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Abstract

Myotonic Dystrophy (DM), the most common form of adult-onset muscular dystrophy,
comprises at least 2 sub-types, DM1 and DM2. DM1 is caused by the expansion of a CTG
repeat located in the 3’ untranslated region (3’UTR) of the DM protein kinase (DMPK) gene.
Recently, the expansion of a CCTG tetranucleotide repeat located in the intron of the ZNF9
gene was identified as the mutation responsible for DM2. Since both DM1 and DM2 are
caused by the expansion of repetitive sequences, some common factors that interact with
these sequences might be involved in the pathogenesis of DM. EXP/muscleblind is a
candidate for such factors and is thought to be sequestered by the expanded forms of DM
transcripts. Here we performed yeast three-hybrid assays that can detect protein-RNA
interactions in vivo to confirm the binding feature of EXP to several kinds of repetitive RNA
sequences. We found that both EXP40 and EXP42, splice variants of EXP, showed
significant interactions with both CCUG and CUG repeats, but not with UG repeats. These
results strongly suggest that EXP might be involved in the pathogenesis of both DM1 and
DM2. We found the difference in the intracellular localization of EXP40 and EXP42, though
their amino acid sequences differ slightly.
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Myotonic dystrophy (DM) is an autosomal dominant
inherited disease. DM consists of at least two sub-types,
DM1 and DM2, which share many symptoms such as
myotonia (muscle hyperexcitability), muscle weakness
and cataracts [14]. DM1 is caused by an expansion of a
CTG repeat located in the 3’ untranslated region
(3°UTR) of the DM protein kinase (DMPK) gene
[3,6,10]. Recently, the mutation responsible for DM2
was identified in the intron of the ZNF9 gene.
Interestingly, it is the expansion of a novel type of repeat,
a CCTG tetranucleotide repeat [9].

One major question is how a mutation not located in the
open reading frame of a gene leads to dominant
inheritance, and several models have been proposed to
explain it. An RNA gain-of-function model is one such
model, in which expanded CUG/CCUG repeats in the
mRNA or pre-mRNA transcribed from a mutated allele
sequester some proteins or RNAs, which interact with
these repeats and prevent their normal function. Indeed,
Taneja and several others have reported the observation
of CUG repeat RNA foci stained by CAG repeat probes
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localized in the nucleus in FISH (fluorescent in situ
hybridization) analysis of DM cells [24], suggesting that
mRNAs with expanded repeats form aggregative
complexes that cannot be exported to the cytoplasm. This
model can account for the dominant inheritance of DM,
and the retention of RNA in the nucleus might also cause
a reduction in its translation, which might result in the
haplo-insufficiency of the DMPK or ZNF9 protein.
Several genes have been proposed to be involved in the
pathogenesis of DM1. One of such gene, CUG-BP1
(CUG repeat-binding protein 1), was found in a gel-shift
assay using a CUGg probe in vitro [25]. CUG-BP1 has
been reported to be involved in the regulation of
alternative splicing and deadenylation [17,20,27]. There
is evidence to indicate the involvement of CUG-BPI in
the pathogenesis of DM1, including a disorder in muscle
differentiation [17,27], insulin resistance [20] and
myotonia [4,12] through irregular splicing. The
expression level and functional activity of CUG-BP1 are
altered by an expanded CUG repeat [4,20,26]. There are
other reports, however, that CUG-BP1 does not interact
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with CUG repeats in a length-dependent manner [15],
and it didn’t co-localize with CUG repeat RNA foci in
the FISH analysis of DM1 cells [5]. Previously we
reported that CUG-BP1 binds to UG dinucleotide repeats
more specifically than CUG repeats in the yeast
three-hybrid system [23]. If this is the case, CUG-BP1 is
not a suitable candidate for the sequestration model, even
though it might be involved in the symptoms of DM in
the downstream of the regulatory pathway induced by the
expanded repeats.

