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Research article

Elevation of RNA-binding protein CUGBP1
IS an early event in an inducible heart-specific
mouse model of myotonic dystrophy
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"Department of Pathology, 2Department of Molecular and Cellular Biology, 3Department of Neuroscience, and
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Myotonic dystrophy type 1 (DM1) is caused by a CTG trinucleotide expansion in the 3’ untranslated region
(3' UTR) of DM protein kinase (DMPK). The key feature of DM1 pathogenesis is nuclear accumulation of RNA,
which causes aberrant alternative splicing of specific pre-mRNAs by altering the functions of CUG-binding
proteins (CUGBPs). Cardiac involvement occurs in more than 80% of individuals with DM1 and is responsible
for up to 30% of disease-related deaths. We have generated an inducible and heart-specific DM1 mouse model
expressing expanded CUG RNA in the context of DMPK 3’ UTR that recapitulated pathological and molecular
features of DM1 including dilated cardiomyopathy, arrhythmias, systolic and diastolic dysfunction, and mis-
regulated alternative splicing. Combined in situ hybridization and immunofluorescent staining for CUGBP1
and CUGBP2, the 2 CUGBP1 and ETR-3 like factor (CELF) proteins expressed in heart, demonstrated elevated
protein levels specifically in nuclei containing foci of CUG repeat RNA. A time-course study demonstrated that
colocalization of MBNL1 with RNA foci and increased CUGBP1 occurred within hours of induced expression
of CUG repeat RNA and coincided with reversion to embryonic splicing patterns. These results indicate that

CUGBP1 upregulation is an early and primary response to expression of CUG repeat RNA.

Introduction

Myotonic dystrophy type 1 (DM1) is the most common form
of adult-onset muscular dystrophy. The disease is dominantly
inherited and affects multiple tissues with symptoms including
muscle hyperexcitability (myotonia), progressive muscle wast-
ing, cardiac conduction defects and cardiomyopathy, insulin
resistance, and neuropsychiatric disturbances (1). DM1 is caused
by a CTG trinucleotide expansion in the 3" untranslated region
(3" UTR) of the DM protein kinase gene (DMPK). The primary
mechanism of pathogenesis is a gain of function for the mutant
DMPK mRNA, which contains long tracts of CUG repeats, accu-
mulates in nuclear foci, and affects nuclear and cytoplasmic
activities of RNA binding proteins such as muscleblind like
(MBNL) as well as CUGBP1 and ETR-3 like factor (CELF) pro-
teins (2). Sequestration of MBNL and increased steady-state lev-
els of the CELF protein CUG-binding protein 1 (CUGBP1) result
in the misregulated alternative splicing of specific pre-mRNAs
in human DM1 tissues and cause disease features such as myo-
tonia and insulin resistance (3-8). The molecular mechanism by
which expression of CUG RNA repeats induces CUGBP1 overex-
pression in DM1 tissues is not clear.

Cardiac phenotypes occur in more than 80% of individuals with
DMI; these include conduction defects, arrhythmias, and sud-
den cardiac death (9, 10). Two interrelated cardiac phenotypes
are observed in individuals with DM1. The first is conduction
defects, which are particularly prevalent and can progress to com-
plete heart block or other potentially fatal arrhythmias. The sec-
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ond phenotype is mechanical, in which both diastolic and systolic
dysfunction can progress to combined systolic and diastolic heart
failure (11). Conduction defects include prolonged PR interval,
altered QRS complex, and prolonged His to ventricle interval on
ECG analysis (1, 12, 13). Light microscopy revealed infiltration
of fatty tissue and fibrosis in the myocardium, whereas electron
microscopy revealed vacuolation and disorganization of sarcoplas-
mic reticulum and accumulation of mitochondria (12, 14, 15). The
molecular mechanisms causing abnormalities in electric conduc-
tion or contractility in DM1 have not yet been identified.

We used a Cre-loxP approach including tamoxifen-inducible Cre
to generate an inducible mouse model for heart-specific expression
0f 960 CUG RNA repeats in the context of DMPK 3" UTR. Adult mice
in which high levels of expanded CUG RNA was induced developed
severe cardiomyopathy and arrhythmias resulting in 100% mortal-
ity within 2 weeks of induction. Mice from lines that expressed
more than 5-fold the level of the identical mRNA lacking repeats
exhibited no phenotypic or molecular changes. Repeat-expressing
mice exhibited diastolic and systolic dysfunction, arrhythmias, and
a full set of molecular features observed in DM1 heart tissue such
as RNA foci formation, colocalization of MBNL1 with RNA foci,
elevated CELF protein expression, and misregulated alternative
splicing. Combined immunofluorescence and in situ hybridization
demonstrated elevated CUGBP1 and its paralog, CUGBP2 (ETR-3/
NAPOR/BRUNO3), specifically in nuclei containing CUG repeat
RNA foci. A time-course study of molecular changes following
induction of DMPK-CUG repeat RNA expression demonstrated
that splicing abnormalities were observed beginning at 12 hours
following induction of Cre-mediated recombination. Importantly,
RNA foci formation, MBNLI colocalization with foci, and induc-
tion of CUGBP1 protein preceded splicing changes. These results
demonstrate that an increased steady-state level of CUGBP1 is a
specific and early event of DM1 pathogenesis.
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Generation of bitransgenic mouse expressing expanded CUG RNA in heart. (A) EpA960 and EpAO0 transgene constructs. The spliced mRNA
transcripts from the nonrecombined (top) and recombined alleles (bottom) are indicated in blue above the gene diagrams. The mRNAs from
the recombined EpAO and EpA960 alleles are identical except for the presence or absence of the CUG repeats. Primer pairs used for RT-PCR
analysis of nonrecombined and recombined alleles are shown. The CMV enhancer and B-actin promoter drive the transcription ubiquitously.
Black boxes represent segments of different exons added for splicing. The cassette containing SV40 polyadenylation sites that prevent expres-
sion of RNA from downstream gene segments is located between 2 JoxP sites. (B) Relative levels of the nonrecombined transgene mRNAs in
different tissues from EpA960 and EpAO0 transgenic mice using real-time RT-PCR. Results are from 3 mice from each line, with the exception
of the muscle sample, taken from 1 mouse in line EpA960/MCM 1332. (C) Relative expression of EpA960(R) and EpAO(R) mRNAs from the

