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eDepartments of Surgery, Cincinnati Children’s Hospital, University of Cincinnati, College of Medicine, Cincinnati, Ohio, USA
fDepartments of Pediatrics, University of Cincinnati, College of Medicine, Cincinnati, Ohio, USA
gAMO Pharma Ltd., Wonersh, Surrey, United Kingdom

ABSTRACT Myotonic dystrophy type 1 (DM1) is a multisystem neuromuscular dis-
ease without cure. One of the possible therapeutic approaches for DM1 is correction
of the RNA-binding proteins CUGBP1 and MBNL1, misregulated in DM1. CUGBP1 ac-
tivity is controlled by glycogen synthase kinase 3� (GSK3�), which is elevated in
skeletal muscle of patients with DM1, and inhibitors of GSK3 were suggested as
therapeutic molecules to correct CUGBP1 activity in DM1. Here, we describe that
correction of GSK3� with a small-molecule inhibitor of GSK3, tideglusib (TG), not
only normalizes the GSK3�-CUGBP1 pathway but also reduces the mutant DMPK
mRNA in myoblasts from patients with adult DM1 and congenital DM1 (CDM1). Cor-
rection of GSK3� in a mouse model of DM1 (HSALR mice) with TG also reduces the
levels of CUG-containing RNA, normalizing a number of CUGBP1- and MBNL1-
regulated mRNA targets. We also found that the GSK3�-CUGBP1 pathway is abnor-
mal in skeletal muscle and brain of DMSXL mice, expressing more than 1,000 CUG
repeats, and that the correction of this pathway with TG increases postnatal survival
and improves growth and neuromotor activity of DMSXL mice. These findings show
that the inhibitors of GSK3, such as TG, may correct pathology in DM1 and CDM1
via several pathways.
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Myotonic dystrophy type 1 (DM1) is a complex disease affecting primarily skeletal
muscle, causing myotonia, skeletal muscle weakness, and wasting (1). DM1 is

caused by expanded CTG repeats in the 3= untranslated region (UTR) of the dystrophia
myotonica protein kinase gene (DMPK) (2). The severity of DM1 correlates with the
length of CTG expansions. The longest CTG expansions are observed in patients
with the congenital form of DM1 (CDM1) that affects newborn children. CDM1 is
characterized by extreme muscle weakness and a weak respiratory system, which
has been associated with a high mortality rate. CDM1 patients show delayed
neuromotor and learning development, as well as comorbidities such as autism.
Expanded CTG repeats cause the disease mainly through CUG repeats that mis-
regulate several RNA CUG-binding proteins, including CUGBP1 (also known as a
member of the family of CUGBP1 and ETR-3 like factors, CELF) and the muscleblind
(MBNL) family of proteins (3). The mutant CUG-containing aggregates sequester
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MBNL1, misregulating splicing of MBNL1-regulated mRNAs (4–6). A portion of the
mutant CUG repeats bind to CUGBP1 and elevate CUGBP1 protein via an increase
of its stability (7). Phosphorylation of CUGBP1 by protein kinase C contributes to the
increase of CUGBP1 stability (8).

CUGBP1 is a highly conserved, multifunctional protein that regulates RNA process-
ing on several levels, including translation, RNA stability, and splicing. The increase of
CUGBP1 levels observed in CDM1 leads to the delayed myogenesis in vivo (9, 10).
Inducible overexpression of CUGBP1 in mice causes several DM1-like symptoms in
skeletal and cardiac muscles (11, 12). Deletion of CUGBP1 also affects myogenesis,
disrupting sarcomeric structure in the neonatal skeletal muscle, suggesting that too
little or too much CUGBP1 is equally deleterious for skeletal muscle function (13). The
negative effect of the loss of CUGBP1 on muscle is mediated by the disruption of
multiple pathways downstream of CUGBP1, including pathways regulating cell devel-
opment and extracellular matrix (13).

Multiple functions of CUGBP1 are tightly regulated by phosphorylation. Transla-
tional activity of CUGBP1 is regulated by cyclin D3– cyclin-dependent kinase 4 (CDK4)-
dependent phosphorylation at S302 (14). P-S302-CUGBP1 binds to the active eukaryotic
initiation translation factor 2� (eIF2�) and promotes translation of mRNAs (15). P-S302-
CUGBP1 functions as an active CUGBP1 (CUGBP1ACT). In DM1 myotubes, however,
CUGBP1 is dephosphorylated at S302, does not bind to active eIF2�, and reduces
translation of mRNAs in stress granules. Therefore, it acts as a repressor of translation
(CUGBP1REP) (14). The reduction of phosphorylation of CUGBP1 at S302 in skeletal
muscle of patients with DM1 is caused by the reduction of cyclin D3, and delivery of
cyclin D3 in DM1 myoblasts improves formation of multinucleated myotubes (16).

The reduction of cyclin D3 in DM1 skeletal muscle is caused by the increase of active
glycogen synthase kinase 3� (GSK3�) kinase (17). GSK3� phosphorylates cyclin D3 at
T283, marking it for degradation (18). Abnormal increase of GSK3� in DM1 muscle
reduces cyclin D3, resulting in a switch of CUGBP1ACT to CUGBP1REP, misregulating
myogenic CUGBP1 targets (13, 17). The mechanism by which GSK3� is increased in
DM1 includes stabilization of GSK3� by the mutant CUG repeats (17). Correction of the
GSK3�-cyclin D3-CUGBP1 pathway in the DM1 mouse model (HSALR mice) improves
skeletal muscle strength and reduces myotonia and muscle atrophy (13, 17). A reduc-
tion of muscle pathology in HSALR mice treated with the inhibitors of GSK3 is associated
with correction of the GSK3�-CUGBP1 axis that regulates myogenesis via several
pathways, including cell development (LEF1, RBM45, and DCX) and extracellular matrix
(Col4A), and due to an increase of active myogenic satellite cells (13, 17). However, a
rapid reduction of the grip weakness and very effective improvement of muscle
histopathology in HSALR mice (13, 17) suggests that the inhibitors of GSK3 have a
positive effect on the reduction of the mutant CUG repeats.

In this study, we investigated whether correction of GSK3� with the inhibitor of
GSK3, tideglusib (TG), reduces the mutant DMPK mRNA, correcting toxic events down-
stream of CUG repeats. Since previous studies described the abnormal GSK3�-CUGBP1
pathway in HSALR mice (a mouse model for an adult form of DM1, expressing �250 CUG
repeats), we also investigated if GSK3�-CUGBP1 is misregulated in DMSXL mice, which
express long CUG repeats, identified in patients with severe CDM1. We also examined
whether correction of GSK3� in DMSXL mice with TG has a positive effect on patho-
physiology in these mice.

RESULTS
The inhibitor of GSK3, tideglusib, causes a reduction of the mutant DMPK

mRNA. It has been shown that a primary trigger of DM1 pathogenesis is the accumu-
lation of the mutant CUG repeats, whereas a misregulation of CUGBP1 is an early event,
downstream of CUG repeats (19). To examine if the correction of GSK3� affects the
primary cause of DM1, we compared the levels of the normal and mutant DMPK mRNA
in untreated and TG-treated myoblasts from patients with adult DM1 and pediatric
CDM1, informative for the Bpm1 polymorphism (20). This analysis showed that the
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mutant DMPK mRNA is significantly reduced in the treated DM1 and CDM1 myoblasts
(Fig. 1A and B). Fluorescent in situ hybridization (FISH) analysis confirmed the reduction
of the CUG-containing foci in human CDM1 myoblasts treated with TG (Fig. 1C and D).

Examination of GSK3� showed that the GSK3� levels were increased in CDM1
myoblasts, whereas treatments with TG normalized the GSK3� levels (Fig. 1E and F). To
test if correction of GSK3� with TG also corrects the CUGBP1 pathway, we examined
protein levels of one of the downstream targets of CUGBP1, RNA-binding motif 45
protein (RBM45), which is associated with normal and CDM1 myogenesis (13). We
found that RBM45 was also corrected in the TG-treated CDM1 cells (Fig. 1E and G).

