNA
export. The products of three nucleoporin genes, NUPI!45, NUP116 and NUP100 share
a common motif, the nucleoporin’ RNA-binding motif (NRM) which has been shown
to bind homopolymeric RNA in vitro (Izzauralde and Mattaj, 1995). The proteins that
mediate RNA export through the NPC are though_t to interact more specifically with

other sequence-specific RNA binding proteins such as those described in the previous
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section.

The occurence of the expanded CTG repeat, the only DM mutation identitied
to date, in the 3" non-coding region of the DML’. gene may very well discupt any of the
normal functions associated with its 3° UTR. Including transcription, any of the
procésses described abové. such as the control of mRNA stability, translation or

localization of the mutant DMK mRNA may be altered by the presence of the amplitied

CTG repeat.

The molecular biology of muscle development

1. Muscle fiber diversification

Adult skeletal muscle is a highly specialized tissue composed ol differentiated
muscle fibers. Different fiber types within the same muscle have dil_fi‘crcnt contractile
properties which are related to the various myosins and other structural protein isolorms
that they express (reviewed in Miller, 1991; Buckingham, 1992). The various adull liber
types and their specific content of contractile protein isoforms arc gencrated during the
perinatal period (Buckingham, 1992; Feldman and Stockdale, 1992). During
development, muscle fibers arise from the fusion of tens to hundreds of mononuclcated
myoblasts and these f;lbers.can be classified as slow twitch (type 1) or fast twitch (type

I} fibers. Fast twitch fibers are further subdivided into types 1A, [IB and 1IX. These
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fibers arc most often defined by the myosin heavy chain (MHC) isoform that they
express (c.g. type | fibers express type | MHC) and their intrinsic ATPase activities
(c.g. slow fibers have low ATPase activity) (Miller, 1991), Different muscles have a
specific proportion of type [ and type Il fibers as determined by MHC isoform content.
in addition to the adult isoforms of MHC, an embryonic and a neonatal isotype have
been identitied (Miller, 1991). These jsol‘orms are slowly replaced by adult ones as the
various muscles mature, indicating that the maturation process of different muscle
-proups involves the isotype switching of MHC isoforms at specific times in specific
muscles (Hughes et al., 1993). In addition, there is increasing evidence to show that this
switching is muscle lype-speciﬁc (Brozanski et al., 1993; Soussi-Yanicostas et al., 1990;
Vazéucz ¢t al., 1993).

During embryonic development in mammals, fiber type diversity is postulated
to arise from the fusion of primary myoblasts that are restricted to the formation of fast,
slow or mixed primary myotubes (Stockdale, 1992; Miller,. 1992; Donoghue and Sanes,
1994). The generation of primary myotubes does not require innervation by motor
neurons. On the other hand, secondary myotubes, seem to arise from the fusion of
secondary myoblasts which appear later during development. Furthermore, these
myotubes are initially homogeneous for the expression of MHC, but at later stages, they
appear to preferentially express one MHC isoform. This final MHC isoform
specification of secondary myotubes appears to be influenced markedly by the types of

ncurons that innervate them (Donoghue and Sanes, 1994)
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In the mouse, the formation of myotubes and muscle maturation is accompanicd
by the expression of various contractile and structural protein isotorms that are specilic
to eqch fiber type. First, around embryonic day 8.5, a-cardine and u-skc.lclul acting are
synthesized along with myosin light chain isoforms. Subsequently, between embryonic
day 9.5 and 10.5. embyonic and neonatal MHC isoforms and musele crculin'; kinuse
(MCK) are induced. Later on, after birth, the musclcs. mature and express fiber type-
specific adult MHC as well as numerous other muscle-specilic regulatory and strticﬁu‘ul

genes (Buckingham, 1992).
2. Control of myvoblast differentiation

Terminal differentiation of myoblasts is specificd by environmental c‘ucs such
as growth factors and thyroid hormones as well as cell-ccll intcructioﬁs (Buckingham,
1992). Mesodermal stem cells become determined to the skeletal muscle lincage by
giving rise to multiple types of myoblasts. After limited cell prolileration, committed
myoblasts exit the cell cycle to a growth arrest statc and fusc to form lerminally
differentiated multinucleated myotubes with diverse phenotypes (Miller, 1991, Miller,
1992). Remarkably, this last step can be performed in vitro using murine or human
derived skeletal myoblasts, providing an ¢xcellem tool to investigale the mechanisms
controlling muscle terminal differentiation.

Cell growth and differentiation are usually mutually exclusive or natural
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antagonists (Olson, 1990; Olson ct al., 1991). Accordingly, cell cycle arrest appears to
be an carly pre-requisite for terminal differentiation. This is further evidenced by the
observed suppression of tumorigenicity when normal cells are fused to actively
proliferating tumor cells. Differentiation has been proposed to be the mechanism by
which the malignant cclls stop dividing (Olson et al., 1991). Furthermore.
transformation of _normul muscle progenitors by oncogenic viruses prevents growth
arrest, thereby inhibilihg differentiation {Taylor et al;, 1993; Braun et al., 1992a; Olson
ct al., 1987). Independently of the experimental conditions, myogenesis is accompanied
by the induction of several muscle-specific genes tliat appear to be temporally regulated
(Buckingham, 1992) and their sequential induction requires the‘activatior'l of specific
myogcnic regulators (reviewed in Olson, 1990; Weintraub et al., 1991a, blson and
Klein, 1994, Emerson, 1993).

Analysis of the mechanisms underlying commitment and differentiation in
10T1/2 mesodermal precursor cells has shown that a single locus can activate both the
determination and differentiation programs. The cloning of corresponding cDNAs led
to the identification of MyoD, a central regulator of myogenesis (Davis et al., 1987).
Subsequently, using in vitro differentiation systems, three other myogenic regulators
were identified: myogenin (Edmonson and Olson, 1989; Wright et al., 1989), myf5
(Braun et al., 1989a) and MRF4 (Rhodes and Konieczny, 1989; Miner and Wold, 1990;
Braun et al., 1989b), all of which share some homology with each other. When

expressed cctopically, each of these genes can activate myogenesis in a variety of
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nonmuscle cell types (Weintraub et al., 1989).

MyoD family members have been identified in several species, and are expressed
exclusively in skeletal myoblasts and myotubes. Interestingly. they can autoregulae as
well as regulate one another's expression (Olson and Klein, 1994: Thayer ot al., 1989;
Hollenberg et al., 1993: Braun ct al.. 1989b). All share a conserved c-npye homology
repion contniniﬁg'a 68 amino acid basic helix-loop-helix motit (bHLHY involved in
DNA binding and activation of’ n1y§genesis (Olson and Klein, 1994; l.us’sur et al.,
1989). The functional activity of these regulators requires the bHLH domain uﬁd
heterodimerization, through the HLH, to other ubiquitously expressed bHL l‘:iclors
such as E12 and E47 (Lassar et al., 1991; Thayer and Wcintn.mb. 1993),

Functional bHLH regulators bind to a consensus DNA sequence called the E box
(CANNTG), first identified in the immunoglobulin & enhancers und found in most
muscle-specific genes (Weintraub et al., 1991b; Olson and Klein, 1994)_. Studies in
tissue culture have led to a model in which the bHLH protein/E12 heterodimers activate
muscle-specific transcription by binding to E boxes in muscle gene control region or
by inducing the expression of downstream intermediate regulators that can trigger lhe
expression of other genes through E-box-independent pathways. Non-I box binding
regulators (MEF-2, MAPF-2) have been isolated (Ernst et al., 1991; Cserjesi and Olson,
1991; Gossett et al.,, 1989; Martin et al., 1993; Lecifer ct al.,, 1993) and may be
responsible for the activation of muscle-specific gencs lacking E boxes such as skeletal

a-actin and MLC. Recently, the N-terminal 50 amino acids of MyoD and MRF-4 have
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been shown to mediate cooperative binding between adjacent I boxes and to confer

subtle specificities on individual factors (Weintraub ot al., 1991b; Mak et al., 1992).

3. Expression pattern of the myogenic_repulators

MyoD or myf5S is preferentially expressed in proliferating niyoblasts. The
presence of one regulator rather than the other in established cell lines suggest that they
might inhibit one another’s expression (Weintraub, 1993). Upon the induction of
dillerentiation of cultured myoblasts, ihe expression of MyoD or myf5 remains
unchanged. However, shortly after induction, ﬁyogenin is expressed at high levels and
is maintained in myotubes (Edmonston and Olson, 1989). In contrast. MRF4 is induced
later, 48-72 h alter induction, in myotubes (Rhodes and Konieezny, 1989). Surprisingly,
a different pattern of expression has been observed in vivo in the developing mouse
embryo, The first regulator to be expressed in the somites (a compartment destined to
the formation of skeletal muscle, dermis and cartilage) is myf5 at day 8 post-coitum
(p.c.) followed by myogenin, at day 9.5 p.c., which remains throughout fetal
development. MRF4 mRNA is Vtransiently expressed on days 10 and 11 and is re-
expressed at day 16 throughout the life of the animal. Finally MyoD appears at day
10.5 p.c. and is expressed thereafter throughout development (reviewed in Olson and

Klein, 1994),
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4. Specific_functions of the individual mvogenic repulators

Since all the bHLH regulators bind the same consensus E-box sequence, a
central issue has been to determine the specific function of cach ol them. The
generation of muscle-specific bHLH-null mutant and double mutant mice has provided
insights into the functional role of cach of these factors (Scc fipure 1-1). Remarkably,
MyoD-null mice are viable and show no obvious muscle abnormalities, suppesting that
redundancy exists among the various factors (Rudnicki et al.. 1992: Wcinlﬁmb. l‘)1)3j.
Subpc’)rting‘this‘ is the observation that MyoD mutant mice display a sipnificant increase
in myf3 expression, suggesting that myf5 is negatively regulated by MyoD and that it
can presumably substitute for MyoD during development. Interestingly. my{S-nuil mice
display normal muscles but die at birth as a result of an apparent rib defect which
impairs breathing (Braun et al., 1992b). Remarkably, the lc\;rcls of myogenin and MRF4
mRNAs in both the MyoD and myf5 mutant mice arc normal, suggesting that the
presence of at least MyoD or myf5 is sufficient for their expression. In marked contrast,
double mutant MyoD/myf5 mice show no muscle or muscle products (Rudnicki et al.,
1993). In addition, myoblast markers such as desmin fail to be expressed in these mice,
sugge.sting the complete absence of myoblasts. These data suggest that MyoD and myf{5
are more likely to be involved in the determination of myogenic precursors and
maintenance of the committed state.

Myogenin null mice also die at birth and display severe skeletal muscle
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Figure 1-1. Diagrammatic representation of the action of the individual myogenic
regulators on myoblast determination and terminal differentiation. Myogenic precursors
{cell in somite) become determined upon the activation of Myf-5 or MyoD. Upon
induction of myogenin, replicating myoblasts differentiate into multinucleated myotubes .
and mature into myofibers under the action of MRF-4.
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deficiencies (Nabeshima et al., 1993; Hasty et al., 1993). Mainly, the nconates show
mononucleated cells and very few myoﬁbers. [nterestingly, these animals do not express
appreciable levels of mRNAs for several muscle-specific genes. but express others,
bllbbcbtlnb that myogenin is required for the cxpresszon of only a subset of these penes.
Myobulm _mutant mice express normal levels of MyoD mRNA, indicating that
myogcnin is not slriclly required for MyoD expression. The fact that myogenin-null
mice imvc myoblasts suggesis that myogenin acts downstream of MyoD and myf5 in
a repulatory cascade.

Recently, the generation' of MRF4 mutant mice has demonstrated that its
inactivation results in apparently normal muscles and a significant up-regulation of
myogenin, suggesting that it is negatively reguléted by MRF4 (Zhang et al., 1995). As
is the case of the myf5-null mice, MRF4 mutant animals display some rib anomalies.

Therefore, MyoD or myf5 appear to activate the determination program and to
initiate differentiation. Subsequently, myogenin would appear to be required for the
terminal differentiation and myoblast fusion. MRF4 appears to act downstream of
myogenin, based upon tissue culture studies, and therefore would seem to be more
important [or the maturation process of the myofibers. The fact that MyoD is expressed
" later than xﬁyt’S in development may simply reflect the temporal appearancé of distinct

myoblast populations.
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5. Activation of terminal differentiation: the cell evele connection

As for several other systems, cell eyele exit is required for myogenesis to occur
(Oison et al., 1991). Furthermore, terminal ditferentintion o myoblasts appears to be
determined by a balange of positive (MyoD activation) and negative (exogenous growth
factors) signals. Consistent with this hypothesis, factors that promote growth appear to
downregulate MyoD activity. Morcover, MyoD itselt can inhibit cell grawth, supporting
the hotion that both difTerentiation and proliteration are mutually exclusive. Two recent
studies have now shown that MyoD activation inhibits ceil cycle progression dircetly
(Sorrentino et al.. 1990; Crescenzi et al.. 1990): A clear demonstration of this was .lhc
inhibition of serum-induced G, to S phase transition and DNA synthesis as a result oll'
MyoD overexpression in transfected NIH 3T3 fibroblasts (Sorrentino et al., 1990). In
addition, MyoD was observed to block DNA synthesis in the non-differentiating CVI
cell line, 'suggcsting that the growth and differentiation activities of MyoD are
controlled separately. Moreover, high serum concentrations were lound to inactivate
MyoD and block muscle-specific pene expression in cells that express bHLH regulators
(Olson' and Klein, 1994). As for MyoD, myocyte enhancer factor 2 (MLEF2) aclivity is
) aiso suppressed by the presence of serum or growth factors (Cserjesi and Olson, 1991).

The growth inhibitory effects of MyoD have been mapped to-the HLH region
of the bHLH motif as mutant MyoD protein that cannot bind the E box element also

blocks growth (Crescenzi et al., 1990). It is possible, then, that MyoD interacts with
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specific but different bHLH regulators controlling differentiation and growth arrest.
These experiments support the model that MyoD induces cell cycle exit prior to
differentiation rather than causing growth arrest as a consequence of myogenesis -
(Crescenzi et al, 1990). Consislcﬁl with these data, a recent study has shown that
Myol) and myogenin arc co-expressed, i vivo, with p21, a cell eycle inhibitor (Parker
ct al., 1995). Furthermore, transfection of 10T172 cells with MyoD induces p21 and
arrests the cells (Halevy et al., 1995) and ¢o-expression of the proliferation-associated
G,~specific cyclin D1 and Mbe in 10T1/2 prevents myogenesis (Skapek et al., 1995).
It isr now evident that myoblast growth aﬁest, prior to differentiation, is mediated
by a specific activity of MyoD. Consistently, growth related processes have been shown
to inhibit MyoD activities and consequently, myogenesis. Upon serum stﬁnulation of
arrested fibroblasts, a large number of proteins undergo phosphorylation (Cooper, 1990).
This type of post-translational modification has been demonstrated to inhibit myogenesis
by directly inactivating members of the bHLH family (Olson and Klein, 1994).
Furthermore, inhibition of protein phosphatases by okadaic acid was observed to block
myogenesis by [irst abolishing MyoD DNA binding activity (Kim et al., 1992). Cultures
ol myoblast cell lines in high mitogenic medium have also been shown to maintain high
levels of the Id protein, a negative regulator of the bHLH factors (Benezra et al., 1990).
Id is strongly related to the myogenic regulators with the exceptioﬁ that ft lacks the
basic DNA binding domain and is expressed in most cell tyj:es. The Id protein can form

inactive heterodimers with MyoD and E12, but is normally found to be associated with
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the E12 factor (Weintraub ot al.. 1991a). Upon serum depletion, W levels are rapidly
downregulated, releasing E12., allowing the formation of MyaD-1212 heterodimers which
can then activate transeription of muscle-specific genes (Benezra et al., 1990),

The expression of sever! proto-oncogenes has been demonstrated to be tightly
linked to cell proliferation (Cooper, 1990). Intei=stingly, overexpression ol several
proto-oncogenes or aclivatcd.oncogcncs inhibits My D activity and myogenesis, The
c-myc proto-oncogenc is structuratly similar to the bHLI regulators and plays an
important role in the control of cell proliferation and can suppress the MyoD-initiated
differentiation (Miner and Wold, 1991). This also prevents upregulation of myogenin
normally expressed at the onset of differentiation, 'l‘l;c c-myc-mediated inhibition ol
nmyogenesis appears (o be independent of Id, suggesting that ¢c-mye is part of a dillerent
negative regulatory pathway. Furthermore, overexpression of c-fos and c-jun, both
involved in cell cycle entry from an arreste2 state, suppresses transuctivation of the
MCK gene by myogenin and MyeD (Li et al.,, 1992a). This was also observed with
JjunB but not junD which is expressed in cycling myoblasts. The repression was
observed to be targeted at the bHLH region of MyoD (Bengal et al., 1992; Li et al..
1992a). However, conflicting results have been reported with respect Lo the region of
c-jun interacting with MyoD. Both the amino-terminus end and the leucine zipper
domain have been independently shown to mediate MyoD repression. Regardless, these
data suggest the existence of cross-talk between transcripiion facloi's.involvcd in

myogenesis and cell proliferation. Furthermore, MyoD can repress the ¢-jun-mediated
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transactivation from an AP-1 site, suggesting a functional involvclmcnl of MyoD in the
maintenance of cell cycle arrest (Trouche et al., 1993).

The ray proto-oncogene, encoding a member of the GTP-binding proteins is
induced at the mid-G, phase of the cell cycle. As is the case for the immediate early
genes, ovcrpr\)duclion of an oncogenic form of ras in C2 myoblasts inhibits myogenesis
as evidenced by the absence of expression of MCK and acetylcholine receptors (Olson
et al., 1987). The expression of normal ras genes had no effect on differentiation,
suggesting  that the inhibition of myogenesis occurs through a mechanism that is
independent of proliferation. Consistent with these observations, transforming growth
factor B (TGF-B), acting through a ras-mediated pathway, inhibits myogenin-induced
lmyogcncsis (Brennan et al,, 1991). In contrast to results obtained with total serum,
TGF-B does not alfect the DNA kinding ability of myogenin, demonstrating that TGF-8
acts through a mechanism distal to DNA binding, independent of the negative regulator
Id.

Cell cycle entry is accompanied by the synthesis of several second messenger
molecules such as cyclic nucleotides and inositol derivatives (Cooper, 1990). One of
these second messenger systems generates cyclic AMP (cAMP) through the ras-
mediated activation of adenylate cyclase. High concentration of cAMP in turn activates
the cAMP-dependent protein kinase A (PKA). Supporting the findings that growth
associated processes block differentiation, overexpression of the catalytic subunit of

PKA prevents transactivation of a reporter gene from the MCK enhancer through an
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indirect pathway involving PKA (Li et al,, 1992b). Recently, overexpression of protein
kinase C (PKC) in myoblasts and [ibroblast growth factor (FGEFY treatment of myogenic
cultures have been found to inhibit the activity of the bHLIT regulators (Li et al.,
1992¢). FGF-mediated PKC activation causes phosphorylation, at a consensus PRC site,
in the basic region of myogenin, abolishing its DNA binding activity. Mutants lacking
this PKC site were found to bind to ¥ * sxes and transactivate a reporter gene under the
control of the MCK enhancer. Therefore, there is a dircet link between growth related
events and inhibition of myogcneéis. through the myogenic regulitors. This has-been
further demonstrated by the interaction of MyoD) with the negative cell eyele regulator
retihoblastoma (Rb; Gu et al,, 1993). In cycling cells it was observed that the presence
of an inactive Rb, through hyperphosphorylation or SV40 large T antigen binding,
resulted in the inhibition of skeletal myogenesis. However, in its active state, carly in
G,, the Rb protein can directly associate with MyoD and cause growth arrest, allowing
myogenesis to ensue.

A functionél MyoD protein, therefore, is required for growth arrest and terminal
differentiation of myoblasts. Inactivation of myogenic regulators by growth related
processes delays or completely inhibits terminal differentiation. Hence, it is possible that
the observed delay in muscle maturation in congenital DM muscle tissucs and that the
muscle atrophy noted in adult DM cases may be directly associated with altered
expression of the DM gene, a protein kinase. Alternatively, the mulation may indircctly

affect the activity of the muscle-specific bHLH proteins required for the onset of
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differentiation (such as MyoD, myf5 or myogenin) or the maintenance of the

differentiated state (such as MRF4).
Summary of objectives

The cloning of the DM gene and the identification of the genetic defect
underlying DM have allowed us to analyse the effects of CTG amplification on the
expression ol the mutant DMK gene. As a first step into the characterization of DMK
expression in affected tissues, a' critical mRNA expression and quantitation was
undertaken, These .studies revealed that, in tissues isolated from congenital DM
individuals, mutant DMK mRNAs are expressed and their steady state levels were
sigﬁiﬁcantly increased.