recombined alleles after Cre-mediated recombination in heart.

Results

Inducible expression of expanded CUG RNA in cardiomyocytes. To estab-
lish conditional mouse models for DM1 that reproduce the full
array of symptoms, we used a Cre-loxP approach to induce the
expression of expanded CUG RNA within the context of the DMPK
3" UTR. The EpA960 transgene contains a ubiquitously expressed
CMV promoter, a floxed concatemer of the SV40 polyadenylation
site, and human DMPK exon 15 containing 960 copies of interrupt-
ed CTG repeats (Figure 1A). The SV40 polyadenylation sites pre-
vent expression of RNA from downstream genomic segments (16),
and their removal by Cre-mediated recombination results in tran-
scription and splicing of DMPK exon 15 into the transgene mRNA.
We also generated lines containing a transgene lacking CTG
repeats (EpAO) to express an identical mRNA containing only the
DMPK 3' UTR following Cre-mediated recombination (Figure 1A).
Three different EpA960 lines expressed different levels of EpA960
transgene mRNA from the nonrecombined allele, as determined
by quantitative real-time RT-PCR (Figure 1B). Expression of
one EpAO line was comparable to that of the highest-expressing
EpA960 line (Figure 1B). In addition, the 5 lines tested (3 EpA960
and 2 EpAQ) expressed the transgene in all 3 tissues that were test-
ed: heart, skeletal muscle, and brain (Figure 1B).

The 3 EpA960 lines and the highest-expressing EpAO control
line, 4294, were crossed with MerCreMer (MCM) mice, in which
heart-specific expression of a tamoxifen-inducible Cre is driven by
the a-myosin heavy chain (a-MHC) promoter (17). EpA960/MCM
and EpAO/MCM bitransgenic mice were treated with tamoxifen at
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8-9 weeks of age to induce Cre-mediated recombination, and RNA
was extracted from heart tissue after 1 week. Real-time RT-PCR
using primers specific for mRNAs from the recombined allele
demonstrated that line EpA960/MCM 1323 expressed the highest
level of EpA960(R) mRNA from the recombined allele (Figure 1,
B and C). All mice from line EpA960/MCM 1323 died within 2
weeks of tamoxifen injection, while the 2 lower-expressing lines
remained viable and expressed no obvious phenotype 1 year after
tamoxifen injection. Mice of the EpA0/MCM 4294 line expressed
greater than 5-fold more mRNA from the recombined allele than
did EpA960/MCM 1323 mice (Figure 1C) and showed no pheno-
type up to 6 months after tamoxifen injection. We conclude that
CUG repeats are required for RNA toxicity. Unless otherwise indi-
cated below, our subsequent experiments used the lines EpA960/
MCM 1323 and EpA0/MCM 4294.

Mice expressing EpA960(R) RNA exhibit cardiomyopathy, arrbythmia,
and systolic and diastolic dysfunction. Histological analysis of heart tis-
sues from EpA960/MCM mice revealed dilated cardiomyopathy
characterized by dilation of the left ventricle, thinning of the left
ventricular wall, and myocyte hypertrophy (Figure 2, A-F). The car-
diomyocyte cytoplasm appeared pale in patchy areas and contained
variably prominent numbers of pink granules (Figure 2E). Rare
degenerating myocytes and focal areas of mild interstitial fibrosis
were also observed with trichrome stain (data not shown). Ultra-
structural analysis by electron microscopy revealed focally abundant
mitochondria that correlated with the pink granules seen by light
microscopy (Figure 2, E and F). The sarcomeres and Z-lines appeared
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Figure 2

Induced EpA960/MCM mice reproduce functional and
histopathological features of DM1. (A-F) EpA960/MCM
and MCM littermates were given tamoxifen (TAM) at the
same time. (A and D) H&E stain revealed that EpA960/
MCM hearts were dilated compared with hearts of tamoxi-
fen-treated MCM mice. Original magnification, x2. (B and
E) H&E stain revealed that induced EpA960/MCM hearts
exhibited hypertrophied cardiomyocytes that focally con-
tained pale, granular cytoplasm compared with MCM
hearts. Original magnification, x40. (C and F) Electron
microscopy revealed hypertrophied myocytes with irregular
nuclei (N) and abundant mitochondria (m) in EpA960/MCM
hearts compared with MCM hearts. Original magnifica-
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normal. Electron microscopy also confirmed myocyte hypertrophy
with enlarged, irregular myocyte nuclei. In some myocytes, aggre-
gates of proliferating membranes of the sarcoplasmic reticulum
were also noticeable. Notably, dilated cardiomyopathy, interstitial
fibrosis, hypertrophic or degenerated myocardial cells, and mito-
chondriosis are observed in individuals with DM1 (14, 15, 18).