Positive effects of TG on the reduction of the mutant DMPK mRNA suggest that
other important feature of DM1 pathogenesis, such as abnormal splicing, should also
be corrected in the treated cells. We found that the splicing pattern of BIN1 (bridging
integrator 1), regulated by MBNL1 (21), is altered in untreated CDM1 myotubes;
however, the splicing of BIN1 was normalized in CDM1 cells treated with TG (Fig. 1H and
I). Based on these data, we conclude that correction of GSK3� reduces levels of the
mutant DMPK mRNA in human CDM1 and DM1 muscle cells and has a positive effect
on a number of mRNA targets regulated by CUGBP1 and MBNL1. It remains to be

FIG 1 Reduction of the mutant DMPK mRNA and correction of CUGBP1 and MBNL1 activities in DM1 myoblasts
treated with TG. (A) Mutant DMPK mRNA is reduced in CDM1 and DM1 myoblasts (Mb) treated with TG. DMPK levels
were analyzed by qRT-PCR, and the same amounts of PCR products were digested with Bpm1. Normal and mutant
DMPK products are shown by arrows. GAPDH control is shown on the bottom. (B) Quantification of the mutant
DMPK shown in panel A. The sum of the signals for normal and mutant DMPK mRNA was set at 100%, and the
percentages of the mutant DMPK were determined. (C, top) Representative FISH images of CDM1 myoblasts,
treated with vehicle or TG, using CAG probe. (Bottom) Nuclei stained with DAPI. The scale bar is 5 �m. (D)
Percentage of CDM1 myoblasts containing CUG foci after treatment with the vehicle or TG. Total number of
analyzed cells was set at 100%. (E) GSK3� and a downstream myogenic target of CUGBP1, RBM45, are corrected
in CDM1 myoblasts treated with TG. Western blot analysis shows the levels of GSK3� and RBM45 in normal (N)
myoblasts and untreated and TG-treated CDM1 myoblasts. �-Actin was a loading control. (F and G) Quantification
of GSK3� and RBM45 signals as ratios to �-actin levels shown in panel E. (H) Correction of BIN1 splicing in CDM1
myotubes treated with TG. qRT-PCR of BIN1 in normal and in untreated and TG-treated CDM1 myotubes. �-Actin
was used as the control. Arrows show two isoforms with inclusion and exclusion of exon 11. (I) Quantitative analysis
of BIN1 isoform, including exon 11, shown in panel H. *, P � 0.05.
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determined if TG corrects multiple targets of CUGBP1 and MBNL1 in human CDM1 and
DM1 muscle cells.

The reduction of the mutant DMPK mRNA in the TG-treated CDM1 myoblasts was
accompanied by improvement of CDM1 myogenesis. We found that differentiation of
CDM1 myotubes treated with TG prior to addition of fusion medium is improved
relative to that of untreated CDM1 cells (Fig. 2A and B). The immunofluorescence (IF)
assay using antibodies (Abs) to a marker of differentiation, myosin, showed that CDM1
myotubes treated with TG are longer than those in untreated CDM1 cells (Fig. 2B). The
increase of myogenesis of the treated CDM1 myotubes was also characterized by
recovery of a differentiation marker, desmin (Fig. 2C and D). Thus, correction of GSK3�

in CDM1 myoblasts improves myogenesis, perhaps via correction of GSK3� pathways
and the reduction of the mutant DMPK mRNA.

Correction of GSK3� in HSALR mice reduces the mutant CUG repeats. We
examined the effect of the correction of GSK3� on the amounts of CUG-containing RNA
in HSALR mice treated with TG according to the protocol shown in Fig. 3A. The Northern
blot analysis showed that the levels of the mutant RNA are reduced in skeletal muscle
of HSALR mice treated for 2 weeks (2 times a week) with TG relative to those of matched
mice treated with the vehicle (Fig. 3B and C). A reduction of the mutant CUG repeats
in the TG-treated HSALR mice was accompanied by a reduction of CUG foci (Fig. 3D
and E).

The GSK3�-CUGBP1 pathway was normalized in the TG-treated HSALR muscle, and
the downstream targets of the GSK3�-CUGBP1 pathway were also corrected (Fig. 3F).
CUGBP1 controls expression of mRNAs that are linked to the regulation of myogenesis,
RBM45 and doublecortin (DCX) (13). Whereas RBM45 is mainly associated with cell
development and differentiation (13, 22), DCX is involved in the migration of myogenic
satellite cells and function of neuromuscular junctions (23, 24). As shown, expression of
RBM45 and DCX was normalized in HSALR mice treated with TG (Fig. 3F). A reduction of

FIG 2 Correction of GSK3� improves CDM1 myogenesis. (A, left) Bright-field microscopy images of growth of
normal and CDM1 myoblasts. Where indicated, CDM1 myoblasts were treated with TG prior to addition of fusion
medium. (Right) Normal untreated and TG-treated CDM1 myoblasts were differentiated for 3 days. Mt, myotube.
Scale bar, 100 �m. (B) Representative immunofluorescent images of normal myotubes and untreated and TG-
treated CDM1 myotubes with antibodies to myosin. Arrows point to single myotubes in normal myotubes and
untreated and TG-treated CDM1 myotubes. Scale bar, 25 �m. (C) Western blot analysis of a differentiation marker,
desmin, in normal myotubes and untreated and TG-treated CDM1 myotubes differentiated for 2 days. �-Actin was
a control for protein loading. (D) Quantification of the desmin signals as a ratio to �-actin levels shown in panel
C. *, P � 0.05.
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CUG foci in the treated HSALR mice suggests that DM1-specific splicing changes are also
reduced. One of the missplicing events in DM1 muscle pathology in HSALR mice is a
misregulation of splicing of SERCA1. We found that the correction of GSK3� in HSALR

mice exposed to TG leads to almost normal splicing of SERCA1 (Fig. 3G and H). Splicing
of Cypher was also improved in the TG-treated HSALR mice (Fig. 3G and I). Thus,
correction of GSK3� in HSALR mice with TG reduces the mutant CUG RNA, decreases
CUG foci, and corrects a number of CUGBP1 and MBNL1 targets. The effect of the TG
treatment on global splicing events in HSALR muscle remains to be investigated.

We have previously shown that the correction of GSK3� in HSALR mice with the
inhibitors of GSK3 (lithium, TDZD-8, indirubin, and BIO) has a positive effect on grip
weakness (13, 17). Therefore, we examined if a reduction of the mutant CUG RNA with
TG has a positive effect on grip weakness in HSALR mice. We found that a single dose
of TG (0.1 �g/g) led to grip strength recovery in adult HSALR mice �24 h after the
treatment (Fig. 4A). To determine if the correction of grip weakness in HSALR mice
depends on the TG dose, two groups (n � 5) of age (4 months)- and gender (males)-
matched HSALR mice were treated with lower doses of TG (0.025 and 0.05 �g/g), as
shown in Fig. 3A. There was no significant change of the grip weakness in HSALR mice

FIG 3 Correction of GSK3� reduces the levels of the mutant CUG repeats in HSALR mice. (A) Design of the treatment of HSALR mice with
TG. The grip strength was measured before the course of the treatment and the day after each treatment as an outcome of the efficacy
of the correction of GSK3� in HSALR muscle. (B) Northern blot analysis of skeletal muscle mix from matched WT and HSALR mice treated
with the vehicle (Veh) or TG using (CAG)10 probe. GAPDH was used as a loading control. (C) The quantification of the mutant CUG RNA
in skeletal muscle of HSALR mice treated with TG, shown in panel B, was performed as described in Materials and Methods. (D)
Representative images of FISH analysis of skeletal muscle of HSALR mice, treated with the vehicle or TG, using CAG probe. Nuclei were
stained with DAPI. The scale bar is 100 �m. (E) The percentage of nuclear CUG foci in gastroc from 5-month-old HSALR mice untreated and
treated with TG (2 doses, 0.1 �g/g) determined by FISH assay. (F) Western blot analysis of GSK3� and the downstream myogenic CUGBP1
targets, RBM45 and DCX, in gastroc from 5-month-old WT mice and HSALR mice untreated and treated with TG (2 doses, 0.1 �g/g). �-Actin
was a control for protein loading. (G) Correction of misregulated splicing of Serca1 and Cypher in HSALR mice treated with TG. Serca1 was
analyzed in TA muscle from HSALR mice treated i.p. with two doses of TG (0.1 �g/g). Cypher was analyzed in gastroc of HSALR mice treated
four times with oral TG (0.1 �g/g). (H and I) Quantification of the signals, shown in panel G, based on three repeats, was performed as
described in Materials and Methods. *, P � 0.05; ****, P � 0.0001.
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treated with 0.025 �g/g TG (Fig. 4B). However, twice this dose of TG gradually increased
grip strength in HSALR mice (Fig. 4C). Thus, the improvement of grip strength in the
treated HSALR mice depends on the dose of the inhibitor of GSK3. We found that the
grip weakness returned when the treatment was halted for 3 days, but it was recovered
after reintroduction of treatment. Vehicle did not affect grip weakness in the matched
HSALR mice (Fig. 4D).