EXP/MBNL, the human ortholog of muscleblind in
Drosophila, is another potential CUG-repeat interacting
protein that was identified as a protein interacting with
double-stranded CUG repeats in a length-dependent
manner [16]. Moreover, EXP has been reported to
co-localize not only with the CUG repeat in DM1 cells
[5], but also with the foci stained by the CAG probe in
the cells of DM2 patients [13], suggesting that this
protein interacts with the expanded CCUG repeat.
Although the function of EXP in the human body is not
understood, muscleblind is known to be involved in the
terminal differentiation of photoreceptor cells in the eye
[2] and muscles [1]. Because eyes and muscles are
affected in DM patients, it is possible that EXP accounts
for some of the features seen in DM.

We tried to examine the binding ability of EXP to
repetitive RNAs using a yeast three-hybrid system. This
system has an advantage in detecting protein-RNA
interactions in vivo [21]. Although co-localization of
EXP and repetitive RNAs has been observed by FISH
analysis, this system would provide a more controlled
condition in which length and species of RNA can be
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Fig. 1. Scheme of Yeast three-hybrid system

Repetitive RNAs are bound to LexA-fused MS2
coat protein and located near the LexA operator.
EXP is expressed in yeast as a fused protein with
GAL4 activation domain. When EXP interacts
with the repetitive RNA, GAL4 activation domain
activates the reporter genes downstream of LexA
operator. In this study, we used [(-galactosidase
and HIS3 as reporter genes.
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manipulated. Here we describe that EXP shows
significant interactions with both CCUG and CUG
repeats, providing evidences which suggest that EXP
might be involved in the pathogenesis of DM. And, we
found the difference in the intracellular localization of
EXP splice variants.

Material and Methods

Vector construction

EXP was amplified from a human muscle cDNA
library by PCR (polymerase chain reaction) with the
primers 5’-CTAAACATGGCTGTTAGTGTCAC-3’ as
a sense primer and 5’-CTACATCTGGGTAACAT-
ACTTGTGG-3’ as an antisense primer. The PCR
fragment was ligated into the Hincll site of pUC118
(TAKARA, Tokyo, Japan) and sequenced in the usual
procedure. We confirmed several kinds of EXP splice
variants, including EXP40 and EXP42. EXP40 and
EXP42 were amplified by PCR with the forward primer
5’-CCCGGGATCCATGGCTGTTAGTGTCACACC-3’
and the reverse primer 5’-GCAGGCTGACCATCTGGG
TAACATAC-3’, and then digested with Sall. The
fragments were ligated into the Smal and Sall sites of
pGAD424 (CLONTECH, Tokyo, Japan), and the
sequences were confirmed again.

Repetitive sequences were synthesized as previously
described [22]. In brief, pairs of TG,,/CA},, CTC,/CAG;
and CCTG,/CAGG; oligo-DNAs were synthesized
(Proligo, Kyoto, Japan). Each pair was amplified by PCR
in the mixture and under the conditions as described [22].
The PCR fragments were ligated into the Hincll site of
pUC118 and sequenced. Then the vectors were digested
with EcoRI and Pst] and the repeat-containing fragments
were blunt-ended with T, DNA polymerase (TAKARA).
The repeat fragments were ligated into the Smal site of

MS2-2 IRE UGH CuG7? CTG21 CUG3T CCUGT  CCUG 50
pGAD - - nd. nd nd nd
IRP +H nd. nd nd nd
EXP40 - n.d. - - +H+ +H+ + +H-
EXP42 . nd . - H +H + .
survived
survived but grew very slowly
not survived
nd.  notdetermined
Table. 1. Histidine selective assay

Colony viability is classified into 3 categories,
(+++, survived), (+, survived but grew very
slowly), and (-, not survived). Hybrid RNAs and
proteins used for making combinational
transformants are denoted to the left and top of
the panels, respectively. MS2-2, empty vector for
hybrid RNA expression; pGAD, empty vector for
hybrid protein expression. The combination of
IRE (iron responsive element) and IRP (iron
regulatory protein) was used as a positive
control.
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pIIIA/MS2-2 and sequenced. Positive control plasmids,
pIIIA/IRE-MS2 and pAD-IRP [21], were gifts from Dr.
Marvin Wickens (University of Wisconsin-Madison,
uUs).