The effects of EpA960(R) mRNA expression on heart function
were determined by 10-mHz Doppler ultrasound. The analysis
was performed sequentially before and every 2 days after tamoxi-
fen administration on MCM and EpA960/MCM mice. No differ-
ences in systolic or diastolic parameters were observed between
MCM and EpA960/MCM mice prior to tamoxifen administration.
However, following tamoxifen administration, EpA960/MCM
but not MCM mice exhibited cardiac dysfunction in both systolic
and diastolic parameters, similar to what has been documented
in DM1 patients (19, 20). Systolic function exhibited a 50% or
greater decrease in peak aortic flow velocity and both mean and
peak acceleration (Table 1 and Figure 2G). Peak early diastolic
filling velocity was decreased by more than 30% in EpA960/MCM
mice, but was unchanged in the MCM mice, compared with mice
before tamoxifen treatment (Table 1 and Figure 2G). Isovolumic
relaxation time was prolonged by more than 50% in EpA960/
MCM mice. Because there were some changes in heart rate, the
Tei index, which normalizes isovolumic relaxation time plus iso-
volumic contraction time by ejection time, was calculated. Again,
EpA960/MCM mice exhibited impaired function around 1 week
following tamoxifen administration. There was not severe edema
or audible respiration in these mice indicative of heart failure. We
also examined the variation among RR intervals, which is used to
measure the time between the R peaks in the electrocardiogram,
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to check the tendency toward arrhythmia. The standard deviation
of RR intervals increased 5-fold after tamoxifen administration
in EpA960/MCM mice but did not change in MCM mice. These
results suggested that expression of expanded CUG RNA in heart
prompted mice to develop arrhythmia.

ECG telemetry was used to analyze arrhythmias in unanesthe-
tized mice. Analysis of the mouse with the most severe phenotype
indicated that before tamoxifen administration, there was no spon-
taneous arrhythmia (Figure 2H). Progressive lengthening of the PR
interval and widening of the QRS complex was observed beginning
2 days after the last day of tamoxifen administration (Figure 2H).
At 4 days, this mouse showed 2:1 atrioventricular block. These con-
duction defects recapitulated those observed in DM1 patients (11).
Thus, mice expressing EpA960(R) RNA exhibit cardiomyopathy,
arrhythmia, and diastolic and systolic dysfunction.

Misregulated alternative splicing in mice expressing EpA960(R) RNA. A
characteristic molecular feature of DM1 is misregulation of devel-
opmental alternative splicing transitions. We found that Tnnt2
exhibited the embryonic splicing pattern of alternative exons 4 and
5 in tamoxifen-treated EpA960/MCM mice, whereas there was no
inclusion of exons 4 and 5 in mock-treated EpA960/MCM mice
(Figure 3, A and B). This pattern of exon inclusion recapitulates
what was previously found in DM1 cardiac tissue (4, 21). Tamoxi-
fen did not induce splicing transitions of exons 4 and S in EpA or
MCM mice (Figure 3B). Importantly, the extent of Tnnt2 exon S
inclusion in the 3 EpA960/MCM lines correlated with the level
of expression of repeat-containing mRNA (29.5%, 21.5%, and 2.5%
for EpA960/MCM lines 1323, 1321, and 1332, respectively), and
the lethal bitransgenic line expressed a level of inclusion similar to
that observed in embryonic heart (29.5% versus 27%; Figure 3B).
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Analysis of cardiac functions of EpA960/MCM and MCM mice by Doppler ultrasound

Method of measurement MCM
Tamoxifen administration Before
10-mHz Doppler

Heart rate (bpm) 350+13
SD of RR interval (ms) 3.61+0.68
Systolic parameters

Peak aortic flow velocity (cm/s) 935+3
Mean acceleration (cm/s?) 5,700 + 400
Peak acceleration (cm/s?) 11,900 + 900
Pre-gjection time (ms) 17.8+0.4
Ejection time (ms) 60.1+1.8
Diastolic parameters

Peak early-filling velocity (cm/s) 702+24
Isovolumic relaxation time (ms) 18.1+0.6
Tei index® 0.54 £0.03

EpA960/MCM
Day 5 Before Day 5
380 + 21 360 +20 310 + 307
475+11 511+1.48 18.6 £ 8.54
100+5.3 106 + 4.4 64.7 + 8A
6,500 + 700 7,700 + 1,000 3,600 + 6004
13,200 + 1,100 14,200 + 8,000 6,800 + 1,5004
149+13 15.3£0.6 29.6 +3.97
591+28 60+2.6 57.3+£3.1
68.5 3.1 79327 53.3+5.7A
17814 16.4+1.6 239+ 1.7~
0.53+0.02 0.49+0.03 0.98+0.13*

Data were collected prior to and every other day after the 3 consecutive tamoxifen administrations for 3 recordings. Mice were under anesthesia during
data collection. AP < 0.05 versus MCM. BCalculated as (isovolumic contraction time + isovolumic relaxation time)/ejection time.