The correction of GSK3� with TG was beneficial for the improvement of muscle
strength in mice of both genders. The treatment of 6-month-old HSALR mice (n � 6,
females) with a dose of 0.1 �g/g corrected grip weakness, and vehicle had no effect
(Fig. 4E and F). As with a lower dose, the grip weakness returned when the treatment
was stopped for 3 days, but it was improved upon reintroduction of treatment. Since
grip weakness returned when the treatment stopped, we suggest that the chronic
treatment with TG is required to maintain approximately normal grip strength in adult

FIG 4 Reduction of the mutant CUG repeats in the TG-treated HSALR mice is accompanied by a quick positive effect on grip weakness.
(A) A single dose of the oral TG (0.1 �g/g) corrects grip weakness in 6-month-old HSALR mice (females) �24 h after treatment. The grip
strength was measured before the treatment and the day after treatment. The matched WT mice were used as a control. The groups of
WT and HSALR mice contained 5 to 6 mice. (B to D) Grip strength analysis of 4-month-old HSALR mice (males) (n � 5) treated with
0.025 �g/g of TG (B), 0.05 �g/g of TG (C), or vehicle (D). (E and F) Grip strength analysis of 6-month-old HSALR mice (females) (n � 6) treated
with 0.1 �g/g of TG (E) or vehicle (F). (G) TG has no effect on the grip strength of adult WT mice. A group of WT mice (FVB, males, n � 6)
was treated with 0.025 �g/g of TG, and the grip strength was measured according to the protocol shown in Fig. 3A. A minor (but
significant) reduction of grip strength in WT mice was observed at one time point of the treatment with TG (0.025 �g/g) relative to
untreated mice; however, this effect was not reproduced with a higher dose of TG (0.05 �g/g). This might occur due to a negative effect
of the repetitive oral gavage procedure on mouse performance. (H) TG has no significant effect on the body weight of WT mice. WT mice
(n � 6) were treated with TG according to the protocol described for Fig. 3A. *, P � 0.05; **, P � 0.01. NS, nonsignificant change.

Wang et al. Molecular and Cellular Biology

November 2019 Volume 39 Issue 21 e00155-19 mcb.asm.org 6

https://mcb.asm.org


(4- to 6-month-old) HSALR mice. The same protocol of treatment of wild-type (WT) mice
did not affect grip strength or body weight (Fig. 4G and H).

The longer treatments of adult 3.5-month-old HSALR mice (females) with TG under
the same protocol (0.1 �g/g, 2 times a week) for 10 weeks and the following mainte-
nance for 3.0 months without treatment did not have obvious negative effects on HSALR

mice. Treated HSALR mice gained weight normally. The body weight of 9-month-old
HSALR mice, treated at 3.5 months of age with TG for 10 weeks, was similar to that in
untreated 9-month-old HSALR mice of the same gender (not shown). Although one
treated mouse died, the death was not associated with the treatment, since some
untreated HSALR mice die at different ages.

Skeletal muscle in adult HSALR mice is characterized by myopathy, including a
variability of fiber size, with the presence of small and large hypertrophic fibers with
central nuclei and by reduced bundling. We have analyzed skeletal muscle histology in
HSALR mice treated with 0.1 �g/g TG according a protocol that reduces the mutant CUG
repeats (Fig. 3A). Hematoxylin-eosin (HE) staining of gastrocnemius (gastroc) muscle
showed correction of the myofiber size variability and increase of fiber bundles in HSALR

mice treated with TG (Fig. 5A and B). The total number of fibers was reduced in
untreated 6-month-old HSALR mice (Fig. 5C). However, the number of fibers even
exceeded that in HSALR mice treated for 2 weeks with TG. Although centralized nuclei
were still present in some myofibers in the treated HSALR mice, their number was
significantly reduced (Fig. 5D). Positive changes in histopathology in HSALR gastroc
were also observed after two doses of TG (0.1 �g/g). After treatment, myofiber size in
these mice was normalized, the number of the centralized nuclei was reduced, and the
number of fibers per bundle was increased (not shown). However, this treatment was
not sufficient to correct muscle atrophy and to increase the number of bundles in HSALR

muscle. Thus, the correction of GSK3� with TG in HSALR mice reduces the levels of the

FIG 5 Correction of GSK3� in HSALR mice with TG reduces skeletal muscle histopathology. (A) HE staining
of gastroc from WT and vehicle- and TG-treated HSALR mice according to the protocol described in the
legend to Fig. 3A. The scale bar is 50 �m. (B to D) The average numbers of fiber bundles (B), fibers (C),
and central nuclei (D) per �10 view were compared in the matched WT and untreated and TG-treated
HSALR mice (two mice per group). Calculations are based on 12 images of gastroc from WT and untreated
and HSALR-treated mice at �10. ***, P � 0.001; ****, P � 0.0001.
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mutant CUG-containing RNA, decreases the number of foci, and corrects the GSK3�-
CUGBP1 pathway and at least some missplicing events. These molecular changes are
accompanied by the correction of muscle atrophy, normalization of the grip strength,
and reduction of myopathy.

GSK3�-CUGBP1 pathway is abnormal in DMSXL mouse model. Our previous
studies showed the positive effect of the correction of the GSK3�-CUGBP1 pathway in
HSALR mice, expressing �250 CUG repeats that affect mice mainly in adulthood. To
determine whether this pathway is misregulated by long CUG repeats, identified in
severely affected patients with CDM1, we examined the levels of GSK3� in DMSXL mice.
These mice express the human DMPK gene with more than 1,000 CUG repeats mainly
in skeletal muscle, heart, and brain, affecting mice at birth (25). First, we examined
GSK3� levels in diaphragms of adult DMSXL mice. Western blot analysis showed that
the level of GSK3� is increased in skeletal muscle of DMSXL mice (Fig. 6A). Treatment
of these mice with a single (0.1 �g/g) oral dose of TG normalized the GSK3� levels
�24 h after the treatment. One substrate of GSK3�, cyclin D3, is reduced in skeletal

FIG 6 GSK3�-cyclin D3 pathway is abnormal in skeletal muscle of DMSXL mice. (A) Western blot analysis of protein extracts from diaphragm of
the matched WT, untreated, and single-dose TG-treated (0.1 �g/g) 2.5-month-old het DMSXL mice (females) with antibodies to GSK3� and cyclin
D3. The levels of a marker of muscle regeneration, Pax7, were also examined. �-Actin was a loading control. (B) HE staining of gastroc from the
matched areas of the age- and gender-matched WT, untreated, and oral TG-treated (0.1 �g/g, two times a week) hom DMSXL mice is shown. Note
myofiber size variability in gastroc of untreated DMSXL mice and the reduced fiber size variability in the treated DMSXL mice. The scale bar is
50 �m. (C) Normalization of fiber size in gastroc of the TG-treated 2-month-old hom DMSXL mice (0.1 �g/g, two times a week for 1 week). Two
mice per group were analyzed. (D) Correction of GSK3� improves bundling in skeletal muscle of DMSXL mice. The number of bundles was
counted at �10 magnification for each mouse group (2 mice per group). (E and F) Comparison of the body weights of WT (E) and hom DMSXL
mice (males) (F) produced by DMSXL females treated with the vehicle (2 times, 0.1 �g/g) (n � 5 [WT]; n � 5 [DMSXL]) or TG (n � 5 [WT]; n � 4
[DMSXL]) during gestation. Changes of the body weight in WT mice produced by the vehicle-treated versus TG-treated DMSXL females are not
significant. (G) Average number of postnatal hom DMSXL mice (females) per family produced by the vehicle (n � 6)- or TG (n � 6)-treated DMSXL
mice during gestation. (H) The grip strength is increased in hom DMSXL males produced by females treated with TG during gestation. The number
of analyzed mice is shown at the top. *, P � 0.05; **, P � 0.01; ***, P � 0.001. NS, nonsignificant change.
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muscle biopsy specimens from adult patients with DM1 and in HSALR mice (17). Figure
6A shows that cyclin D3 is also reduced in DMSXL diaphragm with high levels of GSK3�.
As shown, cyclin D3 was recovered in skeletal muscle of DMSXL mice exposed to TG.
These findings indicate that the GSK3�-cyclin D3 pathway is altered in DMSXL skeletal
muscle and that TG corrects this pathway. Similar to adult HSALR muscle, a transcription
factor, Pax-7, controlling muscle regeneration, is reduced in DMSXL skeletal muscle.
However, Pax-7 was corrected in DMSXL mice treated with TG. This result suggests that
the correction of GSK3� in DMSXL muscle promotes muscle regeneration.