The second part of the plan was to examine the levels and distribution of DMK
protein isoforms in adult and congenital DM tissues. These studies showed that the
levels of DMK protein isoforms were not significantly altered in these patients although
mutant DMK mRNA levels were found to be elevated in a congenital DM individual.
This sugpested that the DM mutation may alter the levels and the processing of the
mutant DMK transcripts.

Therefore, in order to better understand the pathophysiology of DM, human
DMK was over-expressed in cultured murine myoblasts. Cells over-expressing DMK

mRNA were found to display a marked reduction in their differentiation potential, as
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previously observed in skeletal muscles of congenital DM patients. Signiticantly, this
effect was mapped to the 3° UTR of the DMK transcipt, suggesting that over-expression
of the 3° non-coding region of DMK is suflicient to mediate the observed phenotype.
These results are consislenl. with the hypothesis that the pathophysiology of DN may
‘not involve the DMK prolc.in but rather, may be due to a frany efteet of the mutant 37

UTR.
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Chapter H: General Materials and Methods

I. DNA preparation

Genomic DNA

Genomic DNA for determination of CTG expansion size was extracted from
cither pulicht lymphoblastoid cultures or tissues sampled from DM patients on an
automated ABI DNA extractor according to the manufacturer’s instructions. DNA
samples were reconstituted in water and aliquots were digested in standard restriction

enzyme reactions prior to Southern blot analysis.

Plasmid DNA preparation

Plasmid DNA was isolated by standard alkaline/SDS method as described by
Birnboim and Doly (1979). Clones were grown in 100 ml of LB medium (1% Bacto-
tryptone, 0.5% yeast exlfact, 1% NaCl) containing 50 pg/ml ampicillin for 12 to 14 h
at 37°C with viporous shaking. In some preparations, following the final ethanol
precipitation, the DNA pellet was resuspended in 2.2 ml of TE buffer (10 mM tris-HCl,
| mM EDTA) and 2.75g of CsCl {Gibco/BRL) was added. Ethidium bromide was then
added to the samples at 0.8 mg/mi. The samples were then transfered to ultracentrifuge
tubes (Beckman) and banded at 75,000 r.p.m. for at least 12 h at 20°C. Plasmid DNA
bands were isolated -and‘l extracted as described (Sambrook et al., 1989). Final DNA

pellets were resuspended in water and used in all other subsequent manipulations.
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2. DNA analysis

Southern blot analvsis of penomic DNA

For analysis of patient DNA, aliquots corresponding o 5 pg off DNA were
digested with specific restriction enzymes (Gibeo/BRL). fractionated onto 0.8% agarose
gels in standard 1 x TBE bufler (Sambrook et al.. 1989) and Southern blotted to nyton -
membranes (Amersham Hybond-N). The transfered DNA was lixed to the membranes
by uv cross-linking using a Bioslink 312 apparatus '(BIOS).

Membranes were hybridized to “P-labelled DNA prnl{cs (Feinberg  and
Vogelstein, 1984) in 6X SSC, 0.5% SDS, 5X Denhardt’s solution and 100 pg/ml
salmon sperm DNA at 65°C for a minimum of 12 h. Following hybridization, the final
wash conditions consisted of O.éX SSC/0.1% SDS at 55°C for 30 min. "l‘h.c lilters were
then exposed to Kodak X-AR films with intensifying screens (Dupont, Cronc‘x) at -80"C

for 1 to 4 days.

3. RNA analysis
RNA preparation

Total RNA from cultured cells was prepared according to the method of
Birnboim (1988). Briefly, the cells were collected and lysed in RES-I buffer (I.O‘ M
urea, 0.5 M LiCl, 20 mM sodium citrate, 5 mM EDTA and 1% SDS). The lysates were
then sonicated for 15 sec and incubated with 100 pg/ml protcinase K for 30 min at

" 50°C. Following ethanol precipitation the pellets were resuspended in 0.4 ml of RES-1

40



and subjected o a second proteinase K digestion. After a phenol/chloroform and
chloroform treatment, the RNA was recovered by ethanol precipitation and stored at -
80°C in CLS bulfer (2 mM citrate, lmM EDTA and 0.1% SDS) until use.  Total
RNA (rom tissue samples was prepared using a modification of Chomezynski's

procedure, as described by Puissant and Houdebine (1990).

Northern_blot_analysis

For Northern blotting, total RNA in 10 pl of CES (usually 10 pg), was mixed
with 5 pl of formamide and 5 pl of a mixture of formamide: 37% formaldehyde: | M
sodium phosphate (47:50:3.3). The samples were subsequently denatured for 20 min at
55"C and cooled on ice for 2 min. The denatured RNA was then fractionated onto 1.2%
agarose gels (Hoeffer SE400 vertical slab unit) containing 0.6% fromaldehyde. The
buffer system consisted in 20 mM sodium phosphate and | mM EDTA. Following
clectrophoresis, the RNA was transferred to nylon membranes (Amersham Hybond-N)
using a vacuum blotting apparatus (LKB). The transferred RNA was then fixed and

hybridized to radiolabelled probes as for Southern blouting.

4. DNA probes
DNA probes used in radiolabelling reactions for hybridizations to Southern or
Northern blots were restriction fragments obtained from various plasmids. Following

cnzyme digestion, the fragments were purified by fractionation through low melting
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point agarose gels or by purification on glass powder according to the manuticturer's
instructions {BIO 101, Geneclean kit). The specific DNA probes used for Southern and

Northern blot hybridizations are deseribed in subsequent chapters.

5. DNA sequencing

| Following cloning protocols or in vitro mutagenesis, purilicd plasmid DNA was
sequenced on an ABI 373A automated sequencer using Tag polymerase and ﬂum‘csuul.:nt
dye-llabclled dideoxynucleotides. according to the manulucturer’s specilications (Applicd

Biosystems). The sequence data was analyzed by ABI soltware on a Macintosh PC.

6. Oligonucleotide synthesis

Oligonucleotides for PCR amplification and sequencing were generated on an
automated DNA synthesizer (PCR-Mate, model 391, Applied Biosystems), The oligos
were synthesized according to the manufacturer’s instructions using the phosphoramidite
method of synthesis. At the end of the synthesis, the oligos were removed from the
solid support and deblocked from the protective group using ammonium hydroxide at
55°C overnight. The resulting DNA solution was dried and reconstituted in water for

spectrophotometric determination of DNA concentration.

7. Plasmid constructions

Plasmid vectors for DMK expression were generated by standard recombinant

42



DNA techniques (Sambrook et al., 1989). Gel puritied (Geneclean kit; BIO 101)
restriction {ragments were ligated into the desired vectors using T4 ligase and buffer
(Gibeo/BRL) at 14°C for 4 to 16 h. Ligation reactions were used to transform E. coli
DH5a (Hanahan, 1985) and positive clones were identified by restriction enzyme
(Gibco/BRL) mapping of miniprep plasmid DNA. The constructions of the vectors usgd

in the expression studies are detailed in chapter V.
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Chapter HI: Effect of the myotonic dystrophy mutation on the mRNA levels of the

DM gene.

1. Introduction

‘Myotonic dystrophy (DM) is the most common form of inherited neuromuscular
disease in adults, with a global incidence of approximately 1 in 8000 individuals. DM
is an autosomal dominant, multisystemic disorder characterized mainly by myotonia and
progressive muscle weakness and wasting. Clinicaily, alfected individuals presenl with
a highly variable phenotype, ranging from an asymptomatic condition lo a severe
congenital form that is frequently fatal shortly after birth (Vanier, 1960; Harper, 1989).
The main clinical signs of congenital myotonic dystrophy arc hypotonia, nconatal
respiratory distress and, in most cases, severe mental retardation. Signilicantly, this form
of DM is associated with a delay or an arrest of muscle maturation (Sarnat aﬁd Silbert,
1976; Farkas-Bargeton et al., 1988; Soussi-Yanicostas ct al., 1991).

" Recently, the molecular basis of DM was identified as an unstable CTG
trinucleotide repeat iﬁ the 3’ untranslated region of an mRNA cncoding a putative
serine/threonine protein kinase (Aslahidis et al,, 1992; Mahadevan ct al., 1992; Brook
et al., 1992; Buxton et al., 1992; Fu et al;, 1992; Jansen et al., 1992b). It has been
demc;nstrated that over 98% of individuals affected with DM display CTG

amplification, the degree of which correlates with disease severity (Harley ct al., 1992b;
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Tsilfidis et al., 1992; Barcelo ct al., 1993; Caskey et al., 1992; Richards and Sutherland,
1992). Furthermore, within families, DM displays genetic anticipation. an increase in
disease severity in successive gencrations (Howeler, 1989). It is postulated that CTG

amplification forms the basis for anticipation.

Trinucleotide repeat expansion has been demonstrated tcl) be associated with
several other important genetic diseases. The [ragile X-A (FRAX-A; Fu et al.. 1991;
Verkerk et al.. 1991), fragile X-F (FRAX-F; Parrish et al.. 1994), FRA16A (Nancarrow
et al., 1994) and fragile X-E (FRAX-E; Knight et ﬁl., 1993) syndromes have been
shown to be‘ associated with a CGG repeat. Huntington’s disease (HD; Huntington’s
disease collaborative research group, 1993), spinocerebellar ataxia type‘l-(SCAl; Orr
et al, 1993; Koide et al., 1994), dentatorubral-pallidoluysian atrophy (DRPLA;
Nagafuchi et al., 1994), X-linked spinal and bulbar muscular atrophy (SBMA; La Spada
ct al., 1991) and Machado-Joseph disease (MJD; Kawaguchi et al., 1994) have all been
demonstrated to be associated with an expanded CAG repeat in their coding region,
presumably resulting in lengthened polyglutamine tract in the respectiye gene. Unlike
HD, SCA1, DRPLA, SBMA and MJD, the trinucleotide repeat in DM, as well as in
FRAXA and FRAXE, can undergo very large expansions (Wieringa, 1994). In contrast
to fragile X and SBMA, the DM mutation in the 3" untranslated region of the myotonic

dystrophy kinase (DMK) gene may represent a novel mechanism for this type of

dynamic mutation.
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In order to gain insight into the molecular mechanisms by which suel a mutation
mediates the dominant expression of the DM phenotype, we compared DMK mRNA
levels in tissues isolated from normal individuals and a case ol congenital DM, We
show that DMK mRNA steady state levels are markedly increased in congenital 1M
tissues and present evidence that the increases are due to clevated levels of transeripts

derived from the mutant DMK allele.

2. Mcthodology

RNA preparation_and analysis

Tissue fragments were isolated post-mortem (24 h) from a 1.5 month-old congenital
DM patient and frozen until use. Normal fetal brain tissue was obliin from the
Canadian brain tiss.ue bank. Total RNA from [rozen tissuc was isolated by a
modification of Chomczynski’s procedure (Puissant and Houdebine, 1990). Total RNA
from cultured cells grown in a-MEM supplemented with 15% fetal call” serum, was
extracted according to the method of Birnboim (Birnboim, 1988). For Northern analysis,
RNA was denatured (Sambrook et al.,1989) size fractionated on 1.2% lormaldchyde
agarose gels and transferred to Hybond-N membranes (Amersham). Hybridizations with
2p_labeled fragments were performed for at least 15 hr at 65°C as described (Sabourin

and Hawley, 1990). All probes used were restriction fragments purified from agarosc

gels by electrophoresis onto Whatman DESB1 paper (Dretzen et al., 1981). Fragments
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were labeled by random priming to 3 x 10* to 10° dpm/ug using o-*P-dCTP (Feinberg
and Vogelstein, 1983). Afler hybridization, filters were washed under high stringency
conditions and exposed at -80°C for 1 to 5 days to Kodak XAR-5 films with
intensilying screens. Normal adult RNA was purchased from Clontech and analyzed as
above, For slot blot analysis. 10 pg of denatured ml_ul RNA was applied onto nylon
membranes (Hybond-N: Amersham) using a BRL Hybri-Slot manifold under 50 ¢m
H,O pressure vaccuum. Filters were hybridized and washed as described for Northern
blots, Autoradiograms were scanned by laser. densitometry on a LKB ultroscan
densitometer and the relative value for the steady state level of mRNA was determined
by normalization to the level of GAPDH (Piechaczyk et al.., 1984). Poly-A' RNA was
selected through one ronad of oligo dT cellu.ose chromatography (Sambrook et al.,

1989) and analyzed by Northern blot.

Genomic DNA preparation and analysis.

FFor isolation of congenital DNA, tissue fragments were finely minced in phosphate
butfered saline (PBS) and high molecular weight genomic DNA was extracted on an
ABI Genepure 341 nucleic acid purification system according to the manufacturer’s
instructions. Control DNA was prepared from cultured lymphoblasts. For CTG
expansion analysis, 5 pg of geﬁomic DNA was restricted with EcoRI and subjected to
Southern blot analysis (Sambrook et al., 1989) using a 2.2 kb BamHI-EcoR! genomic

[ragment derived from the human DM kinase gene (Mahadevan et al., 1992; Mahadevan
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ct al.. 1993b) as probe. Post-hybridization washes were in 0.2 X standard saline citrate
(8SC) containing 0.1% sodium dodeeyl sultive (SDS) at 653°C. Membranes  weee

exposed to x-ray film for 1 to 4 days.

Reverse Transcriptase PCR.

For reverse transcription, 100 ng or 2 pg of DNasel-treated total RNA was used in o
20 pl reaction containing 50 ng of downstream primer, 30 mM Tris-HCY (ptl 8.0), 758
mM KCl, 3 mM MgCl,, 10 mM DTT. ImM cach dNTP, 20 units of cach RNA Guard
and M-MLYV reverse transcriptase (Pharmacia). Reactions were incubated lor 6 min
at 37°C and a fraction corresponding to 100 ng of RNA-cquivalent was then added to
standard PCR reactions containing 50 ng of both downstream and upstrcam primers.
Amplification was carried out for 30 cycles using the following conditions: 94°C/1 min,
55°C/1 min and 72°C/1 min. For DMK tissuc distribution analysis, exon 15-specilic
primers were used: 5-CTCCGAGAGCAGCGCAAGTGA-3" (downstream) and
5’-GTTCGCAAAG'I;GCAAAGCTT-T {upstream). CTG repeat-flanking primers (5°-
CAGAGCAGGGCGTCATGCACA-3"; downstrecam and 5°-
GAAGGGTCCTTGTAGCCGGGAAT-3"; upstream) were used o monitor the level of
expression of the wild type allele in congenital tissucs. As negative control, in cach

case, non-reverse transcribed RNA was added to PCR reactions.
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Competitive PCR assavs

Competitive PCR assays were performed according 1o Gilliland's method (Gilliland et
al., 1990). Bricfly. total cDNA generated from 100 ng of RNA was mixed with 0.1, 0.5
and 5 ng (figure 3-5) or 250, 25, 2.5, 0.25 and 0.025 pM (figurc 3-6) of competitor
plasmid DNA containing the primer binding sites flunking intron 1 of the DM gene. An
exon 2-specific 2z2-mer (5°-CGTCCGATCACCTTCAGAATCT-3") was used as a
dowstream primer. The upstream primer (5’-GTGGCCGAC’I"I‘C'I"I‘GCAG'I‘GG-3’) was
specilic to exon 1. All PCR reactions were allowed to go through 30 cycles of
amplification as above and products were resolved by agarose gel electrophoresis,
transferred to nylon filters and hybridized to end-labelled upstream PCR primers. |
Autoradiographs were scanned by laser dehsitometry and the amount of input cDNA
prior to PCR was estimated as described (Gilliland et al., 1990). Competitor plasmid
DNA consisted of either a DMK genomic region containing exons i and 2 interrupted
by intron 1 (figure 3-4) or a vector harboring intron 3 flanked by exon 1 and 2-specific
primer binding sites (figure 3-5). Control PCR reactions contained an equivalent amount

of non-reverse transcribed RNA for determination of genomic DNA contamination,

Exon polymorphism_assay

For cxpression analysis of mutant alleles, total RNA (250 ng) from congenital
lymphoblasts was reverse transcribed as described using 50 ng of downstream primer

(5’-CATCCTGTGGGGACACCGAGG-3") and subsequently added to standard PCR
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reactions and subjected to 35 cycles of amplification using 50 ng of cach downsiream
and upstream (5°-CTGTCGGACATTCGGGAAGCGT-3") primers. For the amplification
of genomic DNA. an intron-specific oligo was used as upstream  primer (3°-
CTGCAGAAGGTTTAGAAAGAGC-3"). PCR conditions consisted of 94°(/1 min,
55°C/1 min and 72°C/1 min for 10 cycles lollowed by 94°C/1 mih. 60°C/1 min and
72°C/1 min for 25 cycles. Genotypes were determined by digestion ol the PUR products
with 1 unit of Bpm ! (New England Biolabs) followed by gel electrophoresis of total

digests through 3% aparose.

3. Results
Expression of Normal and Mutant DMK Trsascripts.

Prior to DMK expression analysis in congenital tissues, we sought (o establish the
extent of CTG amplification in various congenital tissues by Southern blot analysis. As
shown in figure 3-1, all tissues except heart showed a similu‘r degree of expansion
which is classified here as E4 (expansion greater than 4.5 kb), according to
nomenclature reported elsewhere (Mahadevan et al., 1992; Tsilfidis et al., 1992). The
CTG amplification ranged in size from 10 to 12 kb (brain, muscle, diaphragm, liver)
indicative of somatic heterogeneity within single tissues, as previously demonstrated in

DM leukocytes (Mahadevan et al., 1992; Brook et al., 1992; Fu ct al., 1992; Harley ct
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Figure 3-1. CTG trinucleotide expansion status in genomic DNA. EcoRI restricted
genomic DNA (5 pg) was analyzed for expansion by Southern blot with a 2.2 kb BamHI-
EcoRI genomic fragment derived from the DM gene (Mahadevan et al., 1992). Lane 1
affected E1 individual, Lane 2: normal homozygote for the 9 kb allele, Lane 3: aftected
E4 individual, Lane 4: normal heterozygote, Lanes 5-9: congenital DM tissues from a
single individual: heart, brain, diaphragm, skeletal muscle and liver, respectively. Positions
of the 23 and 9.6 kb lambda HindIIl markers are indicated. The analysis shows somatic
heterogeneity ranging between 10 and 16 kb.
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al., 1992a). Heart genomic DNA - displays a slightly larger and relatively more
heterogencous expansion (12 to 16 kb) but the basis and significance for this difference
is unknown, Somatic heterogencity was confirmed by Southern blotting of patient DNA
restricted with enzymes flanking the repeat region. This results in. greater resolution of
smaller {ragments bearing expanded repeats (data not shown).

As determined by Southern blot.  heterogeneous gcnbmic (CTG) repeat
.unl]plil'lculion was observed in various congeﬁilal tissues and sized between 10 and 16
kb, Mature mutant DMK transcripts from these tissues should be in the range of
approximately 13 to 19 kb in size. Total RNA samples prepared from normal and
allected tissues were analyzed by Northern blotting experiments .using a human derived
¢DNA probe. Analysis of normal human tissue RNA samples (not shown) detected a
single 3.3 kilobase DM'K‘transcript with the highest level of expression in heart and
muscle samples. A relatively less abundant DMK mRNA can be observed in brain, liver
and lung tissues, similar to the findings in murine and baboon tissues (Brook et al.,
1992; Jansen et al., 1992b). This pattern of expression correlates well with the primary
involvement of muscle tissues in DM and is consistent with the multisystemic nature
of the disease.