Cardiac tissue from bitransgenic mice expressing high levels of
EpAO(R) mRNA for 1 week or 1 month did not exhibit the embry-
onic splicing pattern of exons 4 and 5 (Figure 3C). Thus, overex-
pression of DMPK exon 15 containing repeats reproduces aber-
rant splicing of Tnnt2, as observed in individuals with DM1, while
DMPK exon 15 lacking repeats in adult cardiac tissue does not
affect Tnnt2 alternative splicing.

We then examined splicing of Fragile X-related protein 1 (Fxr1h)
exons 15 and 16, which undergo developmentally regulated alter-
native splicing (22, 23). We found striking reversion to an embry-
onic pattern in the severe line (Figure 3D). However, misregulated
splicing of Fxrlh was observed in 1 of 3 EpA960/MCM 1321 mice
examined and in none of the lowest-expressing EpA960/MCM 1332
mice. Tamoxifen alone did not alter the splicing pattern of Fxr1h
in EpA960 or MCM transgenic mice (Figure 3D). We then checked
splicing of FXRI exons 15 and 16 in heart samples of patients with
DM1 and found a similar reversion to an embryonic pattern that was
not observed in individuals without cardiac disease or affected by
idiopathic dilated cardiomyopathy (Figure 3E). The results indicated
that the EpA960 lines induced to express CUG repeat RNA repro-
duced characteristic splicing abnormalities observed in DM1 heart.

Nuclear RNA foci formation in mice expressing expanded CUG RNA.
Expanded DMPK-CUG RNA forms nuclear foci in DM1 cardiac
tissue (21). In situ hybridization using Cy3-labeled CAG-peptide
nucleic acid (CAG-PNA) probes demonstrated nuclear RNA foci
in cardiac tissue from tamoxifen-induced bitransgenic mice
(Figure 4, A and B). Heart from the highest-expressing line,
EpA960/MCM 1323, contained foci in a higher fraction of nuclei
than that of the moderate-expressing line EpA960/MCM 1321
(Figure 4, A and B). In addition, multiple RNA foci were detected
in the same nucleus in the higher-expressing line, whereas in
the moderate line, the majority of foci-containing nuclei had
single RNA foci. Foci were not detected in heart tissue from
tamoxifen-treated EpA960/MCM 1323 mice using sense Cy3-
labeled CTG-PNA probes (Figure 4C) or in tamoxifen-treated
MCM mice (Figure 4D). MBNL1 was found in nuclear foci that
colocalized with the RNA foci in bitransgenic mice induced to
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express repeat RNA (Figure 4E), as previously demonstrated in
cardiac tissue from individuals with DM1 (21).

CELF protein steady-state levels are induced in hearts expressing expanded
CUG RNA. Heart tissue expresses 2 of the 6 CELF paralogs, CUGBP1
and CUGBP2. CUGBP1 and CUGBP2 proteins are normally down-
regulated during heart development to barely detectable levels
in adult tissues (5, 24). CUGBP1 protein expression is increased
in DM1 heart and skeletal muscle tissues as well as in DM1 cell
cultures (7, 25-27). Reversion to an embryonic expression pattern
of CUGBP1 has been proposed to be relevant to misregulation of
alternative splicing and translation events that are regulated by this
protein (2). Western blot analysis indicated that levels of CUGBP1
and CUGBP2 proteins were significantly increased in heart tissues
from EpA960/MCM 1323 mice 1 week following tamoxifen admin-
istration (Figure 5A). In contrast, the tamoxifen-induced EpA0/
MCM line did not show an increase in either CUGBP1 or CUGBP2
protein steady-state levels (Figure 5B).

Combined immunofluorescence staining and in situ hybridiza-
tion demonstrated that CUGBP1 expression was enhanced spe-
cifically in nuclei in which RNA foci were also detected (Figure S,
C and D). In contrast, nuclear CUGBP1 was low or undetectable
in hearts from tamoxifen-treated MCM and EpA0/MCM mice
(Figure 5, E and F). Consistent with several previous reports (21,
28, 29), CUGBP1 did not colocalize with RNA foci (Figure 5D).
Nuclear CUGBP2 expression was also elevated in nuclei express-
ing RNA foci in tamoxifen-treated EpA960/MCM mice com-
pared with tamoxifen-treated MCM control mice (Figure 5, G
and H). EpA960(R) RNA expression should be limited to cardio-
myocytes, which make up 20%-30% of the cell population within
the myocardium (30). While control mice exhibited nonspe-
cific cytoplasmic staining, control mice did not exhibit nuclei
expressing levels of nuclear CELF proteins comparable to those
of mice expressing EpA960(R) RNA. Cytoplasmic staining was
likely to be nonspecific because it was removed when hearts were
perfused (see Figure 6C, MCM and 0 hours). Thus, expression
of the 2 CELF proteins that are normally downregulated during
heart development was upregulated in response to expression of
Volume 117 2805
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Figure 3