We examined if the correction of GSK3� reduces pathophysiology in DMSXL mice.
HE analysis of gastroc of adult DMSXL mice showed that skeletal muscle in these mice
is characterized by a variability of myofiber size with the presence of large hypertrophic
fibers (Fig. 6B). As a result, the average cross-section fiber area is increased in DMSXL
muscle (Fig. 6C). Oral treatments with TG (0.1 �g/g, 2 times a week for 1 week) reduced
the fiber size variability in DMSXL muscle. The number of fibers per bundle was
increased in the treated mice (Fig. 6D).

Postnatal homozygous (hom) DMSXL mice have a high mortality rate. To examine if
the correction of GSK3� increases the survival of postnatal DMSXL mice, lactating
DMSXL females were treated with TG (0.1 �g/g, 3 times between 1 and 7 days after
delivery of newborn pups). We found that all hom DMSXL mice survived during the
postnatal period when the lactating DMSXL females (n � 3) were treated with TG (Table
1). In contrast, almost half (42.9%) of postnatal hom DMSXL mice produced in untreated
families (n � 10) died (P � 0.05). One hom DMSXL mouse in the treated families died at
an age of 2.5 months. Thus, postnatal treatment of DMSXL mice with TG increases the
survival rate of underdeveloped DMSXL mice.

Since some hom DMSXL mice die at birth, we tested the effect of the prenatal
correction of GSK3� on the survival and growth of the underdeveloped DMSXL mice.
A group of gestating DMSXL females (n � 6) was treated with oral TG (0.1 �g/g, two
times during 11 to 16 days of gestation), whereas a second group (n � 6) was treated
with vehicle. The total body weight of DMSXL offspring was monitored from 1 to
37 days of age. We found a significant improvement of postnatal growth of hom
DMSXL mice (males) produced by TG-treated females (Fig. 6F) but not the matched WT
or heterozygous (het) DMSXL offspring (Fig. 6E and data not shown). We also at-
tempted to examine the postnatal growth of hom DMSXL females generated by DMSXL
mice treated with TG during gestation. However, only a single postnatal hom DMSXL
female (out of 60 mice in 6 crosses) was identified in vehicle-treated families. In
contrast, 8 postnatal hom DMSXL females were identified in the TG-treated families
(Fig. 6G). Thus, correction of GSK3� in DMSXL mice during gestation increases the
number of hom DMSXL females. We are planning to investigate the larger number of
DMSXL families to determine if there is a gender-dependent effect of the correction of
GSK3� on the survival of postnatal DMSXL mice.

Careful monitoring of postnatal mice suggested that the increase of hom DMSXL
females in the TG-treated families is due to increased survival during the postnatal
period because homozygosity is not embryonic lethal and because almost half of
untreated hom mice die during the postnatal period (Table 1). However, we cannot

TABLE 1 Survival rate of homa DMSXL mice produced by DMSXL females treated with TG
during lactation

DMSXL female

No. of hom DMSXL mice per family

% dead hom
DMSXLPostnatal

Deada (newborn
and postnatal)

Dead in
adulthoodb

Untreated (n � 10) 1.4 0.6 0.3 64.5
TG treated and lactating (n � 3) 1.3 0 0.3 25
aThe number of dead hom mice includes genetically proven hom mice and underdeveloped mice that died
at birth or during the postnatal period (presumably hom DMSXL mice). P � 0.038471.

bThe number of hom mice that died in adulthood includes mice which died at 1.5 months and later.
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exclude that the prenatal treatments with TG have a positive effect on the embryonic
development of hom DMSXL mice.

We found that grip strength was significantly increased in 6-week-old hom DMSXL
mice generated by DMSXL females treated with TG during gestation relative to that of
matched hom DMSXL mice (n � 4, males) produced by vehicle-treated females
(Fig. 6H). However, WT and het DMSXL littermates of the same age and gender (males)
had comparable grip strength in the vehicle- and TG-treated families.

HE analysis of skeletal muscle of 6-week-old hom DMSXL mice produced by TG-
treated females showed that their fiber size is larger than that in matched mice from
the vehicle-treated families (Fig. 7A). We also found that gastroc weight is much higher
in hom DMSXL mice produced by TG-treated females than that in mice produced by
vehicle-treated females. However, comparison of the percentages of muscle weight to
body weight showed no significant differences in the two groups (Fig. 7B). Thus, the
increase of muscle in hom DMSXL mice generated by the TG-treated females is due to
increase of total body weight. Therefore, even if the fiber size in hom DMSXL mice from
the TG-treated families is increased, there is no significant difference from the average
fiber size in the offspring from the vehicle- and TG-treated mice after the correction of
the fiber size to the gastroc weight in both groups (Fig. 7C). The number of fibers per
view was not significantly changed in the gastroc from hom DMSXL mice produced by
the vehicle- or TG treated females (Fig. 7D). Taken together, correction of GSK3� in
gestating DMSXL mice increases the survival of postnatal hom DMSXL females and has
a strong positive effect on the postnatal growth and strength of hom DMSXL mice.

TG-mediated correction of GSK3�-CUGBP1 pathway in brain of DMSXL mice
improves the neuromotor activities. A delay of speech and neuromotor development

FIG 7 (A) HE staining of gastroc from the matched hom DMSXL mice (6-week-old males), produced by the vehicle-
or TG-treated DMSXL females. The matched WT littermates, produced in the vehicle-treated families, were analyzed
as a control. The scale bar is 50 �m. Note the presence of small fibers in the gastroc from hom DMSXL mice,
produced by the vehicle-treated females. (B to D) The gastroc weights, determined as a percentage of whole body
weight (B), the average cross-sectional fiber areas (C), and the average numbers of fibers per �10 view (D) were
compared in gastroc from 6-week-old hom DMSXL mice (males) produced by DMSXL females treated with the
vehicle or TG during gestation. Two mice per group were analyzed. The fiber area and the number of fibers in the
vehicle-treated mice were corrected to the gastroc weight. NS, nonsignificant change.
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is one of the features of CDM1 (1). Therefore, we examined if the neurological defects
in DMSXL mice are associated with an abnormal GSK3�-CUGBP1 pathway. Figure 8A
shows that GSK3� is increased in the whole-brain protein extracts from DMSXL mice
relative to that of matched WT mice. The increase of GSK3� in DMSXL brain
suggests misregulation of CUGBP1 activity. The main alteration of CUGBP1 activity
is dephosphorylation of CUGBP1 at S302, which converts active protein to a
repressor (called CUGBP1REP). Since the amount of CUGBP1REP can be determined
by its interaction with inactive (p-S51) eIF2� (13, 17), we compared the amounts of
p-S51-eIF2� bound to CUGBP1 in the protein extracts from the matched WT and
DMSXL brains. CUGBP1 was immunoprecipitated (CUGBP1-IP), and the levels of
p-S51-eIF2� were determined in the CUGBP1-IPs by Western blot assay. This
analysis showed that repression activity of CUGBP1REP is increased in DMSXL brains
and that treatments with TG reduce this repression activity (Fig. 8B). Since

