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Woodchuck post-transcriptional element induces
nuclear export of myotonic dystrophy 3’ untranslated

region transcripts
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The woodchuck post-transcriptional regulatory element (WPRE)
can naturally accumulate hepatitis transcripts in the cytoplasm,
and has been recently exploited as an enhancer of transgene
expression. The retention of mutant myotonic dystrophy protein
kinase (DMPK) transcripts in the nucleus of myotonic dystrophy
(DM) cells has an important pathogenic role in the disease,
resulting in pleiotropic effects including delayed myoblast
differentiation. In this study, we report the first use of WPRE as
a tool to enhance nuclear export of an aberrantly retained
messenger RNA. Stable cell lines expressing the normal and
mutant DMPK 3’ UTR (3’ untranslated region) complementary
DNA, with or without WPRE, were produced. It is noteworthy
that WPRE stimulated extensive transport of mutant transcripts to
the cytoplasm. This was associated with repair of the defective
cellular MyoD levels and a subsequent increase in myoblast
differentiation. These results provide the basis for a cellular
model that can be exploited in DM and in the study of RNA
transport mechanisms.
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INTRODUCTION

The woodchuck post-transcriptional regulatory element (WPRE) is
required for the cytoplasmic accumulation of hepatitis virus RNAs
(Donello et al, 1998) and has been used recently in numerous
cases to enhance transgene expression (Ramezani et al, 2000;
Moreau-Gaudry et al, 2001; Johansen et al, 2003). When placed
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downstream of the complementary DNA to be expressed, it can
cause a post-transcriptional increase in transgene expression
(Loeb et al, 1999; Zufferey et al, 1999; Glover et al, 2002; Popa
et al, 2002). Such transport elements can also be beneficial
for enhancing cytoplasmic transport of nuclear-retained RNA
molecules. Myotonic dystrophy type 1 (DMT1) is an autosomal
dominant disorder characterized by a plethora of symptoms such
as myotonia, progressive muscle weakness and facial changes.
Clinical expression of the disorder is extremely variable, ranging
from a severe congenital form that is often fatal just after birth to
an asymptomatic condition (Harper, 1989). The DM mutation is a
CTG trinucleotide repeat expansion (TRE) in the 3’ untranslated
region (3" UTR) of the myotonic dystrophy protein kinase (DMPK)
gene (Davies et al, 1983; Brook et al, 1992; Buxton et al, 1992;
Fu et al, 1992; Mahadevan et al, 1992; Shaw et al, 1993). The
number of CTG repeats is in the range of 5-35 in the normal
population and increases to between 50 and several thousand in
DMT1 patients. An important part of the molecular pathogenesis of
the disease is the retention of mutant DMPK transcripts in the
nucleus of affected cells and the ‘toxic’ effects that take place
there. A growing body of evidence suggests that pleiotropic effects
of aberrant interactions between mutant DMPK transcripts and
RNA-binding proteins alter the metabolism of ‘target’ messenger
RNAs. Members of the muscleblind family (MBNL, MBXL and
MBLL), which usually regulate mRNA splicing (Kanadia et al,
2003; Ho et al, 2004), have been shown to colocalize with the
ribonuclear inclusions (Fardaei et al, 2002). Another factor, the
CUG repeat binding protein 1 (CUGBP1), has been implicated in
mRNA splicing and translation defects in DM cells (Philips et al,
1998; Timchenko et al, 2001a). Significant advances have been
made in identifying the targeted myogenic steps that are involved
in DM (Amack & Mahadevan, 2004; Ranum & Day, 2004).
Recently, it was discovered that DM patient myoblasts fail to
permanently withdraw from the cell cycle when stimulated to
differentiate and were unable to initiate events that mediate cell-
cycle arrest (Timchenko et al, 2001b). Using the C2C12 myoblast
model system, MyoD has been identified as a target of mutant
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DMPK 3 UTR RNA (Amack et al, 2002). The compromised
levels of MyoD probably explain why C2C12 myoblasts expres-
sing the mutant 3’ UTR RNA fail to initiate the differentia-
tion programme.

In this report, we show that the addition of the WPRE sequence
downstream of the DMPK 3" UTR stimulates the transport of mutant
transcripts to the cytoplasm and repairs myoblast differentiation.