Surprisingly, Northern analysis of RNA from affected tissues failed to show the
existence of high molecular weight mutant DMK mRNA (13-19 kb) as a smear above
wild typc DMK or in the form of a diffusc band as anticipated from our Southern biot

results (figure 3-2). However, hybridizing species of approximately 7 kb were detected
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Figure 3-2. Expression of DMK mRNA in congenital tissues. Total RNA (20 pg) isolated
from various congenital DM tissues from a single individual was analyzed for the
expression of DMK. Control hybridization was performed using a rat glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA (Piechaczyk et al., 1984). The analyzed tissues
were: H, heart; B, brain; Li, liver; T, testis: D, diaphragm; Lu, lung. The ‘DM’ bracket
indicates congenital DM tissues. Normal adult heart and brain samples were used for
comparison, Exposure times were 48 hr and 17 hr for DMK and GAPDH, respectively.
No differences in the levels of wild type DMK mRNA were observed. The mRNA
corresponding the the mutant DMK transcript could not be detected.
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i both DM and normal heart tissue samples that are likely to correspond to
heteronuclear transcripts.  The apparent absence of mutant transeripts may suggest that
the DM allele is not expressed, as is the case tor the fragile X FMR-1 gene. However,
it is possible that agarose gel fractionation of the heterogencous population of mutant
DMK transcripts has a dilution etfect, rendering them undetectable by Northern blot
analysis. Furthermore, the isolation of intact high molecular weight RNA requires fresh
tissues and undt}r the circumstances, the congenital tissues sampled may have undergone
limited RNA degradation.

In order to overcome the potential degradation problem of the high molecular
weight tissue mRNA, poly-A' RNA was prepared from [libroblasts derived from the
same congenital patient and then subjected to Northern blot analysis (ligure 3-3). For
comparison, RNA samples from a human rhabdomyosarcoma (TE.32; MeAllister et al.,
1969), HeLa and human lymphoblasts were also analyzed. Significantly, in addition to
the 3.3 kb message, congenital DM fibroblast RNA showed a hybridization signal
corresponding to a 10 kb transcript, likcly to represent a major species of mutant DMK
mRNAs. These data demonstrate that, in congenital fibroblasts bearing large CTG
expansions, the mutant DMK allele is transcribed at levels comparublc‘ to the 3.3 kb

mRNA.

Normal and Affected Tissue XNA Levels

Because of the inherent difficulties in quantitating the levels of DMK transcripts
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Figure 3-3. Expression of DMK transcripts in human cell lines. Poly-A'-selected RNA
(5 pg) from several human and rodent cell lines was analyzed for DMK expression by
Northern blot. A rat GAPDH probe was used for control hybridization, Human cell lincs
are: rhabdomyosarcoma TE32, normal lymphoblast (hLym), DM fibroblast (DM-F;
derived from the congenital patient described in the text) and HeLa cells. Exposure time
was 20 hr. A mutant 10 kb DMK mRNA was readily observed in the DM-F RNA sample.
Lower levels of slightly smaller hybridizing species are present in HeLa cell RNA,
presumably corresponding to partially processed immature transcripts.
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by Northern blot analysis, an additional test for the quantitation of DMK mRNA steady
state levels was performed using a s‘lot blot procedure on total RNA samples obtained
from various normal and affected tissues. As shown in figure 3-4a. after normalization
o GAPDH, the steady state levels of DMK mRNA were found to be increased by
approximaiely 14-fold in DM brain tissue relative to the normal adult control. However,
only a 2 to 4-fold increase was consistently observed in DM heart and musclé samples,
and a 4 to 6-fold increase in the liver and lung, when compared to normal adult tissues.
In contrast to Northern analysis, slot blot experiments are likely to have a concentration
effect on all forms of DMK transcript allowing for the simultaneous detection of wild
type and all mutant mRNAs. Suri:risingly, no significant differences were observed in
tymphoblast cell lines derived (rom normal or congenital DM patients, suggesting that

the increase in DMK steady state levels is tissue specific,

In order to verify that the increase in DMK mRNA levels was due to differential
developmental regulation of the DM gene, the levels of DMK transcripts were analyzed
by the competitive PCR (Gilliland et al., 1990) using normal adult and fetal brain RNA
samples. The PCR products (figure 3-45) were Southern blotted and hybridized to one
radiolabelled PCR primer followed by densitometric scanning of the autoradiographs.
Quantitative measurements on heart, brain and fetal brain samples demonstrate that the
ratios o’ DM heart to normal heart and DM brain to fetal brain were approximately 3

and 12 fold, respectively, in agreement with the findings obtained from slot blot
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Figure 3-4. Increased DMK mRNA steady state levels in congenital tissues. a) Total
RNA (10 pg) was immobilized on nylon filters using a slot blot manifold (Bethesda
Research Laboratories) and hybridized sequentially to a human DMK and rat GAPDH
probe. Slot A: normal adult heart; B: normal adult brain; C: normal adult skeletal muscle;
D: congenital heart; E: congenital brain; F: congenital muscle; G: congenital diaphragm;
H: normal lymphoblastoid cells; 1-K: congenital lymphoblastoid cells; L: normal adult
liver; M: congenital liver; N: normal adult lung; O: congenital lung. Similar results were
obtained in 4 independent experiments. Results from one representative analysis is shown.
Exposure time was 23 hr for each probe. b) Competitive DMK-specific RT-PCR. Total
RNA (100 ng) was reverse transcribed and added to PCR reactions containing various
amounts of competitor plasmid DNA. Products were visualized by ethidium bromide
agarose gel electrophoresis. Each set of three reactions contained 0.1 ng (lane 1), 0.5 ng
(lane 2) or 5 ng (lane 3) of competitor DNA. Densitometric readings were obtained after
Southern blotting and autoradiography of the corresponding gel. Analyzed samples were:
aH, adelt heart; DM-H, congenital heart; aB, adult brain; DM-B, congenital brain; fB,
normal fetal whole brain; fB’, normal fetal temporal and occipital cortex. cDNA (93 bp)
and competitor (2000 bp) products are indicated.
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analysis. Furthermore, the levels of DMK transeripts in normat adult brain did not
ditfer significantly from normal fetal brain. These data demonstrate that the observed
increase in DMK mRNA steady state levels in affected tissues is not likely caused by

a difference in DMK steady state levels between two distinet developmental stages.

In order to conlirm these results, we performed competitive PCR on brain RNA
samples using an altered DMK-derived genomic fragment as a competitor over a
broader concentration range (figure 3-5a). Quantitation of both products was done as
described above. By plotting the ratio of genomic compe.lilor to DMK cDNA versus the
input concentration of competitor DNA (Gilliland et al., 1990) (figure 3-5b), we
obtained, at the equivalence point (ratio=1), a 10-fold increase in DMK mRNA in the

case of the DM brain sample, demonstrating that both PCR assays support the slot blot

analysis result.
Expression of wild type and mutant alleles

If the DMK gene is transcribed equally from both genomic copics, cach allcle
should account for Sd% of all DMK mRNAs, Surprisingly, comparison of heart and
brain RNA samples from normal and affected lissues did not show any delectable
differences in dosage of wild type DMK trancripts (figure 3-2) alter normalization to

GAPDH mRNA levels. Fufthermore, neither the slot blot nor competitive PCR analyses,
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Figure 3-5. Competitive DMK-specific RT-PCR. a) Total RNA (100 ng) was reverse
transcribed and added to PCR reactions containing ten-told serial dilutions of competitor
DMK plasmid. Each set of five reactions contained 250, 25, 2.5, 0.25, and 0.025 pM of
competitor genomic DNA (gDNA lanes 1-5). Thirty cycles of PCR and electrophoresis
of samples were performed. The tissues analyzed were congenital brain (DM-B), normal
fetal brain (fB) and normal adult brain (aB). b) Following hybridization to a radiolabelled
oligo, autoradiographs, were scanned by laser densitometry and the ratio of O.D. units for
the competitor (gDNA) products (215 bp) to cDNA (93 bp) was calculated and plotted
as log gDNA/cDNA vs. log input gDNA. To correct for differences in molecular weight,
the O.D. units obtained from competitor DNA were multiplied by 215/93. At the
equivalence point, a concentration of approximately 1.2 pM and 12 pM was observed for
normal brain and DM brain samples respectively. Similar results were obtained in three
independent experiments.
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as described above, were able to discriminate between the mutant and the wild type
allele. Therefore, we analyzed the levels of wild type DMK transcripts in various
.congenital tissues using a direct RT-PCR analysis of the CTG repeat region. During the
course of this study, we found that reverse transcription could not proceed through the
very large CTG repeat sequence of a mutant DM allele. However, RT-PCR ol this
regioﬁ from normal, and even from protomutation size alicles (50-80 CTG repeats;
Barcelo et al., 1993), was not problematic. As a result, we sought to monitor the
relative levels of the wild type transcripts from normal and aftected tissues, To control
for input RNA, an identical aliquot of total RNA was slot blotted and probed for
GAPDH. After normalizaiion to GAPDH levels, densitometric scanning showed that the
levels of the wild type transcnjipt (having 8 CTG repeats) in ali affccted tissues surveyed
represented 50% of the total DMK mRNAs found in normal control tissues (5 and 13
CTG repeats; figure 3-6a). In parallel, RNA from two individuals bearing CTG repeat
sizes of 5/83 and 5/90, respectively, were subjected to the same RT-PCR assay. As
shown in figure 3-6b, alleles containing up to 90 repeats are expressed, suggesting ll'ml

this level of CTG amplification does not abolish expression of the mutant DMK allele.

To test for the expression of greatly expanded loci, a diallelic cxon
polymorphism (frequency of the rare allele equals 0.15) was used to discriminate
between wild type and mutant alleles. Unfortunately, the congenital patient analyzed

throughout this study was found to be homozygous for the common allele. Thereflore,

60 '



cappH 8 0 0 L 4 48 00

1 2 3 4 5 6 7 8

AT

DMK '8

1 2 3 45 6 78 9 1011




Figure 3-6. Expression of wild type and protomutation size alleles. Total RNA from
lymphoblasts or various normal and DM tissues (2 pg) was reverse transcribed and
subjected to 30 cycles of PCR using primers flanking the polymorphic CTG repeat. PCR
products were transfered to nylon filters and subsequently hybridized to an end labelled
(CTG),, oligo followed by densitometric scanning of the autoradiographs. An equivalent
~ amount of RNA was used for a GAPDH control hybridization. a) RT-PCR on normal and
affected tissues. Lanes 1-3: normal adult heart, brain and muscle, respectively. Products
are 224 bp (5 repeats) and 238 bp (13 repeats). Lanes 4-7: congenital heart, brain, muscle
and diaphragm, respectively. Wild type products are 224 bp (5 repeats). Lane 8: negative
control. b) RT-PCR on lymphoblast RNA obtained from individuals bearing protomutation
size CTG amplification. Lane 1: 83 (348 bp) and 5 repeat (224 bp) alleles. Lane 2: 90
(469 bp) and 5 (224 bp) repeat alleles. Lane 3: negative control. ¢) Expression of mutant
DM allele in congenital lymphoblasts. Reverse transcribed RNA (250 ng) and genomic
DNA (1 pg)from lymphoblastoid cell lines derived from severely affected patients was
subjected to 30 cycles of PCR using DMK exon and intron-specific primers. PCR
products were digested with Bpm [ and analyzed by ethidium bromide agarose gel
electrophoresis. Lane 1: undigested genomic product from a normal homozygote. Lanes
2 and 3: undigested genomic product from congenital heterozygotes. The respective
digested genomic products are shown in lanes 4-6. The corresponding cDNA products are
shown in lanes 7-9 (undigested) and lanes 10-12 (digested). Wild type (350 and 187 bp)
and mutant (299 and 136 bp) alleles are indicated. Regardless of the size of the CTG
amplification, expression of the mutant DMK gene was observed.
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RNA extracted from lymphoblastoid cell lines derived from two other congenital DM
patients (possessing E3 genotypes: Tsilfidis et al., 1992) was added to RT-PCR
reactions and the resulting products digested using the restriction enzyme Bpml. which
detects the relevant sequence polymorphisnt. As demonstrated in figure 3-6¢, the DM-
associated allele is present, indicating that even very large CTG amplifications do not
repress the cxprcssién 6l‘l the mutant DMK pene, Furthermore, an equal expression of
both wild type and mutant DMK alleles was found in these cell lines, a result consistent

with that obscrved using slot blot analysis of lymphoblastoid cell RNA, as described

above,

These data demonstrate that mutant DMK alleles are not repressed by CTG
trinucleotide amplification and that elevated DMK mRNA levels are likely due to an

increase in the steady state levels of mutant DMK transcripts.
4. Discussion

As an initial step into the analysis of DMK expression in affected tissues, we
performed Southern blot analysis in order to determine the expansion status in somatic
tissues from a congenital patient. Our experiments show CTG expansion ranging
between 10 and 16 kb in the various tissues analyzed. The observed heterogeneity is

in accordance with previously reported results for DM lymphoblastoid cell lines

[}
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(Mahadevan et al., 1992; Brook et al.. 1992; Buxton ct al., 1992; Tu ct al.. 1992; Harley
et al.. 1992a; Tsilfidis et al., 1992; Barcelo ct al., 1993) and demonstrates the high
degree of mitatic and meiotic instability since the 12 kb expansion was inherited from
the mother who displayed less than a 2.0 kb amplification of the CTG repent as

determined by Southern blot analysis (data not shown).

As a [irst step towards the characterization of the molecular wmechanisms
underlying DM, we have used Northern and slot blot analysis 10 evaluate the steady
‘state levels of DMK transcripts in normal and congenital DM tissues as well as in
lymphoblastoid cell lines. In fragile-X, hypermethylation of the CGG repeat in the §°
untranslated region has been demonstrated to repress expression of the FMR-1 gene in
affected individuals (Sutcliffe et al., 1992). In marked contrast to fragile-X, slot blot and
competitive PCR analysis of tissue RNA samples obtained from normal and allected
individuals showed a significant increase in the steady state DMK levels in DM brain
and, to a lesser extent , in heart, muscle, liver and lung samples. Surprisingly, RNA
samples from lymphoblastoid cells derived from normal and congenital individuals did
not show any detectaﬁle difference in DMK levels, suggesting that the increase in DMK
stE:ady state levels is tissue specific. PCR anallysis of congenital and normal tissuc RNA
shows that the wﬂd type allele in congenital samples is expressed at 50% the levels of
total DMK mRNAs found in normal contro] tissues. Furthermore, in PCR-based assays,

we find that mutant alleles are expressed independently of the number of CTG repeats.
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Consistent with these results, Northern blot analysis of poly-A’ RNA from fibroblasts
of the congenital DM patient showed expression of the mutant allele as a 10 kb
message that is likely to represent a predominant species of mutant mRNA. Therefore
the increased DMK steady state levels observed by slot blot analysis and competitive
PCR is due to clevated levels of the mutant transcript. These results are in direct
contrast to those reported by Fu et al. (i993), who demonstrated decreased levels of
DMK mRNA in affecled tissues. An explanation [or these conllicting results may the
fact that the present study examines DMK expression in cells and tissues from severely
affected neonates, while Fu and co-workers studied tissues from DM adults.
chcrlhcléss, it is difficult to reconcile how different mechanismé of DMK expression
could explain the pathogenesis of the adult versus congenital form of the disease. An
alternative explanation for these contrasting results may lie in the different methods
used to quantitate the levels of normal and mutant DMK transcripts. In the study by Fu
ct al. (1993), RT-PCR using primers flanking the CTG repeat was used to measure
message levels. As shown by the present study, reverse transcription through amplified
repeat regions is difficult and would be problematic in the quantitation of DMK mRNA.
Therefore, the detection of decreased message levels in the adult cases may, in fact, be
due to a technical artifact.

It is not clear at this point whether the elevaled DMK levels observed in this
study are due to increased stability or higher transcription rate of the mutant DMK

allele. The establishment of DM and normal myoblast cell lines, in conjunction with

64



nuclear run-on and mMRNA stability experiments. will allow these possibilities to e

assessed.

Computer analysis of mRNA sccondary structure using the RNAtold algorithin
(Zucker and Stiegler, 1981). predicts a thermodynamically stable stem loop steueture
in the repeat region by C:G basc pairing. Such structures have been identified in the 3°
untranslated region of the human and mouse transterrin rcccpu.)r, conlerring protein
mediated mRNA stability in the absence of iron (Mullner and Kubm, 1988: Mullner ot
al., 1989). In _addition. stability dcicrminunts have been identificd in several
proto-oncogene and cytokine mRNAs (reviewed in Belasco and Brawerman., 1993; Peltz,
et al., 1991; Bernstein et al., 1992). Therefore, a possibility is that the amplitication of
the CTG repeat causes the aberrant binding of a tissue specilic RNA binding {actor
increasing DMK mRNA half-life by a polysome-dependent mechanism. This would
then directly lead to increased levels of the DM kinase protein product, similar to what
has been postulated to account for the results found with the translerrin receeptor
{Mullner et al., 1989). Alternatively, it is conceivable that the CTG repeat is bound by
a RNA-binding protein, that may directly interfere with translation clficiency, thercby
leading to polysome-dependent mRNA stability (Kaspar et al., 1992; Sengupta ct al,,

1990).

In various systems, transiational ecfficiency is coupled to post-transcriptional
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regulation (reviewed in Peltz et al, 1991 Sengupta et al.,, 1991; McCormack et al.,
1992; Wisdom and Lee, 1990). Whether the increase in DMK transeripts produces
elevated Kinase protein levels remains to be clarified. Nevertheless, one can envisage
a mechanism by which aberrant binding of a protein factor to the expanded CTG repeat
that increases DMK mRNA stability leading to an clevated kinase concentration. DNA
sequence alignment reveals that DMK is highly homologuous to cyclic nucleotide
dependent kinases., In DM, high levels of the putative DMK catalytic subunit would
result in an alteration of the catalytic to regul_atory subunit ratio (Taylor ct al.. 1990).
‘The ultimate net effect would be the non-regulated hyperphosphorylation of its substrate
by the DM kinase protein. This would explain how an unstable mutation in the 3 UTR
ol a gene encoding an enzyme would result in the dominant inheritance pattern and

varinble phenotype observed in Myotonic Dystrophy.

A dclay of terminal muscle differentiation has been observed in the congenital
form of DM (Sarnat and Silbert, 1976; Farkas-Bargeton, 1988; Soussi-Yanicostas et al.,
1991), suggesting a functional involvement of DMK. In this regard, a recent study has
demonstrated that overexpression of the catalytic subunit of protein kinase A (Li et al,,
1992b) and protein kinase C (Li et al., 1992¢) inhibits muscle cell differentiation by
‘indircclly s.ilencing the activity of the MyoD family of regulatory factors. Therefore, in
congenital DM patients, terminal muscle differentiation may be delayed as a result of

hyperphosphorylation by the DMK gene product along the differentiation pathway.
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Analysis of the activity of MyoDd family members in wanstected myoblasts  trom
congenital DM patients and in vitro differentiation svstems  will allow these ditferent

hypotheses to be assessed,
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Chapter 1V: Expression of the Myotonic Dystrophy Kinase (DMK) in Musele

Tissues and Primary Cell Cultures from DM Patients

1. Introduction

The mutation underlying DM_ has been identified as the amplitication of
polymorphic [CTG], trinucleotide repeat in the 3% non-coding region of the gene
(Aslanidis et al.. 1992; Mahadevan et al., 1992; Brook et al., 1992; Buxton et al.. 1992;
Fu et al., 1992; Harley et al.. 1992a). In the normat population. rcp(:al SIZeS range I'rm.u
5 to approximately 40 (reviewed in Wieringa, 1994). This polymorphic region was
shown to be significantly amplified in DM individuals, ranging from approximately 50,
in mild DM cases, to several thousand repeats in severely affected patients. A strong
positive correlation has been demonstrated between the size of the repeat and the
severity of the disease (Harley et al., 1992b; Tsilfidis ct al., 1992; Barcelo ct al., 1993).

The DM gene product (DMK) shows extensive homology to the catalytic domain
of serine/threonine protein kinases and more limited homology, in a predicted alpha
helical coil structure, to myofibrillar proteins (Mahadevan et al., 1993b; Jansen ct al,,
1992b; Brook et al., 1992; Fu et al., 1992). Although serine/threonine specific kinase
activity has been demonstrated (Dunne et al., 1994), the exact function of DMK is
unknown. Immunolocalization experiments have shown that it is a component of

neuromuscular junctions (van der Ven et al, 1993, Whiting et al., 1995) and
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intercalated disks (Whiting et al., 1995), suggesting a functional role for DMK in the
excitation-contraction coupling mechanism.