FIG 8 The GSK3�-CUGBP1 pathway is abnormal in DMSXL brain. (A) TG corrects the levels of GSK3� in the brains of DMSXL mice. Western blotting of protein
extracts from the whole brains of 2-month-old WT and untreated and treated with TG hom DMSXL mice with antibodies to GSK3� and actin as a control. (B)
Correction of GSK3� restores CUGBP1 activity in the brains of DMSXL mice. (Top) Interactions of CUGBP1 with inactive p-S51-eIF2� in the cytoplasmic extracts
from the whole brains of 2-month-old (male) WT, untreated, and TG-treated (0.1 �g/g, 2 times) hom DMSXL mice were examined by the IP-Western blot analysis.
(Bottom) Input of p-S51-eIF2� prior to precipitation. (C) The list of mRNAs encoding RNA-binding proteins altered in the whole brain of neonatal hom Celf1
KO mice, determined by the global microarray analysis of gene expression (13). Superscript letter “a” indicates genes examined in this study. (D) Confirmation
of the altered expression of mRNAs, downstream of CUGBP1, in 0- to 5-day-old Celf1 KO brains by qRT-PCR. Rbm45 and Smn1 were examined in hom Celf1 KO
brains, whereas Mbnl3 and Fgf-2 were analyzed in het Celf1 KO mice. (E) Rbm45, Mbnl3, Smn1, and Fgf-2 show similar patterns of expression in the brains of
1-month-old CUGBP1 S302A-KI mice (males) that contain inactive CUGBP1REP due to a mutation of the GSK3�-cyclin D3-CDK4 site. Rbm45 was measured by
qRT-PCR in het CUGBP1-S302A-KI brains, whereas Mbnl3, Smn1, and Fgf-2 were tested in the brains of hom CUGBP1-S302A-KI mice. (F) Correction of GSK3�
normalizes the downstream targets of CUGBP1 in DMSXL brains. Shown is the qRT-PCR analysis of Mbnl3, Fgf-2, and Smn1 in the whole-brain extracts from
neonatal WT mice, untreated hom DMSXL mice, and hom DMSXL mice produced by females treated 1 to 2 times with TG during gestation. Rbm45 was measured
in the whole brains of 6-week-old WT mice, untreated hom DMSXL mice, and hom DMSXL mice produced by TG-treated females during gestation. *, P � 0.05;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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CUGBP1REP is mainly observed in stress granules (14), the presence of stress-related
CUGBP1REP in brains of DMSXL mice suggests that this isoform of CUGBP1 disrupts
brain development and function due to cellular stress.

Our recent analysis of molecular pathways in brains from hom Cugbp1 (Celf1)
knockout (KO) mice showed that CUGBP1 regulates brain cell development and differ-
entiation, nucleotide metabolism, cell import and export, protein folding, and protein
degradation (13). Loss of CUGBP1 in brain alters expression of 88 ion channel trans-
porters, including those involved in calcium and potassium transport, and G-protein-
coupled receptors regulating postsynaptic membrane potential. Thus, misregulation of
the GSK3�-CUGBP1 pathway in brain might affect multiple brain-specific mRNAs that
directly or indirectly control RNA homeostasis, ion transport, neurogenesis, and protein
degradation and folding.

The list of mRNAs altered in Celf1 KO brain includes several mRNAs encoding
RNA-binding proteins: Rbm45, spinal motor neuron 1 (Smn1), and muscleblind 3
(Mbnl3) (Fig. 8C). Previously, we found that the correction of GSK3� with TG
normalizes RBM45 expression in CDM1 myoblasts and in HSALR muscle (Fig. 1E and
G and 3F). However, RBM45 has been identified as a protein that is involved in early
brain development (22). Analysis of gene expression in Celf1 KO brains showed that
whereas multiple brain mRNAs show subtle changes after CUGBP1 loss, Rbm45
mRNA was upregulated almost 20-fold (Fig. 8C). SMN deficiency affects the forma-
tion and function of axons and dendrites, causing the loss of motor neurons and
resulting in spinal muscular atrophy (SMA) (26). Interestingly, peripheral neuropathy
occasionally occurs in DM1 patients, and DMSXL mice develop peripheral neu-
ronopathy with a reduced number of lumbar motor neurons (27). MBNL3 belongs
to the MBNL family of proteins associated with DM1 pathology. MBNL3 is involved
in myogenesis in adult mice and is expressed during early embryonic development
in the neural tube (28–30).

We have confirmed abnormal expression of Rbm45, Mbnl3, and Smn1 in Celf1 KO
brains by quantitative reverse transcription-PCR (qRT-PCR) (Fig. 8D). One of the mRNAs,
misregulated in Celf1 KO brains, encodes fibroblast growth factor 2 (FGF-2), which is
linked to neurogenesis (31). qRT-PCR analysis confirmed that Fgf-2 is reduced in the
brains of Celf1 KO mice (Fig. 8D).

We also obtained additional evidence that Rbm45, Smn1, Mbnl3, and Fgf-2 expres-
sion in brain depends on CUGBP1. We found that these mRNAs are similarly misregu-
lated in the brains of the mutant mice in which the CUGBP1 site, phosphorylated by the
GSK3�-cyclin D3-CDK4 pathway (S302), was mutated to alanine (S302A knock-in
[CUGBP1-S302A-KI] mice) (Fig. 8E). In CUGBP1-S302A-KI mice, a replacement of S302
with alanine produces a CUGBP1REP isoform that cannot be converted into CUGBP1ACT,
mimicking the accumulation of CUGBP1REP in the brains of DMSXL mice. The lack of
CUGBP1 activity in CUGBP1-S302A-KI mice was confirmed by the examination of
CUGBP1 interactions with inactive p-S51-eIF2� (32). qRT-PCR analysis of the down-
stream targets of CUGBP1 in brain (Rbm45, Mbnl3, Smn1, and Fgf-2) assessed by the
analysis of gene expression in Celf1 KO brains showed that these mRNAs are also
altered in CUGBP1-S302A-KI brains.

To test if the putative targets of CUGBP1 are misregulated in DMSXL brains, we have
examined expression of Rbm45, Mbnl3, Smn1, and Fgf-2 in neonatal brains of untreated
and prenatally TG-treated hom DMSXL mice. As shown in Fig. 8F, these mRNAs have
abnormal expression in the untreated DMSXL brains. However, the expression of
Rbm45, Mbnl3, Smn1, and Fgf-2 was corrected in the brains of hom DMSXL mice
produced by TG-treated females. These findings show that the correction of GSK3� in
gestating DMSXL females normalizes the GSK3�-CUGBP1 pathway in brains of DMSXL
offspring and improves expression of the genes downstream of CUGBP1.

Since anxiety and memory deficits have been reported in DMSXL mice (33), we
examined if prenatal treatments with TG correct these deficits in DMSXL mice. Using
the open-field test, we found that adult hom DMSXL mice travel a shorter distance with
reduced horizontal and vertical activities relative to those of WT mice (Fig. 9A to C).
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Hom DMSXL mice also moved less and needed more rest time than matched WT
littermates during exposure for 5 min in the open-field test (Fig. 9D). Examination of
2-month-old hom DMSXL mice, produced by TG-treated females (n � 4, males), by the
open-field test showed that these mice were more active and travelled a longer total
distance; however, due to variability of phenotype and a relatively low number of hom
mice in the DMSXL line, these differences were not significant. The duration of vertical
movement and vertical episode counts were significantly increased in DMSXL mice
produced by TG-treated females relative to those from vehicle-treated mice (not
shown). Hom DMSXL mice in the TG-treated families also had markedly reduced
anxiety, as judged by increased travelled distance in the center of the cage during the
5-min test (Fig. 9E and F). As shown, untreated WT mice freely travelled in the cage,
including the central area of the cage. However, 6-week-old hom DMSXL mice pro-
duced by vehicle-treated DMSXL females mainly travelled near the walls and preferred
to stay in the corners of the cage. In contrast, hom DMSXL mice (males) generated by
TG-treated females showed a remarkable increase in the travelled distance in the center
of the cage.

We compared general activity of 6-week-old het DMSXL mice in vehicle- and
TG-treated families using the open-field test. Het DMSXL mice produced by TG-treated
females were more active and travelled a longer total distance during the 5-min test
than those from vehicle-treated mice (Fig. 10A). They also showed increased horizontal
and vertical activity, increased margin distance legacy, and increased total activity
counts (Fig. 10B to E). Interestingly, neuromotor measures in het DMSXL mice produced
by TG-treated females exceeded those in matched untreated WT mice. The reason for
these differences remains to be determined.

Thus, the GSK3�-CUGBP1 pathway is misregulated in brains of DMSXL mice. Cor-
rection of this pathway with TG in gestating DMSXL females reduced anxiety of DMSXL
mice.