Misregulated alternative splicing of Tnnt2 and Fxr1h in heart expressing EpA960(R) mRNA but not EpAO(R) mRNA. (A) Alternative splicing pat-
terns of mouse Tnnt2 exons 4 and 5 and the location of the RT-PCR primers (arrows). (B) Mice expressing EpA960(R) mRNA reverted to the
embryonic splicing pattern of Tnnt2. The EpA960/MCM bitransgenic mice from 3 EpA960 lines as well as transgenic EpA960 and MCM mice
were given tamoxifen (T) at a dosage of 20 mg/kg/d for 5 consecutive days, and RNA was extracted 1 week after the last injection. EpA960/MCM
bitransgenic littermates treated with oil served as mock (M) controls. E18 cardiac tissue exhibited the Tnnt2 embryonic alternative splicing pat-
tern. Percent of mMRNAs containing exons 4 and 5 is shown. Asterisks denote a hybrid band of the 2 smallest PCR products. (C) Mice expressing
EpAO(R) mRNA exhibited no phenotype and retained adult splicing patterns of Thnt2 splicing both 1 week and 1 month following tamoxifen
injection. (D) Decreased inclusion of exons 15 and 16 of FXR7h in mouse heart expressing EpA960(R) mRNA. Percent of mMRNAs containing
exons 15 and 16 is shown. (E) Decreased inclusion of exons 15 and 16 of FXR1h was also observed in individuals with DM1 (patient identifica-
tion number shown in parentheses). Splicing abnormalities were not observed in tissue from unaffected individuals or individuals with non-DM1

forms of dilated cardiomyopathy (DCM).

EpA960(R) but not EpAO(R) RNA. The nuclear expression pat-
tern of CUGBP1 resembled its expression in mouse cardiac tissue
at postnatal day 2 (Figure SI).

CELF protein induction is an early event following CUG RNA expression.
We took advantage of the inducible system to investigate the tim-
ing of RNA foci formation, MBNL colocalization with RNA foci,
enhanced nuclear CUGBP1 expression, and Tnnt2 splicing changes
following induction of EpA960(R) RNA expression. Reversion of
Tnnt2 alternative splicing to the embryonic pattern was first detected
12 hours following tamoxifen treatment and, by 36 hours, reached
the level observed at 1 week following tamoxifen administration and
in E18 heart (compare Figure 6A and Figure 3B). Interestingly, we
found that sparse RNA foci were detected as early as 3 hours follow-
ing tamoxifen administration, and MBNLI1 colocalization with RNA
foci was weakly detected at these early time points (data not shown).
2806
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MBNL colocalization with RNA foci became clearly detectable by 6
hours following tamoxifen administration and exhibited increased
intensity at 12 hours (Figure 6B). We conclude that foci formation is
extremely rapid following induction of EpA960(R) mRNA expression
and that MBNLI colocalizes with foci as soon as foci are detectable.
We then traced the earliest time point at which elevated CUGBP1
expression could be detected. As noted above, staining for CUGBP1
was low in hearts from MCM and EpA960/MCM without tamoxifen
injection (Figure 6C), which do not express EpA960(R) RNA. How-
ever, we found that CUGBP1 expression in foci-containing nuclei
was consistently elevated by 6 hours and showed increased signal at
12 hours following tamoxifen administration (Figure 6C). The rapid-
ity of the response indicates that induction of CUGBP1 steady-state
levels is a primary response to expression of EpA960(R) RNA rather
than a secondary response to cardiac cell injury.
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Discussion
In the present study, an inducible and heart-specific DM1 mouse
model expressing expanded CUG RNA in the context of DMPK
3" UTR exhibited the functional, pathological, electrophysiologi-
cal, and molecular features of DM1. These features include pro-
longed PR intervals and QRS duration, decreased diastolic and
systolic velocities, dilated cardiomyopathy, hypertrophy of car-
diomyocytes, and proliferation of mitochondria. Importantly,
the EpA960/MCM model reproduced a feature of DM1 that has
not to our knowledge been previously reproduced in heart tissue
of a DM1 mouse model: increased steady-state levels of CUGBP1
protein. Combined in situ hybridization and immunofluorescent
staining for CUGBP1 and its paralog, CUGBP2, demonstrated
elevated levels of both proteins specifically in nuclei containing
RNA foci. A time course of molecular events following induction
of EpA960(R) mRNA expression demonstrated that colocaliza-
tion of MBNL1 with RNA foci and increased CUGBP1 expression
occurred early and coincided with reversion to an embryonic splic-
ing pattern for Trnt2. CUGBP1 and CUGBP?2 are the only CELF
proteins expressed in heart, and both are normally downregulated
by 3 weeks postnatally (ref. 24 and our unpublished observations).
Our analysis in EpA960/MCM mice demonstrated that a rapid
increase in CELF protein expression, recapitulating the embryonic
expression patterns, was an early response to the mutant RNA.
Altered activities of MBNL and CELF proteins mediate the dis-
rupted alternative splicing observed in DM1 (2, 31). In addition,
altered CUGBP1 cytoplasmic function is proposed to alter regu-
lated translation of key myogenic proteins in skeletal muscle con-
tributing to muscle degeneration (32). MBNLI is sequestered by
CUG repeat RNA nuclear foci, resulting in a loss of nuclear activ-
ity, while steady-state levels of CUGBP1 increase in DM1 heart and
skeletal muscle (6, 7, 21, 33). Here we demonstrate that RNA foci
formed and MBNL1 colocalized with foci within 6 hours — even
as soon as 3 hours — following tamoxifen administration. Elevated
CUGBP1 protein expression was detected by immunofluorescence
within 6 hours of tamoxifen administration. The time between
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Figure 4