Conflicting observations have been reported with respect to the ‘effect of the
expanded repeat on DMK expression. Over-expression (Sabourin et al.. 1993) and
reduced expression (Fu et al., 1993; Carango ct al.. 1993; Holmann-Radvayani et al..
1993) ol" the mﬁtant allele has been reported using different assays. In addition, trans
up-regulation (ﬁudvayani et al,, 1994) and down-regulation (Iotmann-Radvayani et al.,
1993) of the wild type allele has been documented as an effect of [CTG], ampliﬁcaﬁon.
More recently, RT-PCR analyses havé shown that the levels of both the wild type and
mutant DMK transcripts in DM individuals were not affected in total RNA preparations
but \;vcrc significantly reduced in the RNA poly-A* fractions (Wang et al., 1995).
Similarly, it has been observed, by western blot analysis using anti-DMK peptide
antibodics; that the levels of a 54 kDa protein were reduced in affected tissues (Fu et
al., 1993; Koga et al., 1994). The size of this polypeptide is significantly .smaller than
the predicted size of 70 kDa {Mahadevan et al., 1993b). |

In order to resolve these discrepancies, we have analysed RNA from freshly
isolated DM muscle tissue and generated rabbit polyclonal anti-DMK antibodies that
react specifically to human and murine DMK. Mutant DMK mRNA is readily
detectable by Northern blot analysis of intact RNA prepafed from freshly sampled
muscle tissues from affected patients. However, western blotting experiments

demonstrate that the levels of DMK are not significantly altered in congenital or adult
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DM skeletal muscle samples and myoblast cell lines derived from these patients. In
addition, immunof{luorescent studies tailed to show any difterences in the distribution
of DMK protein in muscle sections from aftected individuals, These data suggest that
the dominant inheritance pattern of DM is not due to a signiticant alteration in DMK

protein levels but may be due to a cis or frany dominant ctfeet of the amplified repeat.

2. Methodology

RNA and genomic DNA preparation and analysis.

Tissue fragments were isolated and total RNA was extracted immediately and analysed
by Northern blotting as described (Sabourin et al,, 1993). Genomic DNA was prepared
from frozen tissue fragments or cell pellets and subjected to Southern blot analysis as

described (Sabourin et al., 1993).

Tissue culture and cell lines.

All cell lines described in this study were purchased from the American Type Culture
Collection (ATCC) and maintained at 37°C in a humidificd atmosphere conléining 5%
CO,. Cells were grown in o-MEM supplemented with 15% fetal caif scrum (FCS;
Gibco/BRL). For transfection experiments, a full length ﬁuman DMK cDNA, cloned
into the pcDNA3 expression vector ({nvitrogen), was introduced into COS-1 cells by

the calcium phosphate method as described (Sambrook et al., 1989). 48 hours following

70



transfection, cells were harvested and lysed as described below. To establish primary
myoblast cultures, a fragment or needle biopsy of skeletal muscle was obtained {rom
affected and normal individuals and minced into small pieces in cold phosphate
bulfered saline (PBS). The minced fragments were then incubated in trypsinization
solution (0.25% trypsin and 53 mM EDTA (Gibco/BRL) supplemented with 10 mM
glucose) at 37°C, .wilh shaking, for | hour. Debris were allowed to settle by gravity and
the celis contained in the supernatant were spun down at 400xg and subjected to a
sccond trypsinization. Again, the resulting supernatant, containing satellite myoblasts,
was plated and the cells were maintained in F-12 medium (Gibco/BRL) containing 20%
FCS and Spg/ml epidermal growth factor (Sigma). Cell pellets were subjected to

Southern and western blot analysis.

Protein preparation and analysis.

Tissue l'ragménts and cell pellets were homogenized in a buffer consisting of 10 mM
- Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, | mM DTT, I mM PMSF, 2 mM
benzamidine HCI and 10 pg/ml aprotinin. The lysates were rotated at 4°C for 1 hour
and centrifuged at 10,000xg for 5 min. The resulting supernatant was quantitated for
total protein concentration using a BCA protein assay system (Pierce) according to the
manufacturer’s instruction. For western blot analysis, 20pg of cytosolic protein was
subjected to 10% SDS-PAGE and transferred {Sambrook et al., 1989) to polyvinylidene

difluoride membranes (PVDF; Immobilon-P). Electrophoresis and transfer was

71



performed using a Bio-Rad mini-protean 11 systenmi. Elficieney of transter was evaluated
by staining the filters with 0.2% Ponceau 8 in 0.1% acetic acid. Membranes were
blocked with 5% skim milk powder in TBST (30 mM Tris-HICL ptl 7.4, 150 mM Na(l,
0.05% Tween 20) and incubated for | hour at room temperature with 140 ng/mil of
DMK antibody, designated anti-DMK-l (or anti-DMK-2). For normalization. .:m anti-u-
sarcomeric actin monoclonal antibody (5C5: Sigma) was used at o 1:10.000 dilution as
suggested by the manufacturer. Anti-MHC type | monoclonal antibodies (clone A%
a kind gift form P. Merrifield) were used at a 1:10 dilution ol hybrydoma supernatant.
Detection was performed using a horse radish peroxidase-labelled goat anti-rabbit (or
anti-mouse) secondary antibody at a 1:3000 dilution as recommended by the
manufacturer (Amersham). Post-incubation washes (3 times/10 min) were in TBST at
room temperature. Following the last wash, membranes were subjected o
chemiluminescence detection using ECL reagents according to the manulacturer’s
specifications (Amersham). Signals were visualized following a 2 to 5 min exposure (o
Kodak XAR—S films. Autoradiograms were scannea on a Bio-Rad GS-670 imaging

densitometer.

Immunofluorescence analysis.

Tissues were obtained at autopsy (6 hours post mortem), flash [rozen in liquid nitrogen
and stored at -80°C until sectioned. Cryostat sections (16 pm) were cut and thaw

mounted on slides for immunostaining as described (Whiting et al., 1995). Stained
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sections were viewed and photographed using a Zeiss fluorescence microscope. For N-
CAM and desmin staining of myoblast cultures, the cells were plated on 2 em x 2 ¢m
coverslips and grown for 24 hours. Coverslips were ﬁxcd for 3 min in pre-chilled
methanol (-20°C), rinsed with phosphate bufiered saline and incubated with anti-N-
CAM monoclonal antibody (SH.111) or an anti-desmin monoclonal antibody (ZSDI1;

Picree). Detection was performed using a {luorescein-labelled goat anti-mouse antibody.
3. Results
Genceration of DMK-specific antibodies

Rabbit polycional antibodies 1o DMK were obtained following immunization
with bacterially expressed DMK as a GST fusion protein (described in Whiting et al.,
1995). Affinity purified antibodies (anti-DMK-1 and anti-DMK-2) were used in all
subsequent analyses. Western blotting experiments of normal human tissue extracts,
using anti-DMK-2, results in the detection of two major reactive species of 74 kDa
(DMKa) and 82 kDa (DMK, see Fig 4-1). Similar DMK protein species of 70-72 kDa
have been reported using different antibodies (Timchenko et al., 1995; Sasagawa et al,,
1994), Interestingly, the 82 kDa isoform is the predominant species in human skeletal
muscle, whereas the 74 kDa DMK protein is found to be more abundant in cardiac

tissues. Relatively low levels of these two isoforms are seen in total human and murine
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Fig. 4-1. Expression of DMK protein in tissues and cell lines. a, Total cytosolic protein
extracts (20pg) isolated from various normal human tissues were analysed for DMK
expression by western blot analysis. The tissue extracts were: lane 1, heart; lane 2, adult
pectoralis; lane 3, neonatal pectoralis; lane 4, brain; and lane 5, liver. b, Expression of
DMK in cell lines: lane 1, COS-1 celis; lane 2, 2pg of protein extract from COS-1 cells
transtected with a full length DMK c¢DNA; lane 3, C2C12 murine myoblasts; and lane 4,
C3HI0T1/2 fibroblasts extract. ¢, Expression of DMK in a brain sample from a DMK
transgenic mouse; tg, transgenic brain extract; N, normal mouse brain extract. All filters
were probed with anti-DMK-2 and detection was performed using an enhanced
chemiluminescent system with a horse radish peroxidase-coupled goat anti-rabbit
antibody. The sizes of the observed DMK product are indicated in kiloDaltons (kDa).
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brain samples. However, significantly higher levels were observed in the choroid plexus
and ependyma regions (Whiting ct al., 1993), suggesting a cell type-specilic expression
of DMK in the brain. Liver tissue does not show appreciable levels of either DMK
isoforms. These relative protein levels are consistent with the observed abundance of
DMK mRNAs in the corresponding tissues (Brook et al., 1992 Jansen et al.. 1992h),
We have previously reported the existence of two major DMK isolorms in ¢cDNA.
libraries prepared from human tissues wh'ich correspond to the alternative splicing of
exons 13 and 14 (Jansen et al., 1992b). These niRNAs are predicted to encode products
that differ by approximately 10 kDa and it is possible that DMKa and DMK represent
these isoforms.

Further characterization of anti-DMK-2 was carried out on various cell lines and
brain tissue of DMK transgenic animals. As shown in figure 4-1b. COS-1 control cells
do not show any detectable levels of DMK protein. However, COS-1 cells transfected
with a full length DMK cDNA display high levels of p82-DMK. The murine myoblast
cell line C2C12 was found to express DMK at appreciablc levels, in contrast to the
mesodermal precursor fibroblast cell line C3H10T1/2. This pattern of DMK expression
also correlates with the abundance of DMK mRNA detected ‘in these cell lines (_dala not
shown). Finally, other than a minor cross;reacting species at 66 kDa, anti-DMK-2 did
not detect any DMK-specific protein in a total brain extracts from normal control mice.
However, specific DMKa and p isoforms were readily observed in brain samples from

transgenic mice bearing the entire human gene (Fig 4-1c¢ and M.Narang, unpublished
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data). These data, in conjunction with recent results from our laboratory (Whiting et al..
1995), strongly suggest that anti-DMK-2 specifically reacts with authentic murine and
human DMK isoforms of 74 (DMKa) and 82 kDa (DMKP). Whether the previously
described 54 kDa reactive protein represents a product from an alternatively spliced
variant of DMK mRNA or a processed isoform is unclear, However, DMK anti-peptide-
derived antibodies (van der Ven ei al., 1993), show the presence of the 54 kDa DMK
protein in DMK™ mutant mice, whereas the DMKa and B isoforms detected by anti-
DMK-2 arc absent (Be Wicringa, Nijmegan, Netherlands, personal communication).

This suggests that the 54 kDa protein ts not a DMK product.
Expression of mutant DMK mRNA

Previous studies have reported the absence of mutant DMK mRNA in tissues
from affected individuals (Fu et al., 1993; Carango et al., 1993; Hofmann-Radvayani
ct al., 1993). One of the difficulties in the analysis of such mRNA is that reverse
transcription PCi{ (RT-PCR) through the expanded [CTG], repeat may be inefficient
(Sabourin et al., 1993). In addition, because of the size (up to 20 kb) and heterogeneity
of the amplified [CTG], repeat, mutanti DMK mRNAs may be more susceptible to
degradation and therefore difficult to quantitate. In order to minimize the degradation
problem we used freshl‘y isolated muscle tissue from a congenital DM patient as a

source of total RNA for northern blot analysis. The congenital patient suffered neonatal
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respiratory distress, severe hypotonia and died of respiratory faiture at 1 month ol age.
Prior to RNA analysis, the expansion status of the musele tissue was examined.
Southern blotting experiments of muscle DNA showed a |CTG), repeat size of
approximately 8 to 12 kb. predicting a mutant DMK mRNA ranging in size lrom 11
to 15 kb (Fig 4-2a). In contrast to prévious reports in which mutant DMK transcripts
were not detected, enlarged transcripts of approximately 10 kb were readily detectable
in the congenital muscle sample (Fig 4-2b). Significantly, probes specilie to intron 1
and intron 9 of the DMK pene did not show any hybridization signal (data not shown),
suggesting that the enlarged trinscript does not represent a heteronuclear RNA.
Furthermore, the dosage of the 3.3 kb wild type message (50% ol control) was nol
affected, a result also contrary to what has been previously reported (Hofmann-
Radvayani et al., 1993; Radvaym}i ctal.,, 1994; Wang et al., 1995). The 10 kb transeript
is likely to represent a major mutant species among a heterogencous population of
DMK mRNAs. Consistent with these results, we have reported the detection of mutant
DMK transcripts in a congenital DM fibroblast cell line (Sabourin et al., 1993).
Furthermore, others have shown enlarged transcripts in tissue samples from adult and
congenital patients (Roses et al., 1992). These combined data show that DMK mRNAs
are transcribed from mutant DMK genes bearing large repeats and that the failure to

detect them in affectéd tissue samples may be due to RNA degradation.
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Fig. 4-2. Expression of mutant DMK mRNA in congenital muscle tissue, a. Southern blot
analysis of EcoRI-restricted muscle genomic DNA (Spg) for determination of expansion
size as described previously (Tsilfidis et al., 1992). N, normal controls; E4. congenital
DM muscle sample. A sample (E2) known to have an expansion of about 1000 CTG
repeats was included for comparison. Molecular weight markers are indicated in
kilobasepairs (kbp). b, Northern blot analysis of total RNA (10pg) extracted from freshly
sampled muscle tissue from the congenital DM patient described in figure 2a (lane Ed);
Lane 1, normal muscle tissue: lane 2, congenital DM muscle. For comparison an RNA
sample from a human rhabdomyosarcoma cell line (TE32) and murine fibroblast (NIH
3T3) was included: lanes 3 and 4, respectively. The filter was probed with a 531 basepair
Pst I fragment derived from a DMK ¢DNA. Control hybridization was performed using
a B-actin cDNA probe.
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Expression of DMK protein in affected muscle tissue and myoblast cell lines

Having established that the mutant gene is transeribed, we sought to analyse the
effect of the repeat on DMK protein expression and disteibution in aflected tissues.
Several DM patients were surveyed. One patient was a 28 week old fetus obtained trom
a therapeutic abortion. The adult DM patient was a 56 year old female with myotonia
and muscle weakness who died of heart [atlure, The congenitai DM patient is s
described above. The adult normal Icontrol was a 70 year old male who died of

gastrointestinal perforation. As a contro! for the congenital DM samples, lissues (rom
a 3 week old female, who died of pulmonary collapse, were used. Following Sputhcrn
blot analysis of tissue DNA for determination of expansion size (Fig 4-3a), skeletal and
cardiac muscle total proteins were prepared and analysed for DMK levels by western
blotting. Using an anti-a.-skeletal acﬁn antibody for normalization, the total levels (o
and B isoforms) of DMK protein were determined by densitometric scanning. As shown
in figure 4-3b, DMK-specific bands were detected at 74 and 82 kDa. One cross-reactive
species is consistently observed at about 46 kDa with anti-DMK-1. This rcactive band
i.s only detected when using anti-DMK-1 and can also be observed in non-cxpressing
tissues or cell lines (data not shown). Finally, a band of approximately 22 kDa was
observed in some samples and is likely to represent a proteolytic degradation product
of DMK, Supporting this is the fact that degradation was also observed for skeletal

actin in the same samples (Fig 4-3b). Following quantitation, no significant differences
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Fig. 4-3. Expression of DMK protein isoforms in affected adult and congenital DM
tissues. a) Southern blot analysis of DNA (Spg) tfor determination of amplification size.
DNA was digested with EcoRI prior to fractionation and blotting. Lane 2, normal
myoblasts; lanes 4 and 6, lymphocyte DNA from two normal controls; lane 1. congenital
DM-1 primary myoblast culture: lane 3, congenital DM-2 primary myoblast culture; lane
5, skeletal muscle from an E2 fetus; and lane 7, skeletal muscle from an adult DM. b)
Western blot analysis of muscle samples from various DM individuals. The skeletal
muscle samples analysed were: lane 1, E2 fetal muscle: lane 2, adult DM; lane 3, normal
adult; lane 4, normal neonate (pectoralis); lane 5, congenital DM (pectoralis); and lane
6, congenital DM (diaphragm). The cardiac samples were: lane 1, normal adult; lane 2,
adult. DM; lane 3, normal neonate; and lane 4, congenital DM. The congenital DM
samples were obtained from the individuals described in figure 3a. The membrane was
probed with anti-DMK-1 and detection was performed as described. The same filter was
stripped and incubated with an anti-o-skeletal actin antibody (Sigma), that reacts to both
skeletal and cardiac isoforms, for normalization. For type I fiber normalization, equivalent
amounts (as for figure 3b) of skeletal muscle total protein extracts were analysed tor
MyHC-I expression using a monoclonal antibody (4A9) to the MyHC type I isoform. ¢)
 Western blot analysis of normal and DM primary myoblast culture extracts. Primary
myoblasts cultures from various DM patients were established and equivalent amounts of
protein extracts (20pg) were subjected to western blotting. Equivalent protein loading was
confirmed by coomassie blue staining of a replicate gel (not shown). Lane |, normal
myoblasts; lane 2, E2 fetal myoblasts; lane 3, congenital DM-1 myoblasts; and lane 4,
congenital DM-2 myoblasts. Corresponding samples that were used for both DNA and
protein analysis are as follows: E2 fetus, adult DM, normal adult, congenital DM-1 and
congenital DM-2. Probing and detection was as in (b).
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were observed, between a nconate control, an E2 fetus and congenitally atfected skeletal
tissues in the levels of both DMK isoforms (Fig 4-3b and Table 4-1). Interestingly.
there appears to be a marked reduction of DMK levels in the normal neonate diaphragm
(about 25% of normal pectoralis muscle control, when normalized to skeletal actin),
suggesting significant tissue specitic differences in DMK expression. Following -
skeletal actin normalization, totai DMK protein levels in the adult DM musele sample
were found to be approximately 40% that of the normal adult control (Table 4-1).
Quantitation is more difficult in this case becausc of possible proteolytic dcgr.udutinn
of DMK as evidenced by the presence of the 22 kDa reactive species (Ifig 4-3a).
However, when this reactive species is included in the analysis, no significant
difisrences were observed between the normal and DM adult patient (Table 4-1).

DM has been demonstrated to be associated with a paucity and a marked atrophy
of type | myofibers (slow twitch fibers; Harper, 1989), suggesting that DMK may be
expressed predominantly in slow fibers. Supporting this, immunofluorescence studics
have shown that, in addition to neuromuscular junctions, DMK preferentially stains type
[ myofibers (H. Epstein, Houston, Texas, personal communication).

Taken together, these observations suggest that the observed reduced expression
of DMK in adult skeletal muscle may be due to a reduced number of slow fibers. In
order to evaluate slow fiber content, all skeletal muscle samples were analysed for the
myosin heavy chain type [ isoform (MHC-I). As shown in figure 4-3c, the levels of

MHC-I isoform in the adult DM skeletal muscle sample were dramatically reduced
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Table 4-1.

aDM-M/N-M

aDM-C/N-C

E2/neo-M

¢DM-M/neo-M

¢DM-C/neo-C

1.2/0.4*

0.6

1.0

14

1.0




Table 4-1. Relative DMK content in DM patients after a-skeletal actin normalization.
Densitometric readings for DMK were normalized to those for a-actin and the DMK ratio
of DM patients to the appropriate normal control was calculated using normalized DMK
values. The results do not show any significant differences in the levels of DMK in a
congenital DM patient or an E2 DM fetus. A reduction in DMK levels was observed in
cardiac tissues from an adult DM case. Similar results were obtained in two independent
experiments. The data obtained from one such experiment are tabulated above. DM-M and
aDM-C designate adult DM skeletal muscle and cardiac muscle, respectively; N-M and
N-C represent normal adult skeletal muscle and cardiac muscle, respectively. E2, fetal
muscle; cDM-M and ¢cDM-C correspond to congenital DM skeletal muscle and cardiac
muscle, respectively; neo-M and neo-C are normal neonate skeletal muscle and cardiac
muscle, respectively. The asterisk (¥) corresponds to the obtained ratio when the readings
for the degradation product were not included in the calculation.
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{about 6-fold) compared to the normal adult control, suggesting a marked reduction in
the number of type I fibers in the DM sample. More importantly, this suggests that the
observed decrease in DMK protein levels is not due to under-expression of DMK but
rather to a reduced slow fiber content. Furthermore, when the observed DMK levels in
both adult samples were normalized to MHC-] content, the ratio of DMK levels
~between the adult DM sample and the normal control was found to be greater than 1.0,
“suggesting elevated DMK levels in the affected individual (Table 4-2).