FIG 9 Reduction of neuromotor activity in adult hom DMSXL mice. (A to D) Total distances (A), total horizontal
distances (B), total vertical distances (C), and rest times (D) were compared in the matched 4.5-month-old WT and
hom DMSXL mice (n � 4 per group, females) using the open-field test. (E and F) Open-field test (heat maps) and
center distance travelled by 6-week-old WT and hom DMSXL males produced by DMSXL mice treated with the
vehicle or TG (0.1 �g/g) during gestation. Four to five mice in each group were examined for 5 min. *, P � 0.05;
**, P � 0.01.
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DISCUSSION

The most significant result of this study is that a correction of GSK3� with small-
molecule inhibitor TG reduces the mutant DMPK mRNA in human myoblasts from
patients with the adult form of DM1 and from pediatric patients with CDM1 (Fig. 1A and
B). This finding suggests that TG reduces CDM1 and DM1 pathology via (i) correction of
GSK3� activity and GSK3� substrates, including cyclin D3-CUGBP1 pathways, and (ii) via
reduction of the mutant mRNA, which in turn should also correct GSK3� (Fig. 11).
Therefore, the inhibitors of GSK3, such as TG, might have a broad positive effect on
DM1 and CDM1 pathology, targeting both the primary toxic event (accumulation of
CUG repeats) and early toxic events downstream of CUG repeats (misregulation of
GSK3� and CUGBP1). The correction of GSK3� also has a positive effect on missplicing.
While missplicing of Serca1 in untreated HSALR mice was not as strong as previously
described, the altered splicing pattern was in agreement with previous reports (34).
Variability of the missplicing efficiency in untreated HSALR muscle is likely due to
instability of CTG repeats and variability of the phenotype of HSALR mice. Although we
found an improvement of a number of CUGBP1 and MBNL1 targets by the TG
treatment, the detailed pathway analysis, including global splicing events in human
CDM1 and DM1 muscle cells and in HSALR muscle treated with TG, is required to
determine if correction of GSK3� in DM1 improves all targets regulated by CUGBP1 and
MBNL1.

The detailed mechanism by which TG reduces the toxic CUG-containing RNA
remains to be identified. Our previous study showed the normalization of the levels of
RNA helicase p68 in HSALR mice treated with an analog of TG, TDZD-8 (35). Thus, it is

FIG 10 Open-field test of het DMSXL mice produced by females treated with the vehicle or TG during
gestation. The total distances (A), total horizontal distances (B), total vertical distances (C), margin
distance legacies (D), and total activity counts (E) were compared between untreated 6- to 8 week-old WT
mice and het DMSXL mice produced by the vehicle- and TG-treated females. **, P � 0.01.
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possible that treatment with TG corrects pathways improving degradation of the
mutant DMPK mRNA. Other pathways that might be involved in the reduction of the
mutant DMPK mRNA in human DM1 cells and in HSALR muscle might be determined by
the analysis of the global gene expression in DM1/CDM1 cells and in HSALR mice treated
with TG.

Broad positive effects of the inhibitors of GSK3 might explain a rapid effect of TG and
TDZD-8 (17) on the correction of muscle atrophy and efficient recovery of grip strength
in HSALR mice. Such a positive effect could be associated with normalization of many
genes downstream of the GSK3�-CUGBP1 pathway (13). It has been shown that
CUGBP1 might contribute to the control of muscle function via control of synaptogen-
esis in neuromuscular junctions and Ca2� homeostasis needed for muscle activity. This
suggestion is supported by (i) correction of the components of the GSK3�-CUGBP1
pathway (GSK3�, cyclin D3, and CUGBP1REP) in 2 to 4 days after the treatment of HSALR

mice with the inhibitors of GSK3, TDZD-8, or TG and (ii) by the identification of several
muscle mRNAs (RBM45, DCX, and Col13) downstream of CUGBP1 which are involved in
the neurogenesis and the function of neuromuscular junctions (13, 24, 36). In agree-
ment, myogenic downstream targets of CUGBP1, such as RBM45 and DCX, were
corrected in skeletal muscle of HSALR mice treated with TG (Fig. 3F). In addition to the
correction of the GSK3�-CUGBP1 pathway, other pathways downstream of the toxic
CUG repeats are likely corrected in the TG-treated HSALR mice due to reduction of the
mutant CUG repeats. Studies of global gene expression in TG-treated DM1 models
might show other GSK3�-dependent pathways affected by TG and possible off-target
activity.

The second critical finding of our study is the identification of the defective
GSK3�-CUGBP1 pathway in DMSXL mice expressing long CUG repeats in the CDM1
range. In contrast to HSALR mice, which express �250 CUG repeats, long CUG repeats
in the DMSXL model affect mice at birth, causing a delay of development and postnatal
death.

Since significant numbers of postnatal hom DMSXL mice die and survivors are
characterized by reduced growth and weakness, it is important that correction of
GSK3� in gestating DMSXL mice increases the survival of postnatal hom DMSXL
offspring (females). Postnatal treatments also had a positive effect on the survival rate
of hom DMSXL mice. Whether the prenatal treatments with TG have any effect on the
improvement of the embryonic development of hom DMSXL mice remains to be
studied.

The postnatal underdeveloped DMSXL mice of both genders, produced by DMSXL
females with corrected GSK3�, showed improved growth and increased strength.

FIG 11 Diagram showing possible mechanistic effect of the inhibitors of GSK3 on DM1 pathogenesis. According
to the findings in the current study and previous work, the inhibitors of GSK3 normalize the levels of GSK3� and
cyclin D3 and convert inactive CUGBP1REP into active CUGBP1ACT in DM1. The correction of this pathway occurs in
skeletal muscle and in brain, and possibly in other tissues, affected in DM1, and the downstream targets of CUGBP1
in skeletal muscle and in brain might be corrected. In addition, TG reduces the mutant DMPK mRNA. The
mechanisms of this effect remain to be determined. However, it is likely that correction of CUGBP1 is a part of these
mechanisms. It is expected that the reduction of the mutant DMPK mRNA will reduce main toxic events
downstream of the mutant CUG repeats and might include the feedback normalization of GSK3�.
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Whereas body weight and the grip strength of underdeveloped DMSXL mice in the
TG-treated families were improved, these parameters remained below those in
matched untreated WT mice (Fig. 6E, F, and H and data not shown). This suggests that
the prenatal doses of TG have to be increased or the treatment has to continue during
the postnatal period to improve the growth and strength of DMSXL mice to the levels
observed in WT mice.

Although the effect of the correction of GSK3� with TG overall was positive for hom
DMSXL mice, there was variability of phenotype recovery in DMSXL mice produced by
the TG-treated mice. For instance, some hom DMSXL females in the drug-treated group
showed strong improvement of body weight; however, some matched hom mice still
had low body weight (data not shown). The reasons for such variability of recovery in
DMSXL mice produced by the TG-treated females remain to be determined. This
variability might be associated with the instability of CTG repeats (37) and contribution
of additional factors to the disease, such as methylation in the DMPK locus (38).

Since mutant CUG repeats are expressed in DMSXL mice in all tissues in which DMPK
is expressed, we examined the GSK3�-CUGBP1 pathway in skeletal muscle and in brain.
We found that this pathway is disrupted in both skeletal muscle and in brain in DMSXL
mice. Several mRNAs downstream of CUGBP1 that are important for brain function
(Rbm45, Mbnl3, Smn1, and Fgf-2) were misregulated in DMSXL mice (Fig. 8F). The
correction of GSK3� with TG normalized these mRNAs in DMSXL brains, suggesting that
TG or other inhibitors of GSK3 correct central nervous system defects in DM1. In
agreement, anxiety was corrected in hom DMSXL mice produced by the TG-treated
DMSXL females.

In summary, this study shows that the correction of GSK3� has positive effects on
the primary cause of DM1 and CDM1 pathogeneses (the mutant CUG repeats) and on
the early downstream target of CUG repeats, CUGBP1. The correction of GSK3� with TG
is beneficial for skeletal muscle and brain phenotypes in DM1 mouse models. The
developing clinical trials will decipher if GSK3 inhibitors, such as TG, have therapeutic
benefits in patients with DM1 and CDM1.