EpA960(R) mRNA forms foci that colo-
calize with MBNLA1. In situ hybridization
using a Cy3-CAG PNA probe was used
to detect RNA foci. DAPI was used for
nuclear staining. Heart tissue from the
higher-expressing line EpA960/MCM
1323 (A) showed 8- to 10-fold more
nuclei containing RNA foci than the lower-
expressing line EpA960/MCM 1321 (B).
(C) No signal was detected in cardiac
tissue from the highest-expressing line
using a Cy3-CTG (sense) probe or (D)
in MCM mice treated with tamoxifen. (E)
Endogenous MBNL1 colocalized with
nuclear RNA foci in heart cells express-
ing EpA960(R) mRNA in line EpA960/
MCM 1323. Original magnification, x40
(A-D); x63 (E).

RNA accumulation and changes in MBNL and CELF expression
must be substantially less than 6 hours, because time is required
for tamoxifen uptake, Cre-mediated recombination, and accumu-
lation of EpA960(R) RNA from the recombined allele. The tim-
ing of CUGBP1 nuclear accumulation and MBNL colocalization
directly correlates with Tnnt2 splicing changes, suggesting that
both events could contribute to the disease.

Increased CUGBP1 was previously demonstrated to be patho-
genic in CUGBP1-overexpressing mice in which increased levels
of CUGBP1 in heart and skeletal muscle or in skeletal muscle
alone resulted in neonatal lethality (32, 34). A pathogenic effect
of CUGBP1 was also demonstrated in a fly model for DM1 (35).
While loss of MBNL activity can be explained by sequestration on
nuclear CUG repeat RNA, the mechanism of increased CUGBP1
expression in cells containing RNA foci is less straightforward.
Our present results confirm results from other labs indicating that
neither CUGBP1 nor CUGBP2 is sequestered by RNA foci (21, 36);
however, this does not preclude a transient interaction between
CUGBP1 and RNA foci or transient or even stable interactions of
CUGBP1 with a form of CUG repeat RNA not associated with foci.
Our recent results from EpA960/MCM mice and DM1 cells indi-
cate that steady-state levels of CUGBP1 protein increase as a result
of hyperphosphorylation and increased half-life. Furthermore,
CUG repeat RNA mediates this effect via activation of PKC, which
was found to be activated in heart tissue from EpA960/MCM mice
treated with tamoxifen as well as in heart tissue and cultured cells
from individuals with DM1 (37).

A comparison of our results with results from individuals with
DM1 or DM2 and with other mouse models strongly suggests
that the context of the pathogenic repeats determines whether
CUGBP1 protein levels are affected. CUGBP1 levels are not ele-
vated by repeat-containing RNAs that lack the DMPK 3’ UTR,
that is, in the HSA'R mouse model in which CUG repeats are
expressed in the context of the human skeletal a-actin mRNA
or in DM2 skeletal muscle in which a CCUG repeat within ZNF9
intron 1 causes disease. In both cases, MBNL1 colocalizes with
Volume 117 2807
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the same exposure time. Original magnification, x40 (C and E-l); x63 (D).

RNA foci and splicing is altered, but CUGBP1 levels are not
affected (5). In contrast, CUGBP1 protein is elevated in heart and
skeletal muscle tissues and in cultured myoblasts and fibroblasts
from DM1 patients (7, 26, 27, 32). Recently, high expression of
RNA in mice containing the DMPK 3" UTR with only 5 CTG
repeats, GFP, and a segment of DMPK intron 1 exhibited histo-
logical changes, myotonia, and splicing changes in skeletal mus-
cle that were characteristic of DM1 (38). These mice also exhib-
ited arrhythmias. The absence of RNA foci and lack of obvious
MBNL sequestration suggested that elevated CUGBP1 promotes
the splicing changes (39); however, an alternative explanation is
that MBNL is effectively inactivated by binding to RNA contain-
ing 5 CUGs without forming foci. Mice expressing repeat RNA
exhibited elevated CUGBP1 in skeletal muscle but not in heart,
correlating with higher levels of RNA expression in muscle than
2808
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in heart (38). The absence of overt cardiomyopathy and the limi-
tation of the cardiac phenotype to the conduction system sug-
gest that the effects of the repeat RNA is limited to cells involved
in conduction. It is possible that elevated CUGBP1 expression
was not sufficiently widespread to be detected by Western blot
analysis. We find that low-level induction of CUGBP1 protein
expression, particularly when limited to specific cell types, is
detectable by immunofluorescence but not Western blot analy-
sis (our unpublished observations). It would be of interest to use
immunofluorescence to examine heart tissue for cell-specific
elevated CUGBP1 expression.