RESULTS AND DISCUSSION

WPRE enhances mutant DMPK 3’ UTR expression

A series of constructs was created, containing the wild-type and
mutant DMPK 3" UTR cDNA with or without the WPRE sequence
(Fig TA). The first step was to transfect transiently the four
constructs in C2C12 mouse myoblasts to evaluate the effect of
WPRE on transgene expression, as assessed by enhanced green
fluorescent protein (EGFP) fluorescence (Fig 1B). Although
UTR(200) gave a low EGFP signal, owing to the retention of most
of the transcripts in the nucleus, addition of the WPRE sequence
downstream of the mutation (UTR(200W)) caused an increase
in EGFP signal. The levels of EGFP expression of UTR(200W)
approached those of UTR(wt) (Fig 1B,C). This is presumably due
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to the increased export of the transcripts to the cytoplasm. Cells
transfected with the control UTR(200W-AS) showed no significant
difference in the EGFP expression when compared with the
mutant UTR(200), indicating that the antisense version of the
WPRE sequence does not exert the same post-transcriptional
effect on transgene expression as its sense counterpart (Fig 1B,C).
PCR amplification from DNA extracts was carried out from all
transfectants to ensure that an equal amount of plasmid was
transfected in each case (data not shown). These results show that
WPRE causes an increase of protein synthesis from transcripts that
are known to be retained in the nucleus.

WPRE-mediated nuclear export of DM transcripts

The mechanism by which WPRE exerts its effect was further
investigated in stable clones. C2C12 stable cell lines, expressing
the four different sequences described above (Fig 1A), were
produced. RNA fluorescence in situ hybridization (FISH) was
carried out to detect the cellular localization of mutant DMPK 3’
UTR transcripts in the presence or absence of WPRE (Fig 2). No
RNA foci were detected in cells expressing the wild-type DMPK 3’
UTR sequence (UTR(wt)). As expected (Taneja et al, 1995; Amack
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UTR(200W-AS)
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?
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Fig 1| Construction and transfection of plasmids in C2C12 myoblast cells. (A) Plasmids containing the wild type (UTR(wt)), mutant (UTR(200)),
mutant with the WPRE sequence or its antisense version (UTR(200W) and UTR(200W-AS), respectively) were constructed. All plasmids coexpressed
the EGFP gene under the Rosa26 promoter. Arrows indicate binding sites for PCR primers used in quantitative RT-PCR assays in Fig 3. (B) After
transient transfections of the above constructs in C2C12 cells, low levels of EGFP were observed in cells transfected with the UTR(200) construct,
whereas the addition of the WPRE sequence caused a significant increase in the EGFP expression (UTR(200W)). Normal EGFP levels were obtained
with the UTR(wt) construct, whereas no EGFP was seen in untransfected cells (UN). The effect of WPRE was specific as no increase in EGFP levels
was seen in cells transfected with its antisense version (UTR(200W-AS)). Nuclear staining by 4,6-diamidino-2-phenylindole (DAPI) shows the presence
of cells. Scale bar, 0.1 mm. (C) Western blot analysis against EGFP showed results similar to (B), indicating that addition of the WPRE sequence

increases transgene expression.
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Fig 2| WPRE-mediated release of mutant transcripts to the cytoplasm

of myoblasts. Myoblasts expressing the mutant UTR(200) construct
produced transcripts (shown as red foci), which were localized mainly in
the nucleus after staining with DAPI. The presence of WPRE downstream
of the mutant DMPK 3’ UTR (UTR(200W)) released most of the
transcripts in the cytoplasm. No RNA foci were detected in cells
expressing the wild-type UTR(wt) construct, whereas the presence of the
antisense form of WPRE (UTR(200W-AS)) did not stimulate the export
of the transcript to the cytoplasm. Scale bar, 0.25 mm.

& Mahadevan, 2001), most mutant DMPK 3’ UTR transcripts were
retained in the nucleus of mouse myoblasts expressing this
transcript (UTR(200); Fig 2). The presence of WPRE downstream
of the mutant DMPK 3’ UTR (UTR(200W)) was associated mostly
with cytoplasmic foci of mutant transcripts. These results indicate
that WPRE acts as a post-transcriptional RNA transport enhancer,
causing significant export of DMPK transcripts from the nucleus to
the cytoplasm.