Consistent with previous reports, no MHC-1 was detected in both the neonatal
and congenital DM skeletal muscles, which are still expressing the neonatal isoform of
slow MHC (Hughes et al,, 1993). In contrast, normal neonatal diaphragm tissue
expressed adult MHC-], consi;tent with muscle type-specific differentiél expression of
slow MHC isoforms (Brozanski et al., 1993; Soussi-Yanicostas et al., 1990). However;
the E2 fetal limb muscle sample expressed a low levels of MHC-1, again presumab!y
reflecting the complex spatial and temporal expression pattern of MHC-I (Sutherland
et al., 1991).

For cardiac muscles, neonatal tissues showed no difference between affected and
normals (Fig 4-3a and Table 4-1). However a 40% reduction in total DMK levels as
observed in an adult DM heart sample. Importantly, this individual died olf heart failure
and therefore this difference in DMK levels may be due to a secondary consequence
of extensive tissue damage, although this does not exclude the possibility that DMK |

protein levels may be reduced in cardiac tissue of adult onset cases of DM. In
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Table 4-2.

aDM-DMK ' /aDM-MHC

N-DMK'/N-MHC

aDM-M */N-M

4.7/1.3%

0.7/0.5*

5.8/2.0%




Table 4-2. Relative DMK levels in a DM adult patient after normalization to MHC type
I. 'DMK readings were normalized to o-skeletal actin and the ratio of DMK to MHC-I
was calculated for the DM and normal samples. These values show an increase DMK
content in the DM sample relative to the adult control. *Similar results were obtained
when the DMK levels were normalized to MHC-I content prior to calculating the DM to
- normal ratio for DMK, aDM-DMK and aDM-MHC represent adult DM DMK and MHC-I
content, respectively; N-DMK and N-MHC designate normal adult DMK and MHC-I
content, respectively; aDM-M, adult DM skeletal muscle; N-M, normal adult skeletal
muscle. The asterisk (¥) corresponds to the obtained ratio when the readings for the
degradation product were not included in the calculation.
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conclusion, therefore, the current study demonstrates that DMK levels corresponding
to the 74kDa and 82kDa isoformis in aftected individuals are not significantly altered
compared to controls, in contrast to previous reports on the quantitation of a 34 kDa
protein (Fu et al,, 1993; Koga et al., 1994).

In order to further evaluate DMK protein levels in affected individuals, primary
m.yoblast cell lines were established from limb muscle of an aflected tetus (deseribed
above) carrying an E2 expansion (correspoﬁding to approximately 1000 CTG repeats)
and two 15 w;eekold congenital DM fetuses (with a repeat size of approximately 3000-
5000 CTG répeats, Fig 4-3a). Control myoblasts were purified from a xiccdlc biopsy
performed on a 13 moﬁth old unaffected individual. The purity of the myoblast cultures
was determined by immunofluorescence staining for N-CAM and desmin and lound to
be greater than 98%. For DMK protein analysis, myoblast extracts were quantitated lor
total proteins and 20pg was subjected to western blot analysis. Although significantly
lower than normal skeletal muscle. tissue, the levels of DMK in DM myoblasts were not
altered in comparison to.control (Fig. 4-3c). Interestingly, higher levels (approximately
4-fold) were oﬁserved in one of the two congenital myoblast samples bearing similar
expansions. One explanation for this difference may be that each myobl:llsl iinc was
established at various stages of muscle differentiation reﬂectiﬁg differential DMK
expréssion during muscle development. Alternatively, one sample may be enriched in
a particular myoblast subset (Miller, 1991) in which DMK is expressed at higher levels.

Nevertheless, these data imply that, regardless of the expansion status, DM muscle-

85



derived satellite cells express relatively normal levels of DMK protein.
Distribution of DMK in affected tissues

To determine whether or not the normal distribution of DMK would bc altered
in tissucs.dcrivcd l'rom DM indiQiduals, we performed immunofluorescence staining of
(rozen tissuc scctions. Normal adult cardiac musclé sections were from a 70 year old
male (described above). In addition, heart sections were prepared from a 26 year old-
DM affected male Qho had pronounced myotonia and muscle weakness. For skeletal
muscle analysis, tissue sections were obfained from a normal 3 week old female and
a 28 week old DM affected fetus (both described above).

Normal and DM muscle sections showed. brightly stained neuromuscular
junctions with no obvious differences (Fig 4-4 panel I). Specific staining of
neuromuscular junctions by anti-DMK antibodies has been previously reported in
human and rodent skeletal muscle (van der Ven et al., 1993; Whiting et al., 1995). Also
as previously shown (Whiting et al., 1995), staining of cardiac muscle sections revealed
DMK -specific reactivity to the intercalated disks. Again, no major differences were
found for the DM sample in comparison to the normal (Fig.4-4 panel II). To correct for
autofluorescence due to lipofusion, adjacent sections were processed with secondary
antibody without prior incubation with anti-DMK-1 (Fig.4-4 panel II-B and D). Oﬁr

immunofluorescence analysis shows that relative DMK levels and distribution in
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Fig. 4-4. Immunolocalization of DMK in uffected skeletal and cardiac tissves. Frozen
sections from sampled tissues were stained with anti-DMK-1. Panel I, A and B, normal
neonatal muscle sections: C and D, E2-DM fetal muscle sections. Magnifications were
20x (A and C) and 100x (B and D). Specific neuromuscular junction staining is seen at
higher magnification (arrows). Panel II, A and C represent an anti-DMK-1-stained DM
and normal cardiz¢ muscle section, respectively. The autotluorescence controi of an
adjacent section is shown in B and D. More extensive autofluorescence is seen in the
sample from the older individual (D) due to an age-related increase in lipofusion
compared to that observed in the DM sample (B). DMK was shown to localize to
intercalated disks and no differences was observed between affected and normal.
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skeletal and cardiac muscle samples are not significantly altered in affected individuals.

4. Discussion

We have generated anti-DMK amibodiés that react to human and murine DMK,
The observations that the 74 and 82 kDa proteins are only found to be expressed in
DMK transgenic organs such as brain (where it is normally undetectable) and that DMK
"knock-out" mice do not express these isol’onﬁs. (Be Wicrin.gu. personal

communication), suggest that anti-DMK-1 and 2 react with authentic DMK, Our results
clearly demonstrate that anti-DMK-1 and anti-DMK-2 react with major DMK specics
of 74kDa (DMKa) and 82 kDa (DMKPB) in both skeletal and cadiace tissues. Using
different antibodies, previous reports have demonstrated reuctivity to the 74 kDa but not
to the 82 kDa isoform, suggesting that their antibody reacts more specifically to DMKa
(Timchenko et al., 1995; Sasagawa et al., 1994).

The relative tissue levels of DMK protein observed in this study were found to
correlate with previously reported DMK mRNA levels (Jansen et al, I992b).
Furthermore, DMK levels observed in the murine myoblast ceil line C2C12 were found
to be markedly higher than in the mesodermal precursor fibroblast line C3HI0TI/2,
suggesting that DMK is upregulated during myoblast conversion of mesodermal stem
cells. Supporting this, P19 stem cells converted to myoblast-like cells by over-

expression of MyoDl, express DMK (Skerjanc et al., 1994). Further studies on
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myoblast differentiation and determination will help to delineate the role of DMK
during myogenesis, ‘particularly in the light of the observations that muscle cross-
sections from congenital patients show an abundance of satellite cells, suggesting a
delay of muscle maturation in these individuals (Farkas-Bargeton et al.. 1988; Soussi-
Yanicostas ct ul.; 1991; Sarnat and Silbert, 1976).

Previous studies have failed to conclusively demonstrate the existence of mhtant
DMK lrans;:ripté. In addition, it has been demonstrated that the [CTG], repeat acts as
a strong nucleosome positioning element, suggesting that it .may downregulate
transcription (Wang et al., 1994; Wang et al., 1995; Otten and Tapscott, 1995).
However, our Northern analysis of freshly isolated RNA trom congenital muscle tissues
bearing large [CTG], expansions revealed the presence of a major species of mutant
DMK mRNA. These results suggest that the DM mutation does not repress DMK gene
expression as was demonstrated for the FMR-1 gene mutation (Pieretti et al., 1991;
Sutcliffe et al.,, 1992). Furthermore, in contrast to previous observations (Hofmann-
Radvayani et al., 1993; Radvayani et al., 1994; Koga et al., 1994; Wang et al., 1995)
the levels of the wild type DMK mRNA were not altered in this congenital DM
individual.

A common feature of adult myotonic dystrophy is the observation that muscle
cross-sections show a paucity and atrophy of type I myofibers (Harper, 1989).
Interestingly, DMK has been shown to be expressed preferentially in the cytop"lasm of

type [ fibers (H.Epstein, Houston, Texas, personal communication).
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Taken together, these observations suggest that the failure to detect mutant transcripts
in RNA prepared from aftected individuals may be due mainly to o significantly
reduced number of type I fibers and/or the preferential degradation ol high molecular
weight RNA. Similarly. the recent findings that the levels of both the wild type and -
mutant DMK mRNAs are decreased in poly-A' preparations (rom DM muscles (Wuhg
et al.,, 1995) may not be due to a diseasc-specific effect but rather to a spcciiic
‘recluction‘in type I fiber conteni. Supporting this is the fact that we observed a marked
reduction in slow MHC-1 isoform expression in adult DM patients (Fig 4-3b).
Therefore, as cautioned by Roses (Roses, 1994), carc should be taken in the
interpretation of data obtained from the analysis of tissues because appropriately
matched controls with respect to fiber type distribution, fatty inliltration and tissuc
disruption are difficult, if not impossible, to obtain. Alternatively, quantitative PCR of
DMK mRNA through a polymorphic region (Sabourin et al., 1993), other than the
repeat, could be performed on single fibers.

A slight variation in absolute DMK protein levels in affccted tissues, which may
not be readily detectable by western blot analysis, could be responsible lor the DM
phenotype. However, our data show that a significant alteration of DMK protein levels
and distribution are not observed in muscles of a fetal, congenital and aduit DM patient
and three primary myoblast éeli lines derived from various affected individuals. These
results are in contrast to previous studics which have shown decreased levels of a 54

kDa cross-reactive protein in DM skeletal and cardiac muscle (Fu et al., 1993; Koga ct
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al., 1994) but as discussed above, this protein is not likely a product of the DM gene.
Therefore, a change in DMK protein level distribution or expression pattern may
not constitute the molecular basis of DM. However, an alternate hypothesis is that geneé
surrounding the DM locus are affected by the amplified [CTG], repeat (Wieringa,
1994). One such gene, DMR-N9, has been reported to lie within a few hundred base
pairs upstream of the transcriptional start site of the DMK gene {(Mahadevan et al.,
1993b; Janscn et al.,, 1992b). However, expression studies looking at the effect of the
DM mutation on the expression of the DMR-N9 gene have yet to be reportéd.
Although DMK protein levels may not-. be changed , the CTG expansion could
still alter DMK mRNA levels. Consistent with this interpretation, we have previously-
- shown that the amount of the mutant DMK mRNA was significantly increased in
various tissues of a congenital DM patient (Sabourin et al., 1993). However, as shown
by the present study, the total levels of DMK protein in affected individuals do not
differ from the normal control, suggesting that the expanded mRNA is somehow
inefficiently processed or translated. Recently, in situ hybridization studies have shown
that aberrant post-transcriptional processing appears to be associated with mutant DMK
transcripts (Taneja et al., 1995). Specifically, foci of mutant DMK transcripts were
observed in the nuclei of DM fibroblasts and myofibers. These results suggest that
mutant DMK messages may be inefficiently processed, that is, primary transcripts are
not properly spliced and/or the mature messages ére not transported to the cytoplasm.

Hence, although DMK mRNA levels may be increased (as we previously reported;
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Sabourin et al., 1993), total DMK protein levels remain relatively unchanged in the
disease state, a prediction that is consistent with the lindings of the present study.

The expanded repeat, nevertheless, may titrate away nuclear factors required for
specific mRNA metabolism functions such as the control of mRNA swbility or
transport. Therefore, the dominant inheritance pattern ol DM may be muedinted, in trans,
by the mutant mRNA itself and may not involve the DMK product. Studies concerned
with RNA processing and transport of DMK mRNAs carrying expanded repeats will
help to delineate if such a n1e§hanism underlies or contribute to the pathogenesis nl".

myotonic dystrophy.
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Chapter V: Over-expression  of the myotonic dystrophy kinase (DMK) 3’

untranslated region inhibits myoblast terminal differentiation in vitro

1.1ntroduction

Myolonic dystrophy (DM), the most common form of inherited neuromuscular
discase in adults, affects 1 in 8000 individuals globally. DM is an autosomal dominant
and multisystemic disorder characterized mainly By myotonia and progressive muscle
~weakness and wasting (Harpef, 1989). ‘At;fected individuals present with a highly
variable phenotype, ranging from an assymptomatic condition to a severe and frequently
fatal congenital form. Congenital DM patients display marked hypotonia, neonatal
respiratory distreés and severe mental retardation. Significantly, histochemical studies
of muscle cross sections from these patients has demonstrated the presence of immature
myofibers and an abundance of satellite cells. Furthermore, protein profile analyses have
shown an altered content of contractile protein in these muscles, suggesting that the
congenital form of DM is associated with a delay or an arrest of muscle maturation
(Sarnat and Silbert, 1976, Farkas-Bargeton et al., 1988 Soussi-Yanicostas et al., 1991,).

In research concerning the expression of the DMK gene, controversial
observations have been reported on the effect of CTG amplification. Using different
assays, over-expression {Sabourin et al., 1993) and reduced expression of DMK (Fu et

al., 1993; Carango et al., 1993; Hofmann-Radvayani et al., 1993) have been observed
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in muscle tissues from affected individuals. More recently, expression studies using R1-
PCR have shown that the total activity of the DM locus was unaltected in DM paticnts
but that the levels of processed mutant transcripts were decreased (Krahe et al., 19935),
In another analysis, Wang et al. (1995). have shown that the levels of DMK mRNAs
were not significantly altered in total RNA preparations, whereas they were markedly
reduced in poly-A' samples. Surprisingly. this dcbrcasc was observed for both the wild
type and mutant DMK transcript. These authors have proposed llml the expanded CTG
repeat may act as a dominant—hegative mutation that affects RNA processing in trans.
However, using a polyclonal antibody that we have penerated and have shown to react
specifically to DMK isoforms, we have demonstrated that the levels and distribution of
DMK protein are not significantly altered in congenital DM patients (Sabourin et al.,
submitted; see chapter IV), in contrast to other studies (Fu ct al..1993; Koga ct al.,
1994). These observations suggest that the observed reduction in DMK expression in
DM patients does not lead to a decrease in DMK protein, supporting the hyplolhcsis that
the dominant inheritance pattern of DM may not be due to changes in DMK protein
levels or activity but rather to be the result of a cis or frans dominant elfect of the
amplified repeat in the 3'UTR.

Numerous studies have defined major roles for mRNA 3’ UTRs, Specific motifs
found in the 3° UTR of several classes of transcripts have been shown to mediate post-
transcriptional mRNA stability or have been demonstrated to be involved in .thc control

of translation (reviewed in Belasco and Brawermann, 1993). Recently, novel functions
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in the control of growth and diferentiation have been assigned to the 3° UTR of
dillerentiation-specific mRNAs such as a-skeletal actin and tropomyosin. The ov.r-
expression of these UTRs have been shown, in a genetic complementation system, to
rescue the mutant phenotype of differentiation defective myogenic mutant cell lines and
to suppress their tumorigenicity (Rasfinejad and Blau, 1993; Rastingjad et al., 1993).
They have been proposed to act as frans-acting regulators in a feedback 1oop. by
promoting differentiation. Taken together, these results, and the developmental delay
observed in muscle tissues from congenital DM ca;és, raisf: the interesting possibility
that the DM phenotype may be mediated by the mutant 3’ UTR. Supporting this is the
recent observation that mutant DMK transcripts have been shown to accumulate in the
nuclei of fibroblasts or muscle cells isolated from DM patients, suggesting that the
~ expanded repeat may alter the normal processing or export of tﬁe mutant mRNA
(Tangja ct al., 1995).

We have previously reported that CTG expansion in the 3° UTR of the DM gene
increases mutant DMK mRNA steady state levels in muscle tissues isolated from
congenital DM patients (Sabourin et al., 1993; see chapter III). Combined with the
rccent findings that CTG repeat expansion may alter mRNA metabolism, these
observations suggest that the expanding repeat may lead to an accumulation, or
increased steady state levels, of the mutant message. Consequently, this may affect the
normal processing of the DMK message and possibly of other transcripts.

In order to gain insight into the role of DMK during myogenesis and the
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mechanism underlying DM, we decided to characterize DMK expression during the
terminal differentiation of C2C12 myoblasts and to investigate the efteet of DMK over-
cxpression on myogenesis. Our results show that DMK is expressed in various myoblust
cell lines and is slightly up-regulated during skeletal myogenesis in vitro. We report that
DMK over-expression markedly inhibits myogenesis, a result consistent with previously
reported findings of delay in muscle development in congenital DM. Remurkably, we
demonstrate that this activity maps to the 3° UTR ol the DMK mRNA as it dnc;‘: not
appear to involve the DMK protein. In addition, the activity cﬁuld also be conlerred to
a heterologous gene, suggesting that over-expression of the 3* UTR is sufficient to
mediate the observed phenotype. These results suggest that over-expression of the 3°
UTR may function in a feedback loop and may interfere with the expression or

metabolism of muscle-specific mRNAs required for muscle terminal differentiation.
2. Methodology

Plasmid constructions.

DMK expression vectors consisted of fufl length or partial DMK c¢DNAs cloned into
pcDNA3 (Invitrogen) using standard cloning protocols (Sambrook et al., 1989). Briclly,
pCMV-DMK corﬁprises a full length DMK c¢DNA bearing both 5" and 3’ UTRs in
pcDNA3. pDA35 was generated by cloning a PCR-amplified fragment corresponding

to the coding portion of the full length DMK cDNA. pDAS was gencrated by replacing
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the 5° Kpnl-Xhol portion of pCMV-DMK by the corresponding segment of pDA35.
Plasmid pK100R was obtained by in vitro mutagenesis of pCMV-DMK using the Muta-
gene I kit (Bio-Rad) according to the manufacturer’s instructions. A point mutation
was introduced at amino acid residue 100, converting the conserved lysine residue of
the ATP-binding site to an arginine. To conslfuct HT-3’ and HT-3'R, a 1.0 kb BamkHI
fragment encompassing the DMK 3 UTR was ;:loned in both orientation, into the Bglll
‘ site downstream’ of the hygromycin-tk hybrid ggné encoded by ptgCMV/Hy-tk (Lupton
el .al., 1991). The control plasmid HT-PGK was generated by cloning a 1.0 kb Xhol-
HindIll fragment, comprising the mouse PGK 3 UTR, into the Sall-HindIIl sites of
pteCMV/Hy-tk. In order to penerate pHTAR, pHT-3’ ‘.was digested using Pstl and Sacll,
the ends were filled in and the resulting vector was religated. pHTAS’ and pHTA3’ were
constructed by cloning PCR products corresponding to sequences 3’ and 5° to the CTG

repeat region, respectively, dowstream of the Hy-tk hybrid gene (see figure 5-12)..

Cell culture, Transfections and RNA analysis.

C3H10T1/2, C2C12 and NIH 3T3 cells were purchased from the American tissue type
culture collection (ATCC). C3H10T1/2 and NIH 3T3 fibroblasts were maintained in o-
MEM supplemented with 10% fetal bovine serum (FBS) and 2mM glutamine. C2C12
myoblasts were grown in o-MEM containing 15% FBS and glutamine. All cultures
were maintained under 70-80% confluency and grown at 37°C in a hurﬁidiﬁed_

atmosphere containing 5% CO,. For stable transfections, C2C12 or NIH 3T3 cells were

97



plated at 5 x 10° in 100 mm dishes 24 hours prior to transfections. The cells were
transfected by standard calcium phosphate precipitation (Sambrook, 1989) for § hours
and then refed with fresh growth medium. Following a 24 hour incubation, G418
(Geneticin; Gibco/BRL) or hygromycin B (Sigma) was added at final concentrations ol
0.4mg/ml or 0.2mg/ml, respectivelf. After a 14-day incubation, resistant clones (or
pools) were isolated using cloning rings and grown for RNA, protein and [lusion
analyses. For Northern blotting experiments, total RNA was extracted lrom conlluent
cultures of each individual clone and analysed as previously described (Sabourin et al.,
1993). For analysis of DMK expression during differentiation, C2C12 cullures wcfc
grown to 80% confluency, then transferred to differentiation medium (a-MEM
containing 10% horse serum) and RNA and proteins were analysed for DMK at various
times as indicatéd. For myogenic conversion of 10T1/2 fibroblasts, 2 x 10" cells were
plated in 35 mm dishes and grown for a further 24 hours. The cultures were then
treated with 3 pM 5-aza-cytidine (Sigma) for 24 hours. The cells were then refed with
fresh medium ‘(day 0) and DMK expression was analysed by western blotting at

" different time points.