MATERIALS AND METHODS
Mice. Hom HSALR mice (FVB background), line 20LRb (5), were obtained from C. A. Thornton

(University of Rochester). Age- and gender-matched WT mice (FVB background; Jackson Laboratory) were
used as controls. DMSXL mice were obtained from G. Gourdon (France). Het DMSXL mice (on mixed C57B
plus FVB background) were bred to maintain the line. Genotyping of DMSXL mice was performed using
the following primers: FBF, 5=-TCCTCAGAAGCACTCATCCG-3=; FBWDR, 5=-ACCTCCATCCTTTCAGCACC-3=;
and FBFBR, 5=-AACCCTGTATTTGACCCCAG-3=. WT and het DMSXL littermates were used as controls for
hom DMSXL mice. The number of hom DMSXL mice in this strain was low (13.1% versus the expected
25%) due to postnatal and possible prenatal mortality (Tables 1 and 2). Since large numbers of hom
DMSXL mice were born, the homozygosity seems not to be embryonic lethal. Careful monitoring of these
mice suggests that the reduction of hom DMSXL mice is mainly due to postnatal mortality, because
almost half of postnatal hom mice died (Table 1). Some underdeveloped (presumably hom) DMSXL mice
die immediately after birth. It is also possible that some underdeveloped hom DMSXL mice die in utero.
To increase the number of hom DMSXL mice, het DMSXL mice were crossed with hom mice; however,
the majority of newborn pups in these crosses died after birth.

Maintenance and genotyping of Celf1 KO mice were described previously (13). CUGBP1 S302A-KI
mice were generated as described previously (32). Mice were genotyped with the following primers. The
sequence of the forward primer is 5=-TTCCTGTTGGCAAGAGAAGGCAAG-3=. The sequence of the reverse

TABLE 2 Frequency of WT, het, and hom DMSXL littermates, based on 33 crosses of het
DMSXL micea

Genotypeb No. %

WT 42 25
Het 99 58.9
Hom 22 13.1
aWT and het DMSXL mice were counted after genotyping. A total of 168 mice were examined.
bThe number of hom DMSXL mice includes mice confirmed by genotyping and presumably hom mice based
on their small size and mortality at 0 to 8 days after birth. The genotyping of some dead (likely hom)
DMSXL mice after birth was impossible due to tissue deterioration. Some neonatal hom DMSXL mice that
died at birth might not be counted.
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primer is 5=-ATGACAACCAGGGCTTGCCCATTA-3=. The whole brains were collected from WT and hom
littermates and used for histological and molecular analyses.

Compounds and treatments. TG from AMO Pharma was used at different doses as indicated. Initial
experiments were performed using TG provided by A. Martinez. For the treatments of HSALR mice, TG was
administered at doses of 0.025, 0.05, and 0.1 �g/g dissolved in Labrasol using oral gavage.

To treat DMSXL mice, TG, dissolved in Labrasol, was administered at a dose of 0.1 �g/g using oral
gavage. Mouse tissues were collected after the last treatment at approximately 24 to 48 h. Where
indicated, TG dissolved in dimethyl sulfoxide (DMSO) was administered intraperitoneally (i.p.) in DMSXL
or HSALR mice. When two doses of TG were used, the doses were administered a day apart and the mouse
tissues for the analysis were collected 24 h after the second dose. In the experiments examining the
effect of TG on the survival rate of DMSXL mice during the postnatal period, the lactating females initially
were treated with TG using oral gavage. However, some treated females stopped feeding pups,
presumably due to distress associated with the oral treatment procedure. The same problem was
observed in the treatment of young (1- to 2-month-old) hom DMSXL mice. Therefore, the lactating
DMSXL females were treated with TG (0.1 �g/g) i.p. 3 times between 1 and 7 days after delivery of
newborn pups. There was no problem treating adult het DMSXL mice using oral gavage.

Gestating DMSXL mice were treated with oral TG (0.1 �g/g dissolved in Labrasol) two times between
11 and 17 days of gestation. In some experiments, one treatment of the gestating DMSXL mice with the
oral TG (0.1 �g/g dissolved in Labrasol) was performed between 13 and 16 days of gestation. Control
DMSXL or HSALR mice were treated with Labrasol.

Cultured myoblasts were treated with two doses of TG (1.6 �g/ml, dissolved in DMSO) a day apart,
and the cell protein or RNA extracts were collected 24 h after addition of the second dose of the drug.
In the experiments using myotubes, TG was added to the growing myoblasts at a dose of 1.6 �g/ml, the
growth medium was changed the next day, and the fusion medium was added the following day. If two
doses of the drug were used, they were added to the growing myoblasts a day apart, the growth medium
was changed the day after the second treatment, and the fusion medium was added the following day.

Histological analyses. Transverse muscle sections from the matched gastroc were stained with HE
at the Pathology Laboratory at CCHMC. To assess the average fiber size, the number of fibers, the number
of bundles, and the number of fibers in bundles in gastroc from the age- and gender-matched WT mice
and untreated and TG-treated HSALR or DMSXL mice, MetaMorph (Molecular Devices) software was used
as described previously (13, 17). The average cross section fiber area was examined in 100 to 300 fibers
in the randomly selected fields from the matched areas of WT gastroc and untreated or treated HSALR and
DMSXL gastroc. In the experiments using gastroc from hom DMSXL mice produced by the females
treated with the vehicle, the measurements of the average fiber area and the number of fibers per view
were corrected to the muscle weight, since the gastroc weight in these mice was reduced relative to that
of hom DMSXL mice produced by the TG-treated females. The number of bundles, the number of fibers,
and the number of central nuclei were determined in 6 to 12 views from the matched areas of gastroc
at magnifications of �10 or �20.

Myoblast cell culture. Primary human myoblasts derived from three control patients without
skeletal muscle pathology and from three patients with CDM1 (containing approximately 2,000 CTG
repeats) were plated in 10-cm plates (approximately 5 � 107 frozen cells per plate) and maintained under
the same conditions in the growth medium containing F10 medium (Gibco) supplemented with 15%
fetal bovine serum (HyClone), 1% sodium bicarbonate (Gibco), 5% defined supplemental calf serum
(HyClone), 1% L-glutamine (Gibco), and 1% penicillin-streptomycin (Gibco) at 60% density. To induce
differentiation, myoblasts were grown to 80% density, and the growth medium was replaced with the
fusion medium containing Dulbecco’s modified Eagle’s medium supplemented with horse serum and
insulin for 2 to 5 days. Growth medium was changed every other day, and fusion medium was changed
every day. The efficiency of differentiation was monitored by identification of multinucleated myotubes
using bright-field microscopy and by IF assay using antibodies to skeletal muscle myosin chains 1 and
2 (Boster Biological Technology). In the IF assay, myotubes were grown on 1- or 2-chamber slides, and
cells were fixed with 3.7% formaldehyde. After blocking in 1.5% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) containing 1:100 goat serum, slides were incubated overnight with
antibodies to myosin (1:150) and for 2 h with secondary antibodies labeled with fluorescein isothiocya-
nate (1:200). Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI). The images were examined
at �40 magnification using a Nikon microscope.

Western blot analysis. Human myoblasts and myotubes were pelleted, and total protein extracts
were purified with radioimmunoprecipitation assay (RIPA) buffer. Mouse muscle (gastroc or diaphragm)
or the halves of whole brains were homogenized in RIPA buffer and total proteins were collected. Fifty
micrograms of proteins was separated by SDS-gel electrophoresis, transferred onto membrane, and
probed with antibodies according to the manufacturer’s protocols. Antibodies to GSK3�, cyclin D3,
PAX-7, and �-actin were from Santa Cruz Biotechnologies. Abs to RBM45 were from Sigma. Antibodies
to desmin were from Abcam. In the co-IP experiments, CUGBP1 was precipitated from cytoplasmic
extracts with 3B1 Abs, and the CUGBP1-IPs were examined by Western blotting with Abs to p51-eIF2�

(Santa Cruz Biotechnologies).
Grip strength. The grip strength was examined using a grip strength meter from Columbus

Instruments in the gender- and age-matched mouse groups as described previously (13, 17). Five
measurements of the grip strength of the front paws were taken, and the average values are presented.

Open-field test. The open-field test was performed using the Open Field Superflex box with Fusion
software, v5.3, from Omnitech Electronics (Columbus, OH). All measurements were performed in the
same mouse room protected from noise and vibration. Mice were gently handled to reduce stress. Naïve
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mice were placed in the center of the cage, and their movements were monitored for 5 min. The cage
was washed with 70% ethanol after each test. Various parameters were determined, including total
distance, total x axis distance, total y axis distance, vertical and horizontal movement time, vertical and
horizontal activity counts, rest time, total movement time, total activity count, margin distance legacy,
and central distance.