Further analysis was carried out by subcellular quantitative
reverse transcription—-PCR (RT-PCR) to quantify and characterize
the transport of DM transcripts to the cytoplasm of myoblasts
or differentiated cells (Fig 3). Mutant transcripts (UTR(200))
were predominantly localized in the nucleus of myoblasts and
differentiated cells (Fig 3A). In contrast, WPRE-containing mutant
transcripts were mostly present in the cytoplasm, confirming that
the WPRE sequence causes a significant shift of mutant RNA
molecules from the nucleus to the cytoplasm. For example, 2 days
after the induction of differentiation, only 15% of the total levels of
mutant transcripts remained in the nucleus (Fig 3B). The effect on
RNA transport was specific for WPRE and probably not related
to possible alterations of the 3’ UTR structure, as no increase
of nuclear transport was observed when the antisense version of
WPRE was included instead (Fig 3).
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Defective muscle-cell differentiation is reversed by WPRE
Previous evidence suggests that nuclear accumulation of mutant
DMPK transcripts causes alterations associated with the cell cycle
and cellular differentiation (Timchenko et al, 2001b; Amack et al,
2002). It is known that mutant 3" UTR transcripts disrupt C2C12
myogenic differentiation by compromising MyoD (Amack et al,
2002). Therefore, to determine the effect(s) on myoblasts of
WPRE-mediated induction of mutant DMPK 3’ UTR transport to
the cytoplasm, MyoD levels and myogenic differentiation were
next investigated. Indeed, MyoD levels were reduced in the
pool of cells expressing the mutant DMPK 3’ UTR (UTR(200W)),
as compared with cells expressing the wild-type DMPK 3’
UTR (Fig 4A). However, MyoD levels in cells expressing the
WPRE sequence, downstream of the mutant DMPK 3’ UTR
(UTR(200W)), were twice those from UTR(200) and 70% of
the average levels of the UTR(wt) pool. To investigate whether
WPRE restored MyoD levels because of the cytoplasmic transport
of mutant DMPK 3’ UTR and not because of other nonspecific
effects, another C2C12 cell line—expressing the wild-type
DMPK 3" UTR and the WPRE sequence (UTR(wt-W))—was
created. No alterations in MyoD levels were observed in
UTR(wt-W) clones, as compared with the control UTR(wt),
thereby indicating that WPRE repairs MyoD by transporting the
mutant DMPK 3’ UTR transcripts to the cytoplasm (Fig 4A).

Next, the ability of cell pools to form myotubes was
investigated by culturing the cells in differentiation medium and
analysing them for expression of the myogenic factors myogenin
and myosin heavy chain (MHC). As the differentiation response of
C2C12 cells is known to be sensitive to cell confluency, each cell
pool was tested in at least three independent experiments.
Myogenin is known to be expressed early during normal
muscle-cell differentiation and was almost undetectable in cells
expressing the mutant UTR(200) (Fig 4B). The presence of WPRE
caused a significant increase in myogenin levels 4 days after
cell differentiation and approached 40% that of UTR(wt) or
UTR(wt-W). Cells expressing UTR(200) showed little MHC (late
marker of muscle-cell differentiation) immunostaining during
differentiation, as compared with cells expressing the wild-type
DMPK 3" UTR (UTR(wt) and UTR(wt-W)), which showed strong
formation of myotubes (Fig 4C). A high increase in the ability of
myoblasts to be converted to multinucleated myotubes was shown
in cells expressing the WPRE sequence downstream of the mutant
DMPK 3" UTR (UTR(200W)) (Fig 4D-F). Cell differentiation was,
in some cases (for example, 6 days after differentiation), 60-70%
of the wild-type levels, due to the presence of WPRE (Fig 4D, E).
Finally, RNA localization experiments in these cells showed that
differentiated myotubes contained cytoplasmic RNA foci, whereas
undifferentiated myoblasts possessed nuclear-retained DMPK 3’
UTR transcripts (Fig 4G). This is consistent with the findings
showing that most of the DMPK 3’ UTR transcripts were
transported to the cytoplasm (Fig 3). As a result of the RNA
cytoplasmic transport in myotubes, transgene (EGFP) expression
was also higher than in myoblasts. This indicates that the transport
of mutant DMPK 3’ UTR transcripts to the cytoplasm releases the
cell from the inhibition of differentiation. These results show that
WPRE can repair defective differentiation in cells expressing the
DM mutation and show that the presence of mutant DMPK 3’ UTR
mRNA in the cytoplasm of myoblasts does not result in inhibition
of myogenic differentiation.
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Fig 3| Quantification of WPRE-mediated release of DMPK transcripts to the cytoplasm by RT-PCR. (A) Detection of nuclear (N) and cytoplasmic (C)
mutant DMPK 3’ UTR transcripts (UTR(200)), in the presence of WPRE or its antisense version (UTR(200W) and UTR(200W-AS), respectively). RNA
analysis was carried out from myoblasts or 2- and 6-day differentiated cells (2d Diffn and 6d Diffn, respectively) by amplifying the EGFP gene, which
was connected to the mutant DMPK 3’ UTR. As a control, mouse GAPDH cDNA was also amplified. (B) Summary of mutant DMPK 3’ UTR RNA
subcellular localization from myoblasts or differentiated cells. In all cases, WPRE (UTR(200W)) caused a significant increase of mutant DMPK 3’ UTR