*Transient transfections and CAT assays.
For transient transfections, C3H10T1/2 fibroblasts were plated at 2 x 10° in 60 mm
dishes and transfected with plasmid DNA as above except that the cultures werc

switched to differenﬁiation medium (e-MEM + 10% horse serum) 24 hours following
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translection. The calcium phosphate precipitate consisted of EMSV-MyoD (5 pg). the
4RIKCAT rcporlér construct (5 pg) and 5 pg of control vectors or expression vectors
bearing the DMK 3’ UTR or coding region. As a control for transfection efficiency.
pSV-BGal (2 pg) was included in all transfections and following a 48 h incubation of
the cultures in differentiation medium, the cells were washed with PBS and scraped in
0.25M tris (pH 7.8). The cell pellets were subjected to 3 freeze-thaw cycles qnd
equivalent zlliq‘ﬁols of lysates were assayed for CAT activity in a liquid scintillation
based assay as described by the manufacturer (Promega). In parallel, similar portions
of cell lysates were subjected to B-Galactosidase assays for normalization of transfection
c;‘ﬁcicndy. All CAT activity values were standardized to B-Galactosidase acﬁvities for

the same sample.

Immunofluorescence analysis of DMK.

For immunostaining, cultures of C2C12 myoblasts or myotubes in 35 mm plates were
fixed with pre-chilkled (-20°C) 100% methanol for 5 min and washed with standard
phosphate buffered saline (PBS). Fixed cultures were incubated with a 1:500 dilution
of anti-DMK-1 (Whiting et al., 1995) for 1 hour at room temperature. DMK was
localized by incubation with a FITC conjugated goat anti-rabbit secondary antibody
according to the manufacturer’s specifications (Pierce). Stained cultures were viewed

and photographed using an Olympus (Model BH2-RFCA) fluorescence microscope.
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Fusion_index determination

For fusion assays, C2C12 clones over-expressing the various DMK 37 UTR construets,
were plated at 4 x 10° cells in 35 mm dishes and incubated lor an additional 16 o 20
hours. The resulting contluent cultures were then washed onee with PBS and incubated
for 48 hours in differentintion medium, The cubtures were then washed with PBS and
fixed in 100% mélhanol as above. Following myosin heavy chain staining using the
monoclonal antibody MF20 (Bader et al., 1982) and peroxidase-conjugated  anti-mouse
antibody. thc cultures were counterstained with Giemsa lor visualization of the nueled.
In some assays, the fixed cultures were stained with Giemsa only, which was tound to
preferentially stain myotubes. The fusion index was calculated as the percent ratio of
the number of nuclei in myotubus over the total number of nuclci. inone tield ((# nuclei
in myotubes/total # nuclei) x 100). For each culture, at least 1500 nuclei were counted
from several random fields and the fusion index was taken as . the averagedstandard
error from the mean (S.E.M) of all calculatqd indices for one culture. The indices lor
the other cultures were graphed as the average index with the standard error of the
proportion. For each clone, the fusion index was determined in at least two separate

experiments. The results shown are from one representative experiment.

Western blot analysis
For western blot analysis of DMK expression, confluent cultures (in 35 mm dishes) of

DMK over-expressing clones, or 5-aza-cytidine-treated 10T1/2, were washed with PBS
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and lysed in SDS sample loading buffer (Sambrook et al., 1989). The samples were
boiled for 3 min and cquivalent portions of total lysates were fractionated onto 10%
SDS-PAGE gels and transtered to polyvinylidene difluoride membranes (PVDF:
lmﬁmbilun-l’). Elcctrdplmresis and transfer were performed using a Bio-Rad Mini-
Protcan Il system. The cfticiency of transfer was evaluated by Ponceau S staining
(0.2%) and DMK was detected as previously described (Whiting et al., 1995).
Equivalent loading of protein samples was confirmed by Coomassie blue staining of

replicate pels.

Proliferation assays

To measure the effect of the DMK 3° UTR on proliferation, hygromycin-resistant or
control NIH 373 fibroblasts were plated in 96-well plates at 2500 cells/well in 100 pl.
Following an overnight incubation at 37°C, 10 pl of a 5 mg/ml solution of 3-[4.5
dimethylihiazol-?.-yl]-lS diphenyltetrazolium bromide (MTT; Skidmore etal.,1975) was
added to each well. The cells were incubated for an additional 4 hours and solubilized
with 0.1 N HCI in isopropanol. The optical density (0.D.) of each well was then read
at 570 nm in a Bio-Rad microtiter plate reader. The reading obtained from a blank with
no cells was taken as background and subtracted from all other values. Each cell line
was assayed in quadruplicate samples for each independent experiment. Similar readingé
were obtained for three independent experiments. For relative comparisons, the average

reading for untransfected NIH 3T3 cells was arbitrarily set at 100+standard error from
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the mean.
3.Results
Expression of DMK during myogenesis

Previous studies have demonstrated that DMK is highly expressed in sﬁmulh. skeletal
and cardiac muscle tissues (Jansen et al.. 1992b; Sabourin et al., 1993). This muscle
specific pattern of expression and the primary involvement of skeletal muscles ih DM,
suggest a functional role for DMK in normal muscle function and development. To
begin to investigate this role, several myogenic cell lines were grown and poly-A' RNA
was prepared from undifferentiated cells. The analysed cell lines included the skeletal
myoblast line C2C12 (Blau et al., 1983); BC3H1, a skeletal myoblast line defective for
terminal differentiation (Taubman et al., 1989); the rat cardiac myoblast linc H9C2
(Hescheler et al., 1991) and the muitipotent embryocarcinoma cell line P19 (Rudnicki
and McBurney, 1987). Following Northern blot analysis, DMK was found to be
expressed at similar levels in the skeletal myoblast lines (Figure 5-1A). Interestingly,
relative to the PGK control, DMK expression was found to be significantly higher in
the cardiac myoblast cell line. In contrast, remarkably low levels of DMK were
observed in the multipotent stem cell line P19, suggesting that DMK is significantly

upregulated during myogenic lineage determination. Similarly, NIH 3T3 and
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Figure 5-1. Expression of DMK mRNA in various cell lines and during sacletal .
myogenesis. .

(A) Poly-A* RNA form various cell lines was analysed by Northern blotting for the
expression of DMK. Myogenic lines included the skeletal muscle lines C2C12 (1 pg) and
BC3H1 (1 pg); the cardiac muscle line HIC2 (1 pg) and the EC cell line P19 (4 pg).
DMK was found to be expressed a higher levels in all the myogenic cell lines relative to
P19 stem cells. (B) Expression of DMK mRNA during differentiation of C2Cl12
myoblasts upon serum withdrawal. Total RNA was analysed after O (lane 1), 2 (lane 2),
3 (lane 3) and 4 days (lane 4) after transfer of the cultures to horse serum. (C) Expression
of DMK during myogenesis of C2C12 in growth medium. The RNA samples analysed
were growing myoblasts (lane 1); 1 day after plating (lane 2) and 3, 5 and 7 days after
plating {(lanes 3, 4 and 5, respectively). As an indicator of differentiation, a myosin light
chains 1/3 probe (MLC 1/3) was re-hybridized to the filters. Equivalent RNA loading was
confirmed using a mouse PGK-1 probe. Normalization to PGK-1 shows a 2-3-fold
increase in the steady state levels of DMK during myogenesis in vitro.
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C3HI10T1/2 fibroblasts did not show any detectable expression of DMK (data not
shown).

Skeletal myoblasts have been demonstrated to express lineage deiermination
genes such as myf-5 or MyoD at high levels (reviewed in Olson and Klein, 1994;

~Weintraub et al., 1991). In marked contrast to C2C12, BC3H]1 cells expresses myf-5

'prcdominantly (Braun ct al., 1989a; Davis et al., 1989). Interestingly, both skeletal
mybblasl cell lines expressed DMK at similar levels, implying that the control of DMK
expression during myogenic ée_ll determin.ation may be achieved through either of the
two regulat;)rs.

As a first step into the characterization of DMK expression during myogenesis,
we determined DMK mRNA levels during the differentiation of C2C12 myoblasts.
Cells were grown to 80% confluency and induced to differentiate in fusion promoting
medium. Total RNA was isolated at various intervals and analysed for DMK
expression. Northern blot analysis showed a 2 to 3-fold increase in the steady state
levels of DMK transcripts following transfer of the cells to differentiation medium
(Figure 5-1B). Interestingly, the major increase in DMK levels occured 72 to 96 hours
following the induction of differentiation, suggesting a more predominant role for DMK
in mature myotubes. Similarly, when the cells were allowed to differentiate following
confluency Iin growth medium, DMK mRNA levels were found to increase
approximately 2-fold during differentiation (Figure 5-1C). For both time courses,

myoblast fusion, myosin light chains 1 and 3 (MLC 1/3) and a-skeletal actin levels
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(data not shown) increased significantly. indicative of muscle cell  terminal
differentiation.

Having established the pattern of DMK mRNA expression in various myoblast
lines and during skeletal lﬁyogcnesis, we sought to examine the expression and
distribution of the DMK protein in myoblasts and myotubes, For expression studies,
C2C12 cells were induced to differentiate under low serum conditions. The cultures
were harvested at specific times following the induction of dil‘l'crcnlialﬁm and -
equivalent amounts of total protein lysate were analysed lor DMK cxﬁrcssion by
western blotting using anti-DMK-1. The accumulation of the 72 kDa and 84 kDa DMK
protein isoforms (Whiting et al., 1995) was found to parallel that of the mRNA during
differentiation (Figure 5-2A).

" Immunofluorescence analysis, using anti-DMK-1, shows a reticular pattern ol
staining (Figure 5-2B}), similar to what has been observed for protein kinase C (PKC)-fl
in fibroblasts (Mochly-Rosen, 1995). Confocal microscopy has mwore accurately
localized DMK to the Golgi apparatus in COS-1 cells over-expressing DMK (Be
Wieringa, Nijmegan, Netherlands, personal communication). Interestingly, upon
differentiation and myoblast fusion, DMK appears to be redistributed uniformly in the
myotubes (Figure 5-2C), suggesting -that the induction of differentiation triggers its
relocalization.

O‘ur expréssion results with the various cell lines suggest that DMK may become

upregulated during myogenic determination (see above). In order to investigate this
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Figure 5-2. Expression and localization of DMK protein during myoblast differentiation
and myogenic conversion. (A) Equivalent amounts of total protein lysate from control
C2C12 or C2CI12 cells incubated in differentiation medium (DM) for 1 and 3 duays were
western blotted and incubated with anti-DMK-1. The levels of DMK isoforms at 74 kDa
and 82 kDa are found to increase slightly upon differentiation. Cross-reactive species
(about 52 kDa) are detected with anti-DMK-1 but not anti-DMK-2 (see fig.2D).
Immunolocalization using anti-DMK-1 in C2C12 myoblasts {B) and myotubes (C) shows
punctate and homogeneous staining, respectively. (D) Expression of DMK protein in
control 10T1/2 cells or following a brief treatment with 5-aza-cytidine. Lanes 0, 1 and 4
indicate the time (in days) at which the cultures were harvested following a 24 h
treatment with 5-aza-cytidine. Upregulation of DMK was seen 4 days after exposure to
5-aza-cytidine and was more pronounced when 10T1/2 cells were transtected with a
MyoD expression vector (10T1/2-MyoD). C2C12 was included as a control for DMK
expression.
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possibility, DMK expression was analysed in the mesodermal precursor eell line
C3H10T1/2 which has been demonstrated to differentiate predominantly into myoblasts
as well as chondrocytes and adipocytes following o briel treatiment with S-aza-cvtidine
(Konieczny and Emerson, 1984). As shown in figure 5-2D, the presence ol the 82 kDa
DMK isoform is apparent four days after treatment of 10T1/2 cells with S-aza-eytidine.
Similarly, DMK mRNA was found to be up-regulated following S-aza-eytidine
treatment and this induction coincided with an increase in MyoDd mRNA in these cells
(data not shown). The observed low level of DMK protein is prcSumubly due to the faet
that only 25% of the cells pet converted to myoblasts under: these conditions
(Konieczny and Emerson, 1984). Myogenic conversion by transicnt transfection of
MyoD expression vector resulted in higher expression of DMK (Figure 5-2D),
suggesting that the observed DMK 'cxpression in 5-aza-cytidine treated cultures is l'ml
likely to be due to the presence of the other cell types. Supporting this, ncuromuscular
junctions are the only structures to be stained by anti-DMK-1 in frozen skeletal muscle
sections (Whiting et al., 1995). Therefore, our observations suggest that DMK is up-
regulated during myogenic determination of precursor cells directly or indirectly through

either myf-5 or MyoD.
Over-expression of DMK inhibits the terminal differentiation of cultured myoblasts

Previous histological studies have shown a marked delay of muscle cell terminal
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dilferentiation and an abundance of satellitc myoblasts in the developing skeletal muscle
tissue of severely affected congenital DM patients (Sarnat and Silbert, 1976; Farkas-
Bargeton ct al., 1988). Furthermore, protein profile analysis on similar biopsies have
shown that the expression of structural polypeptides, characteristic of mature muscles,
- was significantly reduced (Soussi-Yanicostas et al., 1991). Recently, our laboratory has
shév&n that CTG expansion caused an elevation of DMK mRNA steady state levels in
" muscle tissues from congenital DM individuals (Sabourin et .al., 1993). These data
suggest that DMK over;expression could directly inhibit or delay myogenesis in these
congenitally affected patients. Our working hypothesis, therefore, was that the dominant
nature of the disease, and the ultimate effect on myogenesis, was due to the over-
expression of the DM kinase gene and/or protein.

Having established that DMK expression is induced relatively late during the
terminal differentiation of C2C12 myoblasts, we sought to investigate the effect of
DMK over-expression on myoblast differentiation. To this end, an expression vector,
carrying a full length hﬁman DMK cDNA was constructed. The cDNA, bearing 325 bp
of 5° UTR, the coding region and the entire 3° UTR, with 11 CTG repeats (Mahadevan
et al., 1993b), was introduced into the pcDNA3 expression vector-(Invitrdgen) to
generate pPCMV-DMK (Figure 5-3A). Transcription is under the control of the human
éytomegalovirus promoter (CMV; Seed and Aruffo, 1987). Plasmid DNA was
transfected into C2C12 and twelve G418-resistant clones were randomly isolated and

analysed for DMK mRNA expression. When normalized to PGK, all the clones
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Figure 5-3. DM Kinase ¢cDNA plasmid constructs. (A) DMK expression vectors carrying
wild type or mutant full length DMK (CMV-DMK and K100R, respectively). Expression
vectors in which the 5° UTR or both the 5° and the 3’ UTRs were deleted are denoted
by DAS and DA35, respectively. K100RAS represent the catalytic mutant version of DAS.
The position of the point mutation is shown by the asterisk. (B) Hygromycin-tk hybrid
control vector (HT-C) or vectors carrying the DMK 3’ UTR in the sense (HT3) or
antisense (HT3'R) orientation were used to analyse the effect of 3° UTR over-expression
on myoblast ditferentiation. An additional vector bearing the PGK 3° UTR was
constructed for use as a control (HTPGK). '
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surveyed displayed a 5 to 10-fold higher level of DMK mRNA relative o untranstected
C2C12 myoblasts (for example, those clones designated B6 and C4 shown in figure S-
4A) and were morphologically similar to the parent cell line (data not shown). In
parallel, these clones were subjected to western blot analysis und myablast fusion assays
under low serum conditions. Following myosin heavy chain (MUC) or Giemsa staining -
of the fixed cultures, the t'uéign index (# nuelei in myotubesftotal # of nuelei) was
calculated from several random fields and used as an indicator of terminal
differentiation. Although the mRN}\ was highly expressed }in all clones, DMK protein
levels were found to be only slightly elevated or relatively unchanged éompurcd o
C2C12 (Figuré 5-4B). This cowd be due to the presence of two other AUGSs in the §°
'UTR which may considerably reduce the translational efficiency or. all;ﬁnlazlivcly, the
5 UTR could play a significant role in the control of DMK mRNA translation in.
myoblasts. However, COS-1 cells transfected with pCMV-DMK expressed oxtremely
low levels of DMK prqtein, whereas high levels were observed when they were
transfected with pDAS (a DMK construct lacking the 57 UTR; Figure 5-3A), sugpesting
that the observed effect of the 5 UTR on translation is not restricted to lissue-specific
control (Figure 5-4C). Surprisingly, when the differentiation potential was examined,
the fusion index of all pCMV-DMK over-expressing myoblast clones was found to be
consistently reduced by 3 to 5-fold (ranging from 5 to 14%) relative to wild type cells
(displaying fusion indices of about 37% on average) or G-418-resistanmt C2CI2

myoblasts transfected with pcDNA3 vector DNA (Figure 5-5A and 5-5B). Clones
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Figure 5-4, Expression of DMK mRNA and protein in myoblast clones and COS-1 cells.
(A) Northern blot analysis of two independent myoblast clones (B6 and C4) isolated from
CMV-DMK-transfected C2C12 cells. Normalization to MyoD and PGK showed w 10-fold
over-expression of DMK tor both clones. Exposure time was tor 24 h. (B) Western blot
analysis of the same B6 and C4 clones analysed in (A) using anti-DMK-2. Normalization
to a parallel coomassie blue stained gel shows no difference in DMK prowin levels
between C2C12 and clones over-expressing DMK mRNA. (C) Anti-DMK-2 immunoblot
analysis showing expression of the various DMK constructs in COS-1 cells. COS -1 cells
were transiently transfected with the indicated vectors (see figure 3) and analysed tor
DMK expression 48 h following transfection. Panels 1 and 11 show the results of one
experiment comparing the relative expression levels of CMV-DMK, K100R, DA35 and
DAS5. MTG-DMK represent a myc epitope-tagged DMK vector used in kinase activity
assays. The relative expression levels for DAS, DA35 and K100RAS, obtained in an
independent experiment, are shown in panel IIl. DMK was found not to be expressed
from CMV-DMK or K100R but was observed to be expressed equally well from all the
other constructs. In all panels, DMK was detected with anti-DMK-2.
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Figure 5-5. Effect of DMK over-expression on myoblast differentiation. (A) C2C12 (lett)
or B6 (right) cells were grown to confluency, induced to differentiate in 10% horse serum
for 48 h and then stained for myosin heavy chain (MHC) using MF-20 (Bader et al.,
1982). Cultures of C2C12 display several large myotubes whereas B6 cultures showed
very few multinucleated cells. (B) Fusion index determination of DMK over-expressing
clones. Following the induction of differentiation. C2C12 myoblasts or neomycin-resistant
C2C12 clones displayed indices of about 35% whereas DMK (CMV-DMK) over-
expressing clones B6, D2 and C4 showed fusion indices of about 6-10%.
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expressing a lower level of DMK mRNA wcre- found to have higher myogenic indices,
suggesting a correlation between DMK mRNA levels and the reduction in fusion index
(data not shotwn). The fact that all the over-expressing clones tested exhibited a reduced
fusion potential combined with the observation that differentiation defective clones
spontaneously occur at a frequency of about 10 (Wright, ‘1984: Black and Hall, 1985)
sugpest that thé observed phenotype is not due to the isolation of mutant clones. -
Supporting this. a revertant populatioﬁ isolated from the B6 clone (B6R: Figures 5-4
and 5-5), expressing only 2-fold higher DMK mRNA levels (not shown), was shown
to fuse as readily as control cells (Figure 5-5B). Previous studics have demonstrated that
impaired myoblast fusion could be attributed to a decrease or loss of MyoD expression
(Brennan et al., 1990; Soﬁg et al,, 1992). However, Northern blot analysis of pCMV-
DMK clones did not show any significant differences in the levels of MyoD mRNA
(Figure 5-4A), indicating that DMK exerts its effect dowstream of MyoeD transcription.
The apparent absence of increased DMK protein levels in our differentiation
defective clones over-expressing DMK mRNA, suégesls that this phenotype is not
mediated by the protein kinase itself but, rather through, perhaps, onc or both
untranslated regions. Alternatively, a slight increase in DMK protein levels and/or
activity which niay not be readily detectable by western blot analysis, or kinase activity
assays, might be detrimental to myogenesis. In order to test these possibilities, we
constructed additiopal DMK expression vectors and assayed differentiation in over-

expressing clones, Initially, the conserved lysine of the ATP binding site (Hunter and
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Sefton, 1991), at amino acid posilion 100, was converted to an arginine by in viro
mutagenesis (Smith, 1985) to generate pKI100R (Figure 5-3A). Kinase inactivation was
verified by the method of Dunne ct al. (1994) using immunoprecipitation and histone
11 phosphorylation (data not shown) by c_:onilparing the Kinase activity of DMK
generated from c-mye epitope-tagged (Ellison and Hochstrasser, 1991) K100R and wild
type DMK constructs expressed in COS-1 cellé (Figure 5-4C). In addition, a DMK
cxﬁrcssion vector in which both UTRs have been deleted through PCR amplification
~ of the coding region (pDA35; Figure 5-3A), was also tested. Both vectors were
transfected into C2C12 myoblasts and 12 individual clones were analysed in each case,
as described above, As for pCMV-DMK, all the clones isolated from pKlOOR—
transiccled cells expressed high levels (up to 10-fold) of DMK mRNA encoding‘thc
inactive kinase (for example those clones KS and K6 shown in Figure 5-6A). Similarly,
these clones, as well as transfected COS-1 cells, did not show any appreciable increase
in DMK protein levels (Figure 5-4C and 5-6B). However, the fusion index of these
clones was also significantly reduced compared to control cultures (Figure 5-6C). The
use of a DMK catalytic mutant in these experiments indicates that active kinase is not
required to confer the observed phenotype.
In marked contrast to pK100R-transfected clones, both myoblasts and transfected
COS-1 cells showed high levels of DA35-specific mRNA (Figure 5-7A) and were found
to express 3 to S-fo.ld higher levels of DMK protein when com-pa:r'ed to C2C12 (Figure