Transformation of yeast was performed using the
general lithium-acetate method. Combinations of the
constructs for RNA expression and those for protein
expression described above were co-transformed and
selected on leucine and uracil selective plates. Five
colonies of each combination were picked up and spotted
onto a histidine selective plate, which lacks leucine,
uracil and histidine. The plates were incubated for about
10 days and the viability of each colony was observed
and classified into one of three categories (see Results).
The B-galactosidase assay was performed as described
[21,23]. The results were statistically analyzed by a
two-tailed Student’s t-test.

Intracellular localization

EXP40 and EXP42 were cut off from pGAD vectors
used above by BamHI and Sa/l and ligated into the Bg/II
and Sall site of pEGFP-C1 (CLONTECH). Resulting
plasmids were transfected into COS-7 cells with
FuGENEG6 (Roche Diagnostics, Tokyo, Japan) as
described by the manufacturer. Fluorescence was
visualized 24 hour posttransfection by conventional
fluorescent microscopy (OLYMPUS, Tokyo, Japan).
Hoechst 33342 was used for the staining of nucleus.

Results

We cloned several splice variants of EXP from a
human skeletal muscle cDNA library. Among them,
EXP40 and EXP42 were used in the following study. To
detect interactions between protein and RNA, we
employed yeast three-hybrid assays in which if an
objective RNA (bait) binds to a protein (prey), the
expressions of two reporter genes, HIS3 and LacZ, are
activated by the Gal4 activation domain fused to the prey
(Fig. 1). The activity of HIS3 can be detected as the
viability of yeast transformants on histidine selective
plates. The expression of LacZ can be quantified by the
enzymatic activity of B-galactosidase in the lysate of

l: C,H type zinc finger motif
Expa0 L T 1T 1 30aa
Exp2 (T I T T 388aa

i
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Fig. 2 Comparison of EXP40 and EXP42

Each open box corresponds to an exon. EXP42 differs
from EXP40 by an insertion of an exon which
encodes 12 amino acids as indicated. Both of
them have four C;H type zinc finger motifs as
indicated by gray boxes.

transformants.

We synthesized several repetitive sequences as RNA
bait and assayed with EXP40 or EXP42 as prey. Table 1
shows the result of the histidine selective assay. In order
to assess the binding ability, we classified the degree of
growth into one of three categories: (+++) survived
(positive), (+) survived but grew very slowly (survival
could be seen after more than 1 week), and (-) not
survived (negative). The colonies in category (+) could
represent a very faint interaction between RNA and
protein, but it could also be false positives, because even
the combination of the negative control sometimes
showed a false positive for unknown reasons. The
combination of IRE (iron responsive element) and IRP
(iron regulatory protein), which are classically known to
bind, were used as a positive control to confirm that the
system normally worked.

On the histidine selective plate, both EXP40 and
EXP42 showed some viability in combination with
CCUG and CUG repeats, but not with UG repeat (Table
1). The results of the [-galactosidase assay also
suggested that EXP40 interacts significantly with CCUG
and CUG repeats (Fig. 3) in consistent with the results of
histidine selective assay. In both experiments, EXP
showed slight or almost no interaction with shorter
CUG/CCUG repeats, suggesting that the binding of EXP
requires longer repeats. The binding feature of EXP42
was the same as EXP40 (Table 1).

We next examined the intracellular localization of
EXP40 and EXP42. They were expressed as a fusion
protein with EGFP (enhanced green fluorescent protein)
in COS-7 cells. Interestingly, EXP42 localized
exclusively in the nucleus, while EXP40 distributed both

35
ek
3.0 T

2.5
2.0
1.5 A
1.0 =
05— —
0.0

relative B-galactosidase activity

MS2-2 UG24 CUG7 CUG21 CCUG CCUG
14 50

3
0Q
w

Interaction of RNA repeats with EXP40
(P-galactosidase assay)

Relative f-galactosidase activities of EXP40 with
repetitive RNA sequences are shown in this
figure. The [-galactosidase activity of each
transformant is shown as a relative value
compared to that of the combination with MS2-2
(normalized to 1.0). The RNA sequences used are
indicated under the respective bars. Error bars
denote the standard deviations (n=4). **:
P<0.005 relative to the combination with MS2-2
by Student’s t-test.
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cytoplasm and nucleus as shown in Fig. 4. These results
were confirmed by the immunostaining of myc-tagged
EXP40/42 (data not shown).