Expression of EpA960(R) mRNA in the EpA960/MCM 1323 line
was lethal within 2 weeks of tamoxifen induction, while an identi-
cal mRNA lacking repeats had no noticeable phenotype even when
more than 5-fold the amount of RNA was expressed. These results
Volume 117
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Time course demonstrates rapid molecular changes associated with induction of EpA960(R) mRNA. (A) Tnnt2 splicing changes. Heart tissue
was collected from mock and tamoxifen-treated littermates at the indicated time points following a single tamoxifen dose. Inclusion of Tnnt2
exons 4 and 5 was first detected at 12 hours, with increasing exon inclusion at subsequent time points. Asterisk indicates hybrid bands of the 2
smallest PCR products. (B) RNA foci and colocalized MBNL1 foci were detected by 6 hours and with increased intensity at 12 hours. (C) Elevated
nuclear staining for CUGBP1 was detected 6 hours following tamoxifen administration compared with tamoxifen-treated MCM and untreated
EpA960/MCM mice (0 hours). Arrowheads indicate nuclei containing RNA foci. Original magnification, x40.

are consistent with results from the mouse C2C12 myoblast cell
line, in which only CTG repeats in the context of the DMPK 3' UTR
inhibited skeletal muscle differentiation, while either CTG or DMPK
alone had no effect (40, 41). Similarly, expression of RNA containing
the DMPK 3' UTR with 960 CUG repeats induced hyperphosphory-
lation of CUGBP1 and increased protein stability, while compara-
ble expression of the 3' UTR alone had no effect (our unpublished
observations). These results indicate that one or more cis-acting
elements within DMPK exon 15 act in combination with the CUG
repeat RNA to induce alterations of CUGBP1 expression.

Expression of expanded CUG RNA in the heart affected both
electric activity and contractility in EpA960/MCM mice. The
prominent arrhythmias observed in DM1 (increased PR interval
and heart block) are consistent with the observed degeneration of
the conduction system (11, 42) and suggest a mechanism in which
cell loss is caused by toxicity of CUG repeat RNA. This does not
rule out the possibility that arrhythmias result from misregulated
alternative splicing of genes critical for proper electrophysiological
properties of the heart. Several genes have been shown to be mis-
spliced in DM1 cardiac tissues, such as TNNT2, KCNABI, Titin, and
ALP (21) as well as FXR1b, identified in the present study. Muta-
tions within a large number of ion channels have been shown to
cause familial forms of arrhythmias, and these genes often express
multiple isoforms by alternative splicing (43, 44). The effect of
EpA960(R) RNA expression on cardiac function is independent
of the arrhythmias and indicates that CUG repeat RNA induces a
functional defect within the myocardium. It remains to be deter-
mined whether this reflects an effect on alternative splicing or
other functions of MBNL, CELF, or other proteins.
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Methods
Transgenic mice. The transgenes EpA960 and EpAO contain a ubiquitously
expressed CMV promoter (45), a floxed concatemer of the SV40 polyad-
enylation site (16), and human DMPK exon 15 containing 960 copies of
interrupted CTG repeats (EpA960) or 0 repeats (EpA0). The interrupted
CTG repeats were described previously (4) and were made by ligating
double-stranded oligos containing 20 CTG repeats and overhangs for
Xhol and Sall restriction sites. Digesting with Sall and Xhol selected for
head-to-tail concatamers. The result was interrupted repeats containing
CTCGA after every 20 CTG repeats. Pronuclei from FVB mice were used
for microinjection to generate transgenic mice. Two primer sets were
used to identify lines in which both the 5" and 3’ ends of the transgene
were intact. For the 5’ end, EpA5.3-GGGAGAGTGAAGCAGAACGTG
(forward) and EpAS5.5-CGGGGTCATTAGTTCATAGCC (reverse) were
used. For the 3’ end, EpA3.3-CGGGGTCATTAGTTCATAGCC (for-
ward) and EpA3.52-AAGCCGGGCCGTCCGTCTTC (reverse) were used.
Transgenic MCM mice expressing tamoxifen-inducible MerCreMer
under the control of the heart-specific a-MHC promoter were obtained
from J. Molkentin (17). All mice reported were F1 progeny of EpA x
MCM matings and were therefore hemizygous for 1 or both transgenes.
Littermate bitransgenic, transgenic, and wild-type mice were used for
all experiments whenever possible. All experiments were conducted in
accordance with the NIH Guide for the Use and Care of Laboratory Animals
and approved by the Institutional Animal Care and Use Committee of
Baylor College of Medicine.

Tamoxifen administration. To induce Cre-mediated recombination, bitrans-
genic mice, hemizygous for both transgenes (2-4 months of age) were
treated with tamoxifen (Sigma-Aldrich) once a day for 5 consecutive days
at a dosage of 20 mg/kg/d by intraperitoneal injection. Most bitransgenic
Volume 117 Number 10
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mice from line EpA960/MCM 1323 died less than 1 week following
tamoxifen administration, but by reducing the dosage to 10 mg/kg/d, the
viability of mice could be extended to 2 weeks. In the time-course study
(Figure 6), male EpA960/MCM 1323 bitransgenic mice were given 1 dose
of tamoxifen (20 mg/kg). Cardiac tissues from all mice were collected for
RNA extraction, protein extraction, and frozen sectioning at the indicated
time points. To reduce the background generated from mouse IgG in the
immunofluorescence staining, mice were anesthetized and perfused trans-
cardially with PBS and then with 4% paraformaldehyde for some experi-
ments. Hearts were then postfixed in 4% paraformaldehyde for overnight
at 4°C before being subjected to frozen sectioning.