transcripts to the cytoplasm.

The retention of DMPK transcripts as ribonuclear inclusions
in the nucleus of DM cells is considered to be an important
pathogenic mechanism in DM. Any attempt to facilitate their
export to the cytoplasm might provide insight about the
importance of nuclear retention and RNA foci to the disease
process and perhaps to the development of therapeutic ap-
proaches. Thus far, WPRE, which has been linked to the CRM1-
dependent export pathway (Popa et al, 2002), has been used
to enhance transgene expression when placed downstream of
the cDNA to be expressed. Here, evidence is presented that shows
the successful application of WPRE to enhance nuclear export
of mutant DMPK 3’ UTR transcripts, accompanied by a repair
of muscle-cell differentiation. This is the first demonstration of
a means by which nuclear-retained transcripts can be liberated to
the cytoplasm. It also provides a unique system for the study of
RNA transport mechanisms in mammalian cells and the dynamics
and kinetics of the RNA foci before and during differentiation,
some of which are presented here. Moreover, the above-described
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system can be exploited to study the downstream mechanisms that
lead to myoblast differentiation defects due to the expression of
the mutant DMPK 3" UTR.

In the future, the model described here may also prove useful
to determine the capacity of WPRE as a trans-acting genetic
tool against DM. Recently, group | intron ribozymes (Phylactou
et al, 1998), hammerhead ribozymes (Langlois et al, 2003)
and antisense RNA (Furling et al, 2003) have been used as
potential gene therapy tools for DM. Further experiments will
determine the ability of WPRE to act in trans on the DMPK
transcripts. Post-transcriptional regulatory elements hold great
promise in the field of genetic manipulation, and further research
should exploit their value.

METHODS

Preparation of constructs and transfections. UTR(wt) and
UTR(200) constructs were prepared as described (Amack &
Mahadevan, 2001). UTR(200W), UTR(200W-AS) and UTR(wt-W)
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Fig 4| Restoration of defective MyoD levels and muscle-cell differentiation. (A) Reduced MyoD levels were detected by western blotting in cells
expressing the mutant DMPK 3’ UTR (UTR(200)), as compared with cells expressing the wild-type DMPK 3’ UTR (UTR(wt)) or the wild-type DMPK
3’ UTR and WPRE (UTR(wt-W)). WPRE-mediated transport of mutant DMPK 3’ UTR caused an increase in the cellular MyoD levels (UTR(200W)).
(B) After 4 days of cell differentiation, myogenin levels were found to be increased, by western blotting, in cells expressing the UTR(200W) construct,
as compared with cells expressing the UTR(200) construct. Normal myogenin was detected in cells that expressed UTR(wt) and UTR(wt-W). (C)
Immunocytochemistry against myosin heavy chain (MHC) showed a marked reduction of myotube formation in cells expressing the mutant DMPK 3’
UTR (UTR(200)), as compared with cells expressing the wild-type DMPK 3’ UTR (UTR(wt)) or the wild-type DMPK 3’ UTR and WPRE (UTR(wt-W)),
after 6 days of differentiation. Addition of WPRE downstream of the mutant DMPK 3’ UTR significantly increased myoblast differentiation
(UTR(200W)) but not when it was present in its antisense form (UTR(200W-AS)). Scale bar, 0.5 mm. (D-F) Summary of MHC staining indicates that
MHC levels are highly increased in differentiated UTR(200W) cells compared with UTR(200) cells, as detected by counting positively stained
myotubes, the rate of fusion into myotubes and the number of nuclei per myotube. (G) RNA foci localization on differentiated cells expressing the
WPRE sequence downstream of the mutant DMPK 3’ UTR, as detected by FISH, showed that transcripts/foci (shown as red dots) are mainly

