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Reversal of RNA Dominance
by Displacement of Protein
Sequestered on Triplet Repeat RNA
Thurman M. Wheeler,1 Krzysztof Sobczak,1 John D. Lueck,2 Robert J. Osborne,1
Xiaoyan Lin,1 Robert T. Dirksen,2 Charles A. Thornton1*

Genomic expansions of simple tandem repeats can give rise to toxic RNAs that contain expanded repeats.
In myotonic dystrophy, the expression of expanded CUG repeats (CUGexp) causes abnormal regulation
of alternative splicing and neuromuscular dysfunction. We used a transgenic mouse model to show
that derangements of myotonic dystrophy are reversed by a morpholino antisense oligonucleotide,
CAG25, that binds to CUGexp RNA and blocks its interaction with muscleblind-like 1 (MBNL1), a
CUGexp-binding protein. CAG25 disperses nuclear foci of CUGexp RNA and reduces the overall burden
of this toxic RNA. As MBNL1 is released from sequestration, the defect of alternative splicing regulation
is corrected, thereby restoring ion channel function. These findings suggest an alternative use of
antisense methods, to inhibit deleterious interactions of proteins with pathogenic RNAs.

Myotonic dystrophy type 1 (DM1) is rep-
resentative of a group of dominantly
inherited disorders in which expression

of a toxic RNA leads to neuromuscular degen-
eration (1–5). A feature common to these path-
ogenic RNAs is the presence of an expanded

repeat. In DM1, the disease-inducing transcript
is the DM protein kinase (DMPK) mRNA con-
taining an expanded CUG repeat in its 3′ untrans-
lated region (3′UTR) (6). These CUG repeats
bind to muscleblind-like 1 (MBNL1), a splicing
regulator, with high affinity (7, 8). Because each
mutant transcript typically contains thousands of
CUG repeats, the capacity for protein binding is
large, causing MBNL1 to become sequestered in
ribonucleoprotein complexes. These complexes
are observed in DM1 cells as foci of CUGexp-
MBNL1 aggregates in the nucleus (7, 9–11).

If sequestration of MBNL1 contributes to
symptoms of DM1, inhibitors of MBNL1-CUGexp

binding may reverse these effects. To test this pos-
sibility, we used CAG25, an antisense 25-nucleotide
morpholino oligonucleotide composed of CAG
repeats. Antisense morpholinos do not trigger
cleavage of their target RNAs (12), which sug-
gests that they could be used to bind CUGexp

RNA and release sequestered proteins, without
risk of degrading other transcripts that contain
CUG repeats. A potential obstacle for this ap-
proach, however, is that CUGexp RNAs form

Fig. 4. Activation of PYGL, GLUL, and GLUD1 by RIP3
contributes to TNF+zVAD–induced ROS production.
(A) ROS levels in N cells treated with a lentiviral vector
expressing control shRNA or RIP3-shRNAs for 48
hours then stimulated with TNF+zVAD for 12 hours.
(B) ROS levels in A cells infected with or without a
lentivirus encoding nothing or RIP3 for 36 hours then
stimulated with TNF+zVAD for 6 hours. (C) ROS levels
in N cells infected with a lentivirus expressing control
shRNA, PYGL-shRNA, GLUL-shRNA, or GLUD1-shRNA
for 48 hours then stimulated with TNF+zVAD for 12
hours. (D) Proposed mechanism for RIP3 in necrosis.
When RIP3 is absent, RIP1-mediated cell death is
apoptotic. High levels of RIP3 switch apoptosis to
necrosis in some cell systems. RIP3 activates PYGL,
increasing the availability of energy substrate glucose;
RIP3 also activates GLUL and GLUD1, increasing Glu
and Gln consumption as energy substrates. These lead
to an increase in energy metabolism and subsequent
overproduction of the oxidative metabolism product,
ROS. ROS is at least in part responsible for RIP3-
mediated necrosis.
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hairpins with high thermal stability (13, 14) and
extensive MBNL1 binding (8), which potentially
could limit their access to antisense oligonucleo-
tides. In vitro CAG25 was able to invade CUGexp

hairpins and form a stable RNA-morpholino het-
eroduplex (Fig. 1A and figs. S1 and S2). CAG25
was also able to block the formation of CUGexp-
MBNL1 complexes and disrupt complexes that
had already formed (Fig. 1, B to D).