5-7B). Intercstingly, clones over-expressing DMK protein displayed fusion indices that
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Figure 5-6. Expression of DMK mRNA and protein in K100R-expressing myoblast
clones. '

(A) Northern blot analysis of DMK mRNA expressed from C2C12 cells or K100R-
transfected clones, K5 and K6. DMK was found to be expressed about 8-10-fold higher
than the endogenous DM kinase mRNA. Exposure was for 24 h. (B) Western blot
analysis of DMK protein expression in K5 and K6 clones using anti-DMK-2. No
significant differences were observed in the levels of DMK protein between control and
transfected cells. (C) Fusion index determination for K100R-transfected clones. Following
48 h in differentiation medium, fusion indices were determined as described (see
procedures) and compared to wild type C2C12 cells. In all the clones over-expressing
mutant DMK mRNA, reduced fusion indices were observed.
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Figure 5-7. Expression of DMK and differentiation potential of DAS and DA35-
transfected myoblasts. Expression of DMK mRNA (A) and protein (B) from pDA335-
transfected clones. High levels of both DA35 mRNA and DMK protein were observed in
three representative over-expressing clones (DA35-1, -3 and -5) relative to C2C12 control.
Similarly, clones transfected with DAS5 (-1 and -11) over-expressed DMK mRNA (C) but
showed no significant increase in DMK protein expression (D). (E) Fusion index
comparison between DAS, DA35 clones and C2C12 cells. DA35 clones over-expressing
DMK mRNA and protein fused as well as C2C12 whereas DAS clones showed reduced
fusion potential. :
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were similar to control cultures (Figure 5-7E). This is in marked contrast to what has
been previously ldcmonstrated' for protein kinasc A and protein kinase C over-expression
in myoblasts, for which an inhibition 61‘ differentiation was observed (Li et al., 1992b;
Li et al., 1992c). Taken together, our observations support the hypothesis that one or
both non-coding UTR regions and not the protein, are responsible for the obserlved

inhibition of differentiation.
The inhibition of myogenesis by DMK is mediated by the 3° UTR

The findings that the only DM mutation identified to date maps to the 3° UTR
of the DMK transcript (reviewed in Wieringa, 1994) and the recent implication of
specific 3° UTRs in the control of myoblast differentiation (Rastinejad and Blau, 1993;
Rastinejad ct al., 1993) prompted us to examine whether the DMK 3* UTR alone could
function in our assay as an inhibitor of myoblast fusion. Therefore, an additional vector
was constructed in which the 5 UTR was removed by replacing the 5° portion of
pCMV-DMK with the corresponding 5° segment of pDA335, creating pDAS5 (Figure 5-
3A). As for the other constructs, G418-resistant clones were isolated and analysed for
DMK expression. All DAS5 clones expressed high levels of DMK mRNA (for example
those shown in Figure 5-7C) but surprisingly, did not express DMK 'protein
significantly higher than C2C12 (Figure 5-7B). However, pDAS5-transfected COS-1 cells

expressed high levels of DMK protein (Figure 5-4C), suggesting that the 3’ UTR may
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play an important role in the control of DMK translation in a tissuc-specific manner.
When assayed for differentintion, DAS clones showed a more dramatic reduction in
fusion index relative to C2C12 control myoblusl# (ranging from 2 o $%: Figure 5-719)
when compared to pCMV-DMK (Figure 5-5B) or pK100R-transtected cells (Figure 5-
6C). |

Overall, these results suggest that the uvcr-exhrcssion ol the ? UTR is sulticient
to mediate the obsgrved phenotype in myoblasts and that the §° UTR may have some
negative effect on the inhibition of terminal differentiation conlerred by the 3° UTR,
If over-expression of the 3° UTR alone is sufficient to block difTerentiation. it should
be able to do so when inserted downstreahl of a reporter gene coﬁstrucl. To test his,
we used the ptgCMV/Hy-tk vector encoding a hybrid.gcnc. under the control of the
CMV promoter, conferring resistance to hygrdmycin B and sensitivity to pancyclovir
(Lupton et al., 1991). The DMK 3’ UTR, including 255 bp of coding region upstream
of the termination codon, was cloned downstream of the hybrid Hy-ik penc crcaling
pHT3” (Figure 5-3B). The expression of truncated DMK product from this vector is
- unlikely since no initiation codons are observed in the proper DMK rcading frame and
termination codons are present in the other two frames (data not shown). This hybrid
vector was then introduced into C2CI2 myoblasts and a total of 15 hygromycin-
resistant clones were isolated and analysed for Hy-tk expression by Northern blotting.
These clones were found to express the Hy-tk gene at levels that were considerably

higher than DMK expressed from pCMV-DMK, or pK100R, and the endogenous DMK
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(for example, Figure 5-8A and data not shown). When subjected to difterentiation
assays, similar 10 DAS clones, cultures of HT3 -transtected cells exhibited a drastic
reduction in their fusion index (Figure 3-8B) supporting the hypothesis that over-
expression of the DMK 3° UYR alone is sufficient to cause a block of myogenesis. As
a control, the same 3° UTR segment was cloned in the reverse orientation (pHT3’R:
Figure 5-38) and 24 hygromycin-resistant clones were assayed for fusion. All of these
clones exhibited fusion indices that were comparable to control cultures consisting of
wild type C2C12 myoblasts or hygromycin-resistant cells that had been transiected with
vector DNA alone (Figure 5-8B). Furthermore, an important additional conclusion of
these results is that the observed phenotype is dependent upon transcription of the 3’
UTR and that it dies not act as a DNA binding site competing for regulatory factors.
As an additional control, the 3' UTR of the mouse phosphoglycerate kinase (PGK)
cDNA (Adra et al., 1987) was also cloned into ptgCMV/Hy-tk o generate pHTPGK
(Figure 5-3B). As for pHT3’R clones, hygromycin-resistant myoblast clones isolated
following transfection with pHTPGK fused equally well when compared to control
cutures (Figure 5-8B).

In addition to the selection -oi hygromycin-resistant clones over-expressing the
3" UTR, the use of the ptgCMV/Hy-tk vector allows for the selective killing of these
clones by gancyclovir treatment. Consequently, clones that have lost the expression of
the 3' UTR through loss of hygromycin B resistance can be isolated and assayed for

differentiation. Two clones over-expressing the 3° UTR were grown in the presence of
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Figure 5-8. Inhibition of myoblast differentiation by DMK 3’ UTR. (A) Over-expression
of Hy-tk hybrid mRNA carrying the DMK 3’ UTR (HT3’) in myoblast clones. The
membrane was probed with a Hy-tk fragment and exposed to X-ray film for 7 h. Clones -
transfected with HT3'R or HT3'PGK expressed similar levels of Hy-tk hybrid mRNA (not
shown). (B) Fusion index measurement on myoblast clones transfected with various Hy-tk
constructs. Clones over-expressing the DMK 3° UTR in the sense orientation (HT3")
showed a reduced fusion potential when compared to C2C12 cells, hygromycin-resistant
C2C12 control clones (HT-C), or control HITPGK clones. Gancyclovir-resistant clones
(Ge-2 and Gce-5) obtained through negative selection were found to fuse significantly
more than the parent clones HT3'-2 and HT3'-5. (C) Photomicrographs of Giemsa-sained
differentiated cultures of control C2C12 cells (100X), HT3’-1 clone (100X), a HT3’-R
clone (40X) and a HT.’GK clone (phase contrast; 40X). All but HT3’ clones fused as well
as control cells.
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gancyclovir for 21 days and resistant colonies were isolated. When assayed for
differentiation, two individual resistant clones isolated from each gancyclovir-treated
cultures of HT3’-2 and HT3'-5 (Figure 5-8A) displayed myogenic indices that were
comparable to those of control cultures (Figure 5-88). When re-plated in medium
containing hygromycin B, resistant clones were isolated at a frequency of about 107,
sugpesting that loss of the hygromycin B-resistance Iphenolype occurs at a relatively
high frequency. These data strongly suggest that the DMK 3° UTR is sufficient to
mediate the observed inhibition of myoblast terminal differentiation in transfected
C2C12 cultures.

Proliferation and c_iiﬂ‘erentialion are hypothesized to be mutually exclusive (Olsoh
et al., 1991). Theretore, the DMK 3’ UTR may inhibit myogenesis by stimulating
proliferation, thus preventing cell cycle exit, a pre-requisite for differentiation.
Furthermore, previous studies have shown that, in addition to enhancing myogenesis in
myoblasts, muscle-specific 3 UTRs could suppress the proliferation of fibroblasts
(Rastinejad and Blau, 1993). We thereiore sought to examine the effect of the DMK 3’
UTR on the proliferation of NIH 3T3 fibroblasts and myoblasts. Pools of hygromycin-
resistant NIH 3T3 cells and myoblast clones were subjected to proliferation assays using
3-[4,5 dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT;Skidmore et al.,
1975). As shown in Figure 5-9, expression of the DMK 3" UTR did not have any
significant effect on the proliferation of fibroblasts or myoblasts, suggesting that it does

not increase their growth rate which would alter their capacity to arrest upon induction
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Figure 5-9. Eftect of DMK 3’ UTR over-expression on the growth rate of NIH 3T3
fibroblasts.

Subconfluent cultures of wild type NIH 3T3 cells or hygromycin-resistant pools
transfectzd with the various Hy-tk constructs were pulsed with 3-[4.5 dimethylthiazol-2-
yl]1-2,5 diphenyltetrazolium bromide (MTT) and O.D. readings were used as an indicator
of proliferation rates. The average absorbance value for NIH 3T3 control cultures was
arbitrarily set at 100%. The DMK 3’ UTR did not have any significant effect on the
growth rate of these cells when compared to HTPGK or untransfected cells. Similariy,
myoblast clones over-expressing the DMK 3' UTR did not show any significant
ditferences in proliferation rate relative to C2C12.
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of differentiation. Interestingly. fibroblasts expressing pHT3'R consistently showed a
20% reduction in their proliferation rate, however, the basis and signiticance of this

decrcase is unknown,
Over-cxpression of DMK 3" UTR inhibits myogenin, but not MEF-2C expression

The differentiation of myoblasts in vitre has been shown to be associated with
a rapid induction of myogenin, a member of the basic helix-loop-helix (lﬁ-lLH) family
of transcriptional activators (Edmondson and Olson. 1989; Wright ¢t al.. 198Y).
Interestingly, myogenin is also required tor the formation ol myotubes uhd myolibers
in vivo (Hasty et al., 1993; Nabeshima et al., 1993), suggesting that it plays a central
role in the terminal differentiation of myoblasts. Therefore, we investigated the cllect
of DMK 3’ UTR over-expression on myogenin gene expression following the induction
of differentiation. Clones HT-3’-1 and HT-3’-2 were grown to 80% conlluency and
transferred to differentiation medium. Total RNA was prepared 48 hours later and
analysed for myogenin expression. Afier normalization to PGK levels, Northern blot
analysis demonstrated that myogenin mRNA levels were reduced by about 75% in
clones over;exprcssing the 3° UTR (Figure 5-10A) compared to C2C12 cells. Similarly,
pCMV-DMK clones showed a 50% reduction in myogenin and MLC 1/3 (data not
shown) mRNA levels. The filter was subsequently probed for MEF-2C, another carly

regulator of myogenesis, and a member of the MADS-box fami'iy of proteins (reviewed
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Figure 5-10. Inhibition of myogenin expression in clones over-expressing the DMK 3
UTR. (A) Northern blot analysis of total RNA from clones HT3'-1 and HT3'-2 following
the induction of differentiation. The minus (-) and the plus (+) indicate the RNA samples
obtained prior to, or 48 h after switching the cells to differentiation medium, respectively.
A four-fold reduction in myogenin mRNA levels was measured relative to the PGK
control. (B) Western blot analysis of total protein lysates of HT3’-1 and HT3-2 clones
following the same treatment described in (A).
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in Olson and Klein, 1994). Interestingly, MEF-2C mRNA was found to be induced at
levels lﬁut were similar to that of C2C12 control cultures (Figure 5-10A), indicating that
the 3° UTR may excert its effect on specific pathways of terminal differentiation.

Surprisingly, when total lysates from similar HT3 cultures were analysed for
myogenin protein cxpression, no significant differences were observed in the levels of
myogenin protein prior to and after the induction of differentiation. Although the levels
of myogenin mRNA between C2C12 and both HT-3’ clones were found to be reduced
by approximately four-fold, the corrcspoﬁding levels for myogenin protein were shown
to be about 20-fold less, suggesting that the DMK 3’ UTR may ultimately alter the
translational efficiency of myogenin mRNA (Figure 5-10B). One explanation may be
that it"prevcnts myogenin mRNA export or processing. Alternatively it may inhibit the
expression of factors potentially involved in differentiation-specific control of
translation.

One of the upstream regulators of myogenin expression is thought to be MyoD
(Weintraub et al, 1991; Hollenberg et al., 1993). Through post—translational’
modification, MyoD is presumed to activate its downstream targets by direct DNA
binding and transcriptional activation (Olson and Klein, 1994; Kim et al., 1992), making
it a potential target for the DMK 3’ UTR. To test whether MyoD activity was impaired
by the 3’ UTR, transient co-transfection experiments were performed in 10T1/2
fibroblasts usin;g a MyoD expression vector along with a reporter construct (4R-tkCAT)

and various plasmids expressing the DMK 3’ UTR. Following transfection and transfer
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of the cells to differentiation medium, chloramphenicol acetyl transterase (CA'T)
activity was determined. A slight decrease in CAT activity was observed (about 30%)
when pHT-3" was co-transfected with MyoD. although this m.ay not be significant as
pHT3’R also showed a similar decrease in CAT activity (Figure 5-11), Similarly,
pCMV-DMK and pD5 did not have any significant cflect on the measured CA'T
activity, sﬁggesting that the 3° UTR ddes not alfect MyoD activity dircetly, but rather

one or several co-activators of myogenesis.
The 3’ UTR inhibitory activity maps upstream of the CTG repeat.

In order to define the sequence elements that mediate the inhibition of myoblast
terminal differentiation, a series of three expression vectors carrying various portions
of the 3° UTR (figure 5-12) were transfected into C2C12 cells and 12 hygromycin B
resistant clones were isolated and tested for fusion potential. As shown in figure 5-13,
clones that expressed a mutant 3’ UTR that lacked the repeat region (pHTAR) or a 239
bp element dowstream of the repeat (pH{TA3’) displayed reduced fusion potential similar
to HT-3" clones. However, clones expressing-a mRNA in which the 239 bp region
upstream of the repeat had been deleted were found to fuse as well as control cultures.
These data suggest that the inhibitory domain comprised in the DMK 3’ UTR maps lo
a region of at most 239 bp 5’ to the repeat. In contrast to the CTG repeat region, this

portion of the 3’ UTR shows a high degree of conservation between the murine and
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Figure 5-11. Over-expression of the DMK 3' UTR does not affect MyoD activity in a
transient differentiation system. Various plasmid constructs were co-transfected transiently
in 10T1/2 cells, in each case with a MyoD expression vector along with a CAT reporter
plasmid, 4RtkCAT, which contains four multimerized E-boxes upstream of the herpes
simplex thymidine kinase minimal promoter. 48 h following the induction of
differentiation, CAT activity was assayed for the each of the different combinations of
plasmids. The CAT activity obtained with an empty expression vector (pcDNA3 or Hy-tk)
was arbitrarily set at 100%. The values obtained for DMKA3’-5" and CMV-DMK were
normalized to the activity determined with the pcDNA3 control whereas those determined
for HT3'R and HT-3" were standardized to the Hy-tk control. Similar values were
obtained in three independent experiments and the results of one such experiment are
presented.
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Figure 5-12. Schematic representation of the various 3° UTR deletion constructs. pHTAR
denotes a Hy-tk vector in which the repeat region was deleted through restriction
endonuclease digestion. Vectors corresponding to the deletion of regions downstream and
upstream of the repeat are represented by pHTA3” and pHTAS’, respectively. The shaded
area of HT3’ represents the deleted region of HTAR. The solid vertical line denotes the
position of the CTG repeats.
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Figure 5-13. Fusion index determination of clones expressing various DMK 3" UTR
regions. Clones expressing 3° UTRs lacking the repeat (HTAR) or expressing a 239 bp
region upstream of this repeat (HTA3’) displayed reduced fusion indices in contrast to
clones expressing the 3° UTR without the 239 bp most 5° region (HTAS’). These data
indicate that the inhibitory activity maps to a 239 bp region 5° to-the CTG repeat, The
graph shows one representative fusion index experiment of two examples of clones
expressing each of the vectors described in figure 5-12. The bars denoted by HTAR-p,
HTA5-p and HTA3-p represent the average fusion indexxS.E.M obtained for one
experiment for 10 independent clones.
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human DMK cDNAs, suggesting that similar mechanisms may mediate the inhibition
of diflerentiation.

Clearly, our data demonstrate that the inhibition of terminal difterentiation in
C2C12 myoblasts over-expressing a full length DMK ¢DNA is mediated by the 3° UTR
ol the mRNA. We have shown that the DMK 3* UTR alone is sufficient to block
myogenesis and appears to do so, in part, by reducing myogenin expression. Similarly,
other muscle-specific enhancers/promoters appear to be down-regulated by the DMK
3’ UTR. which is likely to be a consequence of the inhibition of expression of upstream
rcgulat;ars.‘ However theg activity or transcriptional activation of other genes such as

MyoD and MEF-2C, respectively, appears to be unatfected.

4. Discussion

As a first step into the characterization of DMK function during myogenesis, we
have analysed its expression in various myoblast cell lines as well as a multipotent stem
cell line. In addition, we have analysed DMK expression duringlthe differentiation of
C2C12 myoblasts in culture. Our results indicate that DMK is expressed in both skeletal
and cardiac myoblasts but at very loW levels in undifferentiated P19 cells and
fibroblasts. Similar to its expression pattern in mature tissues (Sabourin et al., 1993;
Junsen. et al., 1992b), DMK was found to be expressed at relatively higher levels in

cardiac myoblasts. Myoblast cell lines such as C2C12 and BC3H1 express primarily
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MyoD and myf-5, respectively (Davis ot al., 1988; Braun ct al., 1989a). Furthermore,
our laboratory has identificd three conserved E-boxes in the first intron of the DMK .
gene and characterized the involvement of these E-boxes in the up-rcgulm.inn 6[‘ the
expression of a reporter gene in myoblasts (C. Storbeck, unpublished data). These
findings suggest that DMK expression in skeletal myoblasts may be achieved directly
through either MyoD or myf-5. Supporting this hypothesis, we have found that DMK
was up-regulated significantly in C3H10T1/2 mesodermal prccursérs treated with S-aza-
cytidine or transfected with a MyoD, expression vector. Similarly, when P19 stem cells
or normal human fibroblasts (as well as DM fibroblasts) are transfeeted with MyoD, up-
‘regulation of DMK is observed (Skerjanc et al., 1994; Otten and Tapscott, 1995). Taken
together, these data suggest that DMK may be an important marker ol carly myogenic
lineages and can be directly up-reguiated during myogenic determination by members
of the muscle-specific bHLH family members.