located in the cytoplasm in multinucleated myotubes (shown with white arrows), whereas undifferentiated myoblasts (shown with grey arrows)
contain most of the RNA foci in the nucleus. Moreover, EGFP signal is significantly higher in differentiated myotubes than in undifferentiated
myoblasts. Scale bar, 0.05 mm.

were prepared by cloning the sense and antisense versions of
WPRE sequence in the Nrul site of the UTR(200) or UTR(wt)
constructs. C2C12 cells (5 x 10°) were transfected with 10 pg of
each plasmid and 10 pl Lipofectamine 2000 reagent (Invitrogen,
UK). After 48h, transfections were either stopped and EGFP

462 EMBO reports VOL 6 | NO 5 | 2005

fluorescence captured under a NIKON TE 2000 fluorescence
microscope, or transferred to cell-culture media containing
0.8 mg/ml G418 (Invitrogen, UK) for stable transfections as
described by Amack & Mahadevan (2001). All clonal pools were
composed of ten individual C2C12 clones. For differentiation
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studies, cells were grown to 80-90% confluence and then
cultured in differentiation media containing Dulbecco’s Modified
Eagle Media (DMEM) plus 2% horse serum (Invitrogen, UK) for up
to 6 days.

RNA fluorescence in situ hybridization. Myoblasts grown on
coverslips or differentiated myotubes grown on chamber slides
(covered in collagen) were fixed in 4% paraformaldehyde for
15 min at 37 °C. A CY3-conjugated (CAG);, oligonucleotide probe
(Operon, Germany) was used for RNA FISH experiments and
performed as described previously (Amack & Mahadevan, 2001).
CY3 and 4,6-diamidino-2-phenylindole (DAPI) fluorescent signals
were visualized using a NIKON Eclipse TE2000 microscope with
epifluorescence. Images were captured with a NIKON digital
camera and then assembled using Adobe Photoshop software.
cDNA synthesis and PCR amplification. Nuclear and cytoplasmic
RNA was isolated (PARIS kit, Ambion, USA). A 500 ng portion of
cytoplasmic or nuclear-extracted RNA was subjected to reverse
transcription and PCR amplification was carried out to amplify
EGFP (Fwd: 5-GTGAGCAAGGGCGAGGAGC-3'; Rev: 5-TTAC
TTGTACAGCTCGTCCA-3') and the housekeeping gene GAPDH
(Fwd: 5'-TCATCATCTCCGCCCCTTCC-3’; Rev: 5-GAGGGGC
CATCCACAGTCTT-3’). Gel bands were quantified using the
Scion software, and the levels of EGFP were normalized with
those of GAPDH.

Immunocytochemistry. After fixation, cells were incubated with
a monoclonal MY32 antibody against MHC (Sigma, Germany)
and a Texas-red-conjugated anti-mouse secondary antibody
(Jackson Laboratories, USA) and nuclei stained with DAPI (Vysis,
USA). Images were captured with a NIKON digital camera and
then assembled using Adobe Photoshop software. Myotubes were
counted at least three times from each pool of clones in ten
different cellular areas.

Western blotting. Protein extracts (50 ug) were incubated with
myogenin (Santa Cruz, Germany), dynein (Santa Cruz), MyoD
(Pharmingen, USA) and EGFP (Santa Cruz) primary antibodies
followed by secondary antibodies conjugated to horseradish
peroxidase (Santa Cruz).
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