Splicing assay. Total RNA was extracted from tibialis anterior (TA) or gastroc of the matched WT and
HSALR mice untreated and treated with TG or from human myotubes using TRIzol. The integrity of RNA
was examined by gel electrophoresis. Reverse transcription was performed using 1 �g of total RNA and
SuperScript III. The semiquantitative conditions of PCR were established using series of dilutions of 1 �l
of reverse transcription mix with the internal standard primers for �-actin or glyceraldehyde-3-phosphate
dehydrogenase. Human �-actin was used as a control for BIN1 expression. The sequences of the human
�-actin primers are 5=-TGACGGGGTCACCCACACTGTGCCCATCTA-3= (forward) and 5=-CTAGAAGCATTTGC
GGTGGACGATGGA-3= (reverse). BIN1 expression was examined with the BIN1-specific primers for the
isoform lacking exon 11 under semiquantitative conditions established for �-actin. The sequence of the
BIN1 forward primer is 5=-AGAACCTCAATGATGTGCTGG-3= and of the reverse primer is 5=-TCGTGGTTGA
CTCTGATCTCGG-3=.

RT-PCR with these primers produced two BIN1-specific products with the inclusion and exclusion of
exon 11. The RT-PCR products were separated on 4.5% agarose gel, and the intensities of the bands were
quantified by the scanning densitometry using GAPDH or �-actin as a control. The amounts of the BIN1
isoform lacking exon 11 were determined as a percentage of the total BIN1 mRNA. The amounts of total
BIN1 mRNA were set at 100%.

Splicing assay assessing Serca1 expression in TA and Cypher in gastroc of HSALR mice was controlled
with Gapdh. The sequence of the forward primer for Gapdh is 5=-AACTTTGGCATTGTGGAAGGGCTC-3=.
The sequence of the reverse primer is 5=-TGGAAGAGTGGGAGTTGCTGTTGA-3=. The splicing of Serca1 was
examined using primers for Serca1 lacking exon 22, 5=-GCTCATGGTCCTCAAGATCTC-3= (forward) and
5=-CACAGCTCTGCCTGAAGATG-3= (reverse), under semiquantitative conditions established for Gapdh.
The amounts of the Serca1 mRNA isoform lacking exon 22 were determined as a percentage of the total
Serca1 mRNA. The amounts of total Serca1 mRNA were set at 100%. The splicing assay examining the
Cypher expression pattern was performed with the following primers as described previously (34): the
sequence of the forward primer is 5=-GGAAGATGAGGCTGATGAGTGG-3=, and the sequence of the reverse
primer is 5=-TGCTGACAGTGGTAGTGCTCTTTC-3=. The amounts of the WT specific Cypher isoform were
determined as described above for Serca1.

Quantification of the mutant DMPK mRNA using Bpm1 polymorphism. Primary myoblasts from
a pediatric patient with CDM1, containing approximately 2,000 CTG repeats, and a patient with the adult
form of DM1, containing approximately 500 CTG repeats, were grown in the myoblast medium.
Myoblasts were treated with 1.6 �g/ml TG two times a day apart. Total RNA was collected and subjected
to the qRT-PCR with primers specific for the fragment of the exon 15 of DMPK, which contains a
polymorphic site for Bpm1 enzyme. The sequence of the forward primer is 5=-CTGTCGGACATTCGGGA
AGGT-3=, and the sequence of the reverse primer is 5=-CATCCTGTGGGGACACCGAGG-3=. The same
amounts of the DMPK PCR products were subjected to digestion with Bpm1 overnight at 37°C, and the
digest was analyzed by 12% polyacrylamide gel electrophoresis. The total amount of DMPK mRNA was
set at 100%, and the percentages of the normal and mutant DMPK products were determined. Human
GAPDH was used as a control. The sequences of GAPDH primers are the following: forward, 5=-CAATG
ACCCCTTCATTGACC-3=; reverse, 5=-TTGATTTTGGAGGGATCTCG-3=.

Northern blot assay. Total RNA was extracted from gastroc of HSALR mice. RNA quality was verified
by agarose gel electrophoresis. RNA samples (10 to 20 �g) were separated on the agarose gel containing
6% formaldehyde. RNA was transferred onto membrane and hybridized with 32P-CAG10 probe. After
washing, the membrane was exposed to X-ray film. The membranes were reprobed with GAPDH as a
control. The mutant CUG RNA in HSALR mice migrated as three isoforms with different lengths of CUG
repeats. To quantify the mutant RNA in the vehicle- and TG-treated HSALR mice, the signals of all
CUG-containing isoforms were summarized and the average CUG RNA levels were determined based on
three experiments. The percentage of the mutant CUG RNA in the TG-treated mice was calculated using
the average CUG RNA signal in the vehicle-treated HSALR mice set at 100%.

FISH assay. Untreated and TG-treated CDM1 myoblasts were fixed with 3.7% formaldehyde in PBS.
Slides were prehybridized in 40% formamide and 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) for 10 min at 37°C and hybridized overnight in the solution containing 40% formamide, 4� SSC,
1 mg/ml tRNA, salmon sperm DNA (200 �g/ml), 0.2% BSA, 2 �mol vanadyl guanoside, and 0.5 �g/ml
CAG15 probe labeled with Alexa555. The fluorescent signals were analyzed using the Nikon microscope
under the same brightness and exposure time. The number of cells with and without CUG aggregates
were determined in 40 random fields at �40 magnification. The total number of analyzed cells was set
at 100%, and the percentage of cells with CUG aggregates was calculated. The experiment was repeated
2 times using cells from two patients with CDM1.

Mouse muscle sections were prehybridized at 37°C in the solution containing 40% formamide and
2� SSC for 2 h. Hybridization was performed at 37°C in the solution of 40% formamide, 10% dextran
sulfate, 2� SSC, and 30 ng/ml CAG15 probe labeled with Alexa555 overnight. Following hybridization,
sections were washed three times in 2� SSC and stained with DAPI. Images were examined on the Nikon
microscope under the same time exposure and brightness. All CUG foci were counted in 100 to 120
randomly selected fibers in the vehicle- and TG-treated mice with two repeats of the experiment. The
number of CUG foci in the vehicle treated mice was set at 100%.
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qRT-PCR. Expression of Rbm45, Mbnl3, Smn1, and Fgf-2 was examined under semiquantitative
conditions described previously, using GAPDH as a reference (13). The sequences of the primers are as
follows. For Rbm45, the forward primer is 5=-CTTGGGCTACGTGCGCTATT-3= and the reverse primer is
5=-TATCCGATTCCCAGGAGGGT-3=. For Smn1, the forward primer is 5=-CCGAGCAGGAAGATACGGTG-3=
and the reverse primer is 5=-GTATGTGAGCACTTTCCTTCTTTTT-3=. For Mbnl3, the forward primer is 5=-
TCCTTGAACCATCTGCAGTCA-3= and the reverse primer is 5=-GTGAATCAAAACAGGCCACCA-3=. For Fgf-2,
the forward primer is 5=-GGCTGCTGGCTTCTAAGTGT-3= and the reverse primer is 5=-TTCTGTCCAGGTCC
CGTTTT-3=. The lengths of the PCR products were 240 bp (Mbnl3), 832 bp (Smn1), 466 bp (Rbm45), and
163 bp (Fgf-2). The sequences of the mouse Gapdh primers were as described above for the splicing
assay. The PCR products were separated on the 1 to 2% agarose or 12% polyacrylamide gels. The
intensities of DNA bands were determined by scanning densitometry after adjustment to the intensity
of Gapdh products. The experiments were repeated 4 to 6 times for each analyzed gene, and the average
values were presented.

Statistical analysis. The intensities of the protein and RNA signals detected in Western blot,
Northern blot, and qRT-PCR assays were determined by scanning densitometry relative to values for
�-actin (for Western blot assay) or GAPDH and �-actin (for Northern blot and qRT-PCR assays). In the
Northern blot assay, an additional control, such as the intensities of 28S and 18S RNAs, was used. Data
were presented as means based on 3 to 6 repeats. Statistical analysis was performed using two-tailed
Student’s t test. A P value of �0.05 was considered statistically significant. Examination of treated cells
and mice was blinded to the treatment.
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