Real-time RT-PCR. Total cellular RNA was extracted using TRIzoL
(Invitrogen) according to the manufacturer’s instructions. First-strand
cDNA was synthesized using 1-2 ug total RNA, 100 ng random hexamer,
1.25 mM dNTP, and 6 U AMV reverse transcriptase. EpA16f (GCCCCG-
GCTCTGACTGA) and EpA191r (TGTGGTATGGCTGATTATGATCCT)
were used for real-time PCR of RNA from the nonrecombined allele in
EpA960 and EpAO transgenic lines (Figure 1B). EpA16f and EpA125r
(ACAGCACAATAACCAGCACGTT) were used for real-time RT-PCR to
quantify mRNA from the recombined allele (Figure 1C). Primer pairs for
18S RNA were used as internal controls (ACCGCAGCTAGGAATAATGGA
and GCCTCAGTTCCGAAAACCA). The PCR reaction was carried out on an
ABI-Prism 7000 Sequence Detection System with SYBR-Green PCR master
mix (Applied Biosystems). Cycle numbers of nonrecombined or recombined
alleles were normalized first to cycle numbers of 18S. The relative expres-
sion level of nonrecombined and recombined alleles was determined using
the formula 2-(evele no. individual lines) - (cycle no. lowest-expressing EpA960/MCM 1332).

RT-PCR splicing analysis. To assay splicing of endogenous Tnnt2, total RNA
(5 ug) and 100 ng oligo(dT) primer were used for first-strand cDNA syn-
thesis. PCR amplification was performed with primers as described previ-
ously (46,47). To detect endogenous FXR1h mRNA, we used 1-step RT-PCR
containing total RNA (1 ug), 1.5 mM MgCl,, 0.2 mM dNTP, 2.8 U AMV
reverse transcriptase (Life Science), 0.4 U Platinum Taq (Invitrogen), 200 ng
forward (GATAATACAGAATCCGATCAG) and reverse (CTGAAGGAC-
CATGCTCTTCAATCAC) primers, and 1.5 ng 5'-P-end-labeled forward
primer. These primers generate 4 fragments (195, 276, 287, and 368 bp).
Reverse transcription was performed at 42°C for 1 hour, followed by 20
cycles of PCR amplification consisting of 45 seconds at 95°C, 45 seconds
at 57°C, and 45 seconds at 72°C and a final 10-minute extension at 72°C.
The products of PCR amplification were separated on 5% nondenaturing
polyacrylamide gels. The radioactivity associated with each band was quan-
tified using a PhosphorImager (Molecular Dynamics).

Patient samples. Human tissue samples were obtained from tissue cooper-
atives including the University of Miami Tissue Bank and NDRI as well as
from C. Thornton (University of Rochester, Rochester, New York, USA).

Fluorescence in situ hybridization and immunofluorescence. Fluorescence
in situ hybridization was performed on frozen sections (7 wum) using
(CAG)5-Cy3- or (CTG)5-Cy3-labeled PNA probes (Applied Biosys-
tems) as described previously (48). Cardiac tissues were fixed in 4%
paraformaldehyde for 1-2 days, then soaked in 30% sucrose for 24-48
hours for frozen sectioning. After hybridization and wash with 1x SSC,
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sections were incubated with blocking solution (3% BSA and 0.2% Tri-
ton X-100 in 1x PBS) for 1 hour, incubated with primary antibodies
[polyclonal anti-MBNL1 at 1:1,000 or monoclonal anti-CUGBP1 (3B1)
at 2 ug/ml; Abcam; or monoclonal antiCUGBP2 (1H2) at 3 ug/ml] for
36-48 hours, washed with PBS, and then incubated with secondary anti-
bodies (Alexa Fluor 488 goat anti-rabbit IgG at 1:500 or Alexa Fluor 488
goat anti-mouse IgG at 1:1,000) for 2 hours, washed, and mounted with
mounting medium containing DAPI (1.5 mg/ml; Vector). The polyclonal
anti-MBNL1 antibody was generated against the region of amino acids
1-255 of human MBNLI (GenBank accession no. NM_207297).

Immunoblot. Protein was extracted with a dounce homogenizer in 10 mM
HEPES (pH 7.5), 0.32 M sucrose, 1% SDS, 5 uM MG132, and 5 mM EDTA
with protease inhibitors. For Western blot, 50-70 ug total protein was used.
The membrane was incubated with monoclonal anti-CUGBP1 antibody
(3B1; Upstate) or CUGBP2 (1H2) conjugated with HRP (24).

Assessment of cardiac function. The 10-mHz Doppler ultrasound was per-
formed on EpA960/MCM mice and their MCM littermates of MCM x
EpA960 (line 1323) crosses. Assessment was performed before tamoxifen
administration and every other day after tamoxifen administration for 5
days. Mice were anesthetized with 1% isoflurane gas in oxygen (49).

ECG telemetry. ECG telemetry in unanesthetized and unrestrained mice
was performed according to previously published methods (50). A trans-
mitter (Data Sciences International) with subcutaneous electrodes was in
alead I configuration. Telemetry was recorded 7 days after surgery in base-
line conditions and after the injection of 20 mg/kg tamoxifen for 3 con-
secutive days. ECG data were collected for 5 minutes every hour for a total
of 4 weeks. Data collection was performed using Dataquest software, and
offline data analyses were performed using Physiostat ECG analysis soft-
ware (version 3.1; Data Sciences International). Analyses were performed
without knowledge of genotype.

Statistics. All data are expressed as mean + SEM. Statistical significance
was determined using unpaired Student’s ¢ test. A P value less than 0.05
was considered significant.
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