Following the induction of differentiation, DMK mRNA and protein levels were
observed to be increased by about 2 to 3-fold relative to uninduced C2C12 cells,
although this increase is considerably less than what has been observed for other
muscle-specific structural or regulatory genes. The obscrved increase in DMK levels
during differentiation was found to occur 72 to 96 hours following the onsct of
differentiation, implying a role role for DMK in the process of myotube maturation.
This pattern of expression is similar to that of MRF-4, a member of the bHLH family,

postulated to have a significant role in the maturation of myotubes in vitre (Olson and
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Klein, 1994; Rhodes and Konieczny, 1989; Hinterberger et al., 1991).
Immunofluorescence studies on C2C12 myoblasts shows a reticular pattern of
anti-DMK  staining whercas myotubes were found to stain homogeneously. Whether
DMK is actively involved in processes such as protein transport through the Golgi in
unclear, Alternatively, it could be anchored to this sub-cellular site, acting as a mediator
of signal transduction, Another possibility is that it may be kept inactive in a prc;tein
complex localized at the Golgi membranes and subsequently activated and redistributed
to the cytoplasm in myotubes. Interestingly, DMK was shown to localize to the
postsynaplic side of neuromuscular junctions of mature skeletal muscles and to co-
localize with acetylcholine receptor (AchR) clusters in cultures of primary rat myotubes
(Whiting et al., 1995; Van der Ven et al., 1993). These observations suggest that, in
vivo, DMK may be more specifically re-localized to these sites where it may be
involved in the control of the excitation-contraction coupling mechanism (Catterall,
1991). The finding that DMK shows a cytoplasmic distribution in C2C12 myotubes
sugpest that these cultured cells lack some component necessary for the aggregation of

DMK in differentiated multinucleated cells.

We have previously shown that DMK mRNA steady state levels were increased
in muscle tissues from se-erely affected congenital DM patients (Sabourin et al., 1993).
In addition, others have reported that skeletal muscles from these individuals show an

abundance of satellite cells and immature myofibers (Harper, 1989). Furthermore,
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contractile protein profiles indicative of immature skeletal muscles have been observed
in congenital DM muscles, suggesting a delay of muscle terminal differentintion (Sarnat
and Silbert, 1976, Farkas-Bargclon ct al, 1988 Soussi-Yuanicostas et al,, 1991),
Therefore, to gain insight into the molecular mechanisms underlying DM, we have
investigated the effect of DMK over-expression in C2C12 myoblasts. Our data show
that over-expression of a full length DMK cDNA in myoblasts signilicantly reduces the
fusion potential of C2C12 cells, a resuit consistent with the in vivo observation of
delayed muscie differentiation muscle cross-scctions of congenital DM patients.
Surprisingly, we determined that this activity mapped to the 3° UTR of DMK, as
elevated DMK protein levels 6r active kinase were not required. Furthermore, this
activity could be conferred to a heterologous gene using chimeric drug resistance-DMK
3’ UTR constructs. This inhibitory activity was mapped to a 239 bp region upstream
of the CTG repeat which is highly conserved between human and mouse.

Significantly, CTG amplification, the only DM mutation identitied to date,
occurs in the 3° UTR of DMK, suggesting ihal CTd expansion may result in the over-
expression of the DMK mRNA, but not the DMK protein, in congenital DM patients,
interfering with muscle differentiation.

The 3" UTR of several growth-associated and developmentally regulated mRNAs
has tron shown to play an important role in the sub-cellular localization of these
transcripts (reviewed by Belasco and Brawerman, 1993; Jackson, 1993, Izaurralde and

Mattaj, 1995; St-Johnston, 1995). The 3’ UTR’s appear to bind factors directly involved
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in the transport of thesc mRNAs through the nuclear pore complex and to localized
siles of translation, The nuclear export of several classes of RNAs is saturable, that is,
a given RNA cah competitively inhibit the export of some RNAs but not of others
(Jarmolowski et al., 1994). Thercfore, it is possible that the accumulation of mutant
DMK mRNAs in the nucleus, through aberrant processing, may titrate away processing
lactors that interact with RNA scquences'adjacent to_l the rcpeal' region. If they are
suturable, the titration of these factors may potentially affect the normal metabolism of
olher mRNAs. Also, the presence of a large repeat in the 3° UTR of the DMK message
may interfere with the binding of export protein factors to adjacent regions, altering the
transport of mutant DMK mRNA. Alternatively, the repeat may enhance or disrupt the
binding of saturable factors involved in the normal control of stability or processing of
DMK mRNA, leading to its accumulation in muscle cells of congenital DM patients.
This would then result in increased steady state levels of the 3° UTR, mediating the
delay of muscle terminal differentiation in these individuals,

Recently, in situ hybridization studies have demonstrated that the mutant DMK
mRNA accumulates in the nuclei of fibroblasts and muscle cells isolated from aduit DM
patients (Taneja et al., 1995). These studies, however, were not able to specifically
distinguish between altered pre-mRNA processing or transport of the mutant DMK
mRNA. Nevertheless, these observations support the hypothesis that the expanded
repeat may alter the normal metabolism of the mutant trahscript. If the expanded CTG

interferes with normal DMK mRNA processing or transport, its accumulation in the
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nuclei of these cells may lead to a competition for 3° UTR binding sites involved in the
export or processing of differentiation-specific mRNAs. Expression ol very high levels
of a wild type 3° UTR such as the onc used in the present study could produce a similar
effect in cultured myoblasts.

The mRNAs of neuromuscular junction-specific protein have been shown to be
expressed by synaptic nuclei (Burden, 1993). Therefore, considering its sub-cellular
localization in mature muscle, over-expression of DMK in these nuclei may afteet the
processing or expfession of such mRNAs, leading to altcred physiological responses in

the muscles of DM patients (Harper, 1989).

Four major bHLH proteins have been demonstrated to play central roles in the
control of myoblast determination and differentiation (Olson and Klein, 1994). MyoD
is thought to be an important regulator of myoblast determination and to be involved
in the onset of differentiation. Myogenin has been demonstrated to be more dircetly
involved in the control of secondary myotube formation (Venuli ct al., 1995). Our
results show that over-expression of the 3 UTR interferes with maximal myogenin
induction but it did not inhibit the induction of MEF-2C mRNA (Marlin et al., 1993;
Leifer et al., 1993; Cserjesi and Olson, 1991), indicating that it" may affect specific
pathways of differentiation. This is similar to previously reported results for myogenin-
mutant mice in which MEF-2C expression was shown to be unaltered (Venuti ct al.,

1995). In addition, the 3°. UTR did not have any significant effect on the activity of |
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Myold when co-transfected in 10T1/2 cells, suggesting that it may affect other
regulators of differentiation. However, this does not exclude the possibility that the 3’
UTR interferes with the ability of other factors to activate MyoD through post-
translational modification (Kim ct al., 1992).

Al the protein level, myogenin was not induced following the induction of
differentiation in clones over-expressing the DMK 3 UTR, suggesting that the 3° UTR
may affect the normal metabolism of other mRNAs in trans. Previous studies have
shown that MEF-2C appears to be requlired for optimal myogenin induction in vive
(Cheng et al., 1993). One possible explanation for the observed reduction in myogenin
expression is that the export of MEF-2C mRNAs to the cytoplasm is impaired by the
3’ UTR, leading to a decrease in MEF-2C protein, resulting in reduced myogenin
expression, However, further studies will be required in order to verify this possibility.
Finally, over-expression of the 3° UTR did not have any significant effect on the growth
ratc of fibroblasts or myoblasts, suggesting that it does not inhibit terminal

differentiation by preventing cell cycle arrest.

We have previously reported that mutant DMK transcripts were over-expressed
in a congenital DM patient (Sabourin et al., 1993). Combined with the recent findings
that the expanded CTG repeat may alter the processing or export of the mutant mRNA,
these data suggest that the amplffied repeat may disrupt the normal metabolism of the

mutant transcript. Therefore, the CTG repeat may lead to the accumulation of mutant
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DMK mRNAs and/or full length mutant heteronuclear RNAs and this could exert an
eftect on the disease process such as the delay of muscle maturation in congenital DM
patients. Although the levels of DMK protein isoforms do not appear to be dramatically
altered in DM patients (Sabourin et al.. submitted; sce chapter V), a slight change in
cellular DM kinase levels (or activity), which may not be readily detectable by \.\'cslcm
blot analysts, may have profound effects.

Overall, our data indicate that the DMK 3 UTR alone is sufficient to inhibit
myogenesis in over-expressing myoblasts, a result consistent with the in vive results
showing a delay of muséle differentiation in congenital DM paticnté. Mapping of the
specific elements in the 3 UTR that mediate this effect and the identification o‘I'
potential RNA binding protein(s) will provide further clues as to the molecular

mechanisms underlying the pathophysiology of DM.

137



Chapter 6: General Discussion

Myotonic dystrophy (DM) is the most common form of inherited neuromuscular
disorders in adults, affecting 1 in 8000 individuals globally (Harper, 1989). DM is an
awtosomal dominant disease characterized mainly by myotonia and progressive muscle
wasting, In addition, central nefvous system, endocrine, cardiovascular and occular
manilestations [requently occur, reflecting the multisystemic nature of the disease.
Clinically, affected individuals present with highly varible phenotypes ranging from an
assymplomatic condition to a severe congenital form. Furthermo?e, DM has been
shown, within pedigrees, to display genetic anticipation, an increase in disease severity
in successive generations (Howeler et al., 1990).

The molecular basis underlying DM has been identified as the amplification of
a CTG trinucleotide repeat in the 3’ UTR of a serine/threonine protein kinase family
member (Brook et al.,, 1992; Fu et al,, 1992; Mahadevan et al., 1992; Buxton et al.,
1992; Harley et al., 1992a). The size of this expansion has been directly correlated with
discase severity (Harley et al., 1992b; Tsilfidis et al., 1992; Barcelo et al., 1993).
Furthermore, within families, the succesive increase in size of the CTG repeat during
transmission has helped to explain the i)henomenon of genetic anticipation observed in
DM pedigrees.

The objectives of this thesis were to analyse the effects of CTG repeat

amplification, the only DM mutation reported thus far, on the expression of the DMK
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gene and protein products in affected individuals and o examine the consequences of
DMK over-expression on the terminal differentintion of cultured C2C12 murine
myoblasts.

The presence of the DM mutation in the 3% non-coding region of the mutant
allele excludes the possibility that the mutant mRNA encodes an aberrant forin of the
DMK protein. Furthermore, in all cases of DM, CTG repeat amplification is the only
mutation reported to date, suggesting that CTG repeat expansion mediates the DM
phenotype through a different mechanism, Therefore, as a (irst step, we have analyzed
the expression of DMK in total RNA samples prepared from muscle tissues sampled
from a congenital DM patient. Our results showed that the mutant DMK transeript was
expressed in congenital DM muscle tissues carrying very large CTG repeat expansions.
Furthermore, we observed that the levels of the mutant DMK mRNA were significantly
increased in these tissues compared to control tissues, suggesting that the mutation may
increase the steady state levels of the mutant transcript. Whether the observed increase
in DMK mRNA levels are due to a change in mRNA stability or altered transcription
rate remains to be determined. In contrast to previous reports ( I~Ioi'li;1u|1-l{udvayani cl
al., 1993; Carango et al.,, 1993; Fu et al., 1993), we have demonstrated that the mutant
DMK mRNA was expressed in fibroblasts derived from a DM patient and that the
levels of the wild type transcript were not affected. These results suggested that the
dominant inheritance pattern of DM could be mediated by over-expression of the

protein Kinase. Interestingly, over-expression of two growth regulated kinases, PKA and
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PKC. have been demonstrated to inhibit myoblast terminal dilferentiation (Li et al.,
1992b: Li et al., 1992¢)., suggesting that PRC. PRA and possibly DMK over-expression
may have profound efteets on myogenesis, Signittcantly, a delay of musele maturation
has been obscrved in skeletal muscle tissue sections from congenital DM patients,
implying an inhibition of muscle terminal dilferentiation in these individuals (Soussi-
Yanicostas et al., 1991: Sarnat and Silbert, 1976 : Farkas-Bargeton et al., 1988).
Therefore DMK over-gxpression in these patients may result in the observed delay of
muscle development.

In order to further investigate the eflfect of CTG amplification on DMK
expression in DM patients, we developed polyclonal anti-DMK antibodies reacting with
authentic human, rat and murine DMK, Surprisingly, when muscle tissue samples {rom
DM individuals were analysed by western blotting for total DMK protein expression,
no significant differences were observed in the levels  of both DMKa and DMK
isoforms relative to control samples when normalized to the fevels of a-skeletal actin,
This is in marked contrast to what had been observed previously by IFu et al., (1993)
and Koga et al., (1994) who reported a reduction in the levels of a 54 kDa protein.
However, this 54 kDa species has been subsequently demonstrated nol to be a product
of the DMK gene (Sabourin et al., 1995; Be Wieringa, personal communication)

The adult onset of DM has been characterized by an atrophy of type [ fibers.
Significantly, DMK was shown to be expressed preferentially in type '[ lihers (van der

Ven et al., 1993 ; H.F. Epstein, personal communication), suggesting thal abberant
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expression of DMK leads 1o the specific loss of these fibers. In agreement with this, the
adult DM muscle sample was found to be dramatically depleted of type I myofibers
when anti-MEC | antibodies were used to normalize the protein samples (Harper, 1989;
see chapter 1V), Interestingly. normalization 1o MHC-1 content showed that DMK
protein levels were slightly elevated in DM skeletal muscle samples. However, care
slmﬁld be taken in the interpretation of these data because appropriately matched
controls with respect to fiber type distribution and atrophy are difficult to obtain. In
addition, prolein quantitation by western blot analysis is not trivial. Regardless. our
results showed that the levels and distribution of DMK protein were not significantly
altered in muscle tissue and primary myoblast cultures of various DM individuals,
suggesting that the DM phenotype may be mediated in trans at the RN/ level and may
not involve the DMK protein.

Our initial working hypothesis was that the over-expression of DMK was
sufficient to mediate the DM phenotype. However, the observation that DM muscle
tissucs expressed DMK protein at levels that were comparable to control samples
suggested that the DM phenotype did not involve over-expression of the DMK protein.
In order to test this hypothesis, we constructed a series of DMK expression vectors and
over-expressed them in the continuous murine myoblast cell line C2C12, The
observation that congenital DM patients display a delay of muscle maturation was used
as a criterion in a myoblast differentiation assay to examine the effect of DMK mRNA

and protein over-expression. Our results demonstrated that over-expression of a wild
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tvpe DMK mRNA caused a marked delay of myoblast terminal dilferentiation in vitro.
as observed in vive in cases of congenital DM (see chapter V). Interestingly, over-
expression of a DMK mRNA currying a dominant mutation in the catalytic kinase
domain had a simitar effect on myoblast differentiation. suggesting that active kinase
was not required to mediate the observed phenotype. Furthermore, over-expression of
DMK protein in these myoblasts had no cllect on their difterentintion  potential,
indicating that onc or both non-coding repions were sullicient to inhibit myoblast
differcntiation. Further investipations lead to the t'indiﬁgs that the 37 UTR of the DMK
mRNA was sufficient to cause a delay in the terminal differentintion of” C2CI12
myoblasts over-expressing the 3’ UTR. We found that over-expression of the 3" UTR
had no effect on the activity of proteins involved in the onsel ol myogencsis such as
MyoD (Davis et al.,, 1987) but had a dramatic effect on the expression of carly
myogenic regulators such as myogenin (Edmondston and Olson, 1989; Wright ct al.,
1989). Interestingly, the 3° UTR of other muscle-specific mRNAs have been
demonstrated to stimulate myogenesis and 10 inhibit proliferation (Rastinejad and Blau,
1993; Rastinejad et al., 1993). They have been proposed to act in a feedback loop
regulating growth and differentiation. However, the DMK 3* UTR had no cffect on the
growth rate of fibroblasts, suggesting that its effect is restricted o differentiation.
Further analysis of the 3° UTR mapped the clements responsibie for the observed
phenotype to a. conserved 239 bp sequence upstream of the CTG repeat in the 37 UTR,

suggesting that the inhibition of differentiation is not mediated directly by the repeat but
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rather through adjacent sequences.

ARecently, Tangja et al., (1995) reported that the mutant DMK mRNA
accumtlated in the nuclei of libroblasts and muscle cells isolated from DM patients
sugpesting that the CTG repeat alters the normal processing or metabolism of the
mutrai MK mRNA. These results are consistent with our previous observations on the
over-cxpression of mutant DMK transcripts in DM tissues (Sabourin et al., 1993).
Therelore, cellular processes such as nucler mRNA export may be significantly
impaired by the presence of the amplified repeat. Furthermore, the presence of multiple
DMK mRNA foci in the nuclei of affected cells (Taneja et al., 1995) suggest that the
repeat may directly (or indirectly) confer increased slability to the mutant mRNA
through the protective binding (;F nuclear export factors or through novel interactions
between the CTG repeat and nuclear retention factors. Therefore, based on our
.observations, one possible mechanism is that the expanded repeat alters nuclear export
of the mutant DMK mRNA leading to its accumulation in these nuclei. This increase
in copy number of the mutant DMK transcript may lead to competitive interactions or
a titration of protein factors involved in the expression or metabolism of differentiation-
specific mRNAs through regions adjacent to the repeat. The expression of high levels
of a wild type 3° UTR in our system may be similar, in part, to the nuclear
accumulation of mutant DMK transéripts observed in vivo, thereby altering
differentiation,

In myofibers, the nuclei located below the neuromuscular junctions have been
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observed to specifically transcribe genes whose products are components of” these
junctions (Burden, 1993). Combined with the observation that DMK localizes to
ncuromuscular junctions (van der Ven ct al. 1993 Whiting ot al. 1995), the
accumulation of mutant DMK mRNA in these nuclel may be sutficient to alter th.c
normal excitation-contraction mechanism {Caterall, 1991) or may aftecet the metabuolism
of other mRNAs through competitive interactions with nuclear tactors leading to altered

physiological responses in DM muscles (Harper, 1989).
Concluding Remarks

The data presented in this thesis documents that onc of the cflects of CTG
trinucleotide repeat expansion in the DMK gene is to increase the steady state levels of
the mutant DMK transcript in muscle tissues of a severely affected patients. However,
protein analysis of similar muscle samples showed that DMK protein levels remained
relatively unchanged. Therefore, the dominant inheritance pattern of DM may be
mediated in trans at the mRNA level, not at the protein level.

Consistent with this hypothesis, over-expression of the DMK 3° UTR alone,
independently of the coding reéion, in murine myoblasts inhibits the terminal
differentiation of these cells in vitro. The sequences that mediate this phenotype were
found to map upstream of the CTG repeat in the 3° UTR, suggesting that the repeat

may directly or indirectly alter the stability of the mutant DMK mRNA and that the
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over-expression of adjacent clements may be detrimental to the cells.

Our data strongly suggest that the DM phenotype may be mediated in trans by
the 3° UTR of the gene. However, several immediate questions remain to be answered
with respecet to the mechanism underlying the pathophysiology of DM. One important
aspect is whether the repeat prevents processing. transport or stability of the mutant
transcript and whether the CTG repeat, or adjacent clements, compete with other
mRNAs for the binding of specific {actors involved in distinct functions of mRNA
m;:laboliSnL Finally, it will be of importaﬁée to determine whether CTG amplification
disrupts the specitic binding of nuclear export factors or induces novel interactions with
nuclcar components. The observation that the DM phenotype appears to be mediated
at the RNA level and the availability of in vitro muscle differentiation systems will help
to answer these questions and to delineate the mechanism underlying myotonic

dystrophy.
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