Discussion

The identification of a CCTG repeat on chromosome
3g21 as a causative factor of DM2 had a considerable
impact because several pathogenic models of DM relied
on the gene context of 19q13.3 including DMPK and
assumed the haploinsufficiency of DMPK and its
neighboring genes. From results in DMPK-deficient
mice, the reduction in the DMPK protein might be
involved in some cardiac conduction defects of DM, but
it could not explain all the symptoms variously seen in
DM [7,18]. Six5, the gene downstream of DMPK, has
been suggested to be involved in cataract formation, a
well-known symptom of DM [8]. But cataracts have
been reported in DM2 patients [14], in which the
expression of Six5 might not be altered. Although the
involvement of these genes in the pathogenesis of DM
cannot be excluded, the importance of the RNA
gain-of-function model has become greater because the
expression of aberrant RNA could be common in both
DM1 and DM2 and the trans-action of RNA can
reasonably explain the dominant heredity of DM. Indeed,
transgenic mice harboring a 250 CTG repeat in the
3’UTR of the human skeletal actin gene develop
myotonia and myopathy [19], in which the expression of
DMPK and its neighboring gene might not be directly
affected, suggesting the expression of an expanded CUG
repeat is sufficient to cause some of the symptoms of
DM. The simplest effect of the RNA-gain-of-function
can be thought of as the sequestration of interactive
factors with the expanded RNA repeat. These factors
might lose their normal localization and function, leading
to the pathogenesis. In this context, the identification and

EGFP Hoechst 33342

o - -

Fig. 4. Intracellular localization of EXP

EGFP-fused EXP40 and EXP42 were expressed
in COS-7 cells. The fluorescence of EGFP was
observed by fluorescent microscopy. Nucleus
were stained by Hoechst 33342. EXP42 was
localized exclusively in the nucleus, while EXP40
was distributed in the cytoplasm as well as in the
nucleus. 400x.
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characterization of RNA repeat-binding proteins seems
to be important.

We tried to examine EXP whether it interacts with
CCUG and CUG repeats in a yeast three-hybrid system.
For this purpose, several repetitive sequences were
synthesized as RNA baits and assayed with EXP as prey.
The HIS3 assay is suitable for processing many samples
at the same time, but it is not quantitative. On the other
hand, the LacZ assay allows quantitative analysis.

We showed that EXP40 and EXP42 bind to both
CCUG and CUG repeats. This result strongly suggests
that several splice variants of EXP may be involved in
the pathogenesis of DM. Miller et al. reported EXP as a
binding factor of a double-stranded CUG repeat [16].
EXP has also been suggested to localize in the nuclear
foci stained by the CAG probe in DM1 and DM2 cells
[13]. On the other hand, EXP did not interact with UG
(Fig. 3), CA or CAGG repeats(data not shown).
Predictions of the secondary structures of RNA
sequences (MFOLD v3.1 software,
http://bioinfo.math.rpi.edu/~mfold/) reveals that not only
CUG repeats but also CCUG repeats, form
double-stranded structures, while UG and CA repeats do
not seem to have such structures. The hairpin might
become more stable as the repeat expands. The
involvement of EXP in the symptoms of DM is still
unclear, but this protein is most suitable for the
sequestration model. The identification of its real target
and function might explain the pathogenesis of DM.

EXP40 and EXP42 have four zinc finger motifs in
common, and differ from each other by 18 amino acids in
the downstream of the 4™ zinc finger motif. Our results
suggest that this insertion might not alter the binding
ability of EXP, but alter the intracellular localization.
There is no obvious nuclear localization signal (NLS) in
the 18 amino acid insertion, but two lysines and an
arginine residues, which are characteristic residues found
in NLSs, exist in this region (Fig. 2). Although
physiological significance of this difference remains to
be explained, this finding is interesting because nuclear
foci of expanded repeats are hallmark of DM. Some of
EXP splice variants are possibly affected by the
expanded repeat while others are not.
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