To examine whether CAG25 can influence
CUGexp interactions in vivo, we tested its effects
in a transgenic mouse model of DM1. HSALR

transgenic mice express human skeletal actin
transcripts that have (CUG)250 inserted in the
3′UTR. These mice accumulate CUGexp RNA

and MBNL1 protein in nuclear foci in skeletal
muscle (1), a process that is thought to depend
on CUGexp-MBNL1 interaction (15). We there-
fore examined the effect of CAG25 on foci in
muscle cells. We loaded CAG25 into muscle
fibers by intramuscular injection followed by in
vivo electroporation. Muscle tissue was exam-
ined 1 to 3 weeks later by means of fluorescence
in situ hybridization, using probes that hybrid-
ize to the CUG repeat or to sequences flanking
the repeat. Injection of CAG25, but not a con-
trol morpholino of unrelated sequence, caused a
marked reduction of nuclear foci and a redis-
tribution of MBNL1 protein (Fig. 1, E and F,
and fig. S3).

To determine whether CAG25 can reverse the
biochemical consequences of MBNL1 seques-
tration, we examined its effects on alternative
splicing. HSALR transgenic mice show alternative
splicing changes similar to those observed in
human DM1 (10). The splicing misregulation is

improved when MBNL1 levels are increased
(16), aggravated when MBNL1 levels are reduced,
and reproduced by ablation of Mbnl1 (17), sug-
gesting that splicing defects in this model are
primarily caused by MBNL1 sequestration. For
each DM1-affected exon that we examined, the
alternative splicing was normalized or nearly
corrected at 3 weeks after injection of CAG25
(Fig. 2). Effects of CAG25 on alternative splic-
ing persisted at 14 weeks (fig. S4, A and B) but
not at 8 months after a single injection. In con-
trast, CAG25 did not correct the misregulated
splicing of these same exons in Mbnl1 knockout
mice or alter their splicing patterns in wild-type
(WT) mice (fig. S5), indicating that its effects are
mediated through CUGexp RNA rather than acting
directly on the respective precursor mRNAs (pre-
mRNAs). The Capzb and Itgb1 transcripts also
show developmentally regulated alternative splic-
ing in skeletal muscle, but they do not depend on
MBNL1, they are not misregulated in HSALR
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Rochester, NY 14642, USA.

*To whom correspondence should be addressed. E-mail:
charles_thornton@urmc.rochester.edu

Fig. 1. CAG25 inhibits formation of CUGexp-MBNL1
complexes. (A) Gel shift assay demonstrates that addition
of CAG25 (indicated concentration) to labeled (CUG)109
(2 nM) results in slower migration of (CUG)109-CAG25
heteroduplex. (B) CAG25 prevents CUGexp-MBNL1 com-
plex formation (top) and displaces MBNL1 protein from
preformed complex (bottom). Lane C shows migration of
labeled (CUG)109 hairpin. Addition of excess MBNL1
produces complexes of variable size that migrate as a
broad smear (lane 0.0). Addition of CAG25 at increasing
concentration reconstitutes (CUG)109-CAG25 hetero-
duplex as the dominant band (27). (C) Microtiter plate/
gel assay confirms that CAG25 prevents the formation of
(CUG)109-MBNL1 complex (top) and displaces MBNL1
from preformed complexes (bottom). Bands indicate the
amount of recombinant MBNL1 protein that remains in
ribonucleoprotein complex at the indicated concentration
of CAG25 (27). (D) The percent of MBNL1 bound to

CUGexp is expressed as the mean T SD of protein retained on plate. Median inhibitory concentration (IC50) for “prevention” is 462 T 31 nM and for “displacement” is
1032 T 117 nM. (E) Fluorescence in situ hybridization of single flexor digitorum brevis (FDB) muscle fibers from HSALR mice. Probe (red) binds to HSALR transcripts
upstream from CUG repeat; nuclei are blue. CAG25, but not control morpholino, causes dispersal of RNA foci. (F) MBNL1 (immunofluorescence, green) shifts from
punctate to diffuse nuclear distribution after injection of FDB with CAG25. Scale bars, 5 mm.
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