
O R I G I N A L A R T I C L E

Mechanisms of skeletal muscle wasting in a mouse

model for myotonic dystrophy type 1
Ginny R. Morriss1, Kimal Rajapakshe2, Shixia Huang2,3, Cristian Coarfa2 and
Thomas A. Cooper1,2,4,*
1Department of Pathology and Immunology, 2Department of Molecular and Cellular Biology, 3Dan L. Duncan
Cancer Center and 4Department of Molecular Physiology and Biophysics, Baylor College of Medicine, Houston,
TX 77030, USA

*To whom correspondence should be addressed. Tel: þ1 7137983141; Fax: þ1 7137935838; Email: tcooper@bcm.edu

Abstract
Myotonic dystrophy type 1 (DM1) is a multi-systemic disease resulting in severe muscle weakening and wasting. DM1 is
caused by expansion of CTG repeats in the 30 untranslated region of the dystrophia myotonica protein kinase (DMPK) gene.
We have developed an inducible, skeletal muscle-specific mouse model of DM1 (CUG960) that expresses 960 CUG repeat-
expressing animals (CUG960) in the context of human DMPK exons 11–15. CUG960 RNA-expressing mice induced at postnatal
day 1, as well as adult-onset animals, show clear, measurable muscle wasting accompanied by severe histological defects
including central myonuclei, reduced fiber cross-sectional area, increased percentage of oxidative myofibers, the presence of
nuclear RNA foci that colocalize with Mbnl1 protein, and increased Celf1 protein in severely affected muscles. Importantly,
muscle loss, histological abnormalities and RNA foci are reversible, demonstrating recovery upon removal of toxic RNA.
RNA-seq and protein array analysis indicate that the balance between anabolic and catabolic pathways that normally regu-
late muscle mass may be disrupted by deregulation of platelet derived growth factor receptor b signaling and the PI3K/AKT
pathways, along with prolonged activation of AMP-activated protein kinase a signaling. Similar changes were detected in
DM1 skeletal muscle compared with unaffected controls. The mouse model presented in this paper shows progressive
skeletal muscle wasting and has been used to identify potential molecular mechanisms underlying skeletal muscle loss.
The reversibility of the phenotype establishes a baseline response for testing therapeutic approaches.

Introduction
Myotonic dystrophy type 1 (DM1) is the most common adult-
onset muscular dystrophy that affects multiple organ systems
including skeletal and cardiac muscle, neurological, endocrine,
gastrointestinal and reproductive functions (1). Despite defects
in skeletal muscle, such as myotonia and general muscle weak-
ening, being among the first clinical DM1 presentations (2) and
skeletal muscle wasting accounting for 60% of the mortality as-
sociated with DM1 (1), the mechanisms that directly underlie
skeletal muscle wasting in DM1 remain largely unknown.

DM1 is caused by expansion of CTG tandem repeats in the 30

untranslated region of the dystrophia myotonica protein kinase
(DMPK) gene to 50–3000 repeats compared with 5–37 repeats in
the general population (3). CUG repeat expansion-containing
RNA (CUGexp RNA) transcripts from the expanded allele are
retained in the nucleus in discrete foci resulting in sequestra-
tion and functional depletion of the Muscleblind-like (MBNL)
family of RNA-binding proteins (4–7). CUGexp RNA also induces
up-regulation of CUGBP, Elav-like family member 1 (CELF1) pro-
tein (8). Both the loss of MBNL and increased CELF1 protein
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function lead to aberrant mRNA splicing associated with DM1
features (9,10). Sequestration of MBNL proteins has also been
demonstrated to alter mRNA localization and transport, mRNA
stability, microRNA biogenesis and polyadenylation (11–15)
while CELF1 has additional roles in mRNA stability and transla-
tion regulation (16).

Many studies have focused on the specific roles played by ei-
ther MBNL or CELF1 proteins in DM1 pathology (17–21). Skeletal
muscle wasting has been demonstrated in mice with combined
Mbnl1 and Mbnl2 knockout (17) and in Celf1 over-expressing
mice (21). Additionally, CUGexp-expressing mouse models have
been developed to study mechanisms of DM1 (22–27). Studies
using these mice have shown a variable range of DM1-like phe-
notypes associated with repeat expression with mice
expressing>900 CUG repeats, such as the EpA960 model (24)
and the DMSXL model (25,27), showing more severe muscle
wasting phenotypes than CUGexp RNA models with shorter
expansions or RNA containing five CUGs [HSALR, DM300 and
(CTG)5 mouse models] (22,23,26). The variable range of DM1 phe-
notypes in these models suggests that DM1 pathogenesis may
involve multiple pathways (28,29). Since the DMSXL model is
not reversible and expression of CUGexp RNA in the EpA960
model has extinguished, this study set out to generate a mouse
model with reversible expression of long CUGexp RNA and sig-
nificant muscle wasting to study the mechanisms of muscle
wasting.

We developed a tetracycline-inducible skeletal muscle-
specific model of DM1 that expresses RNA containing 960
interrupted repeats in the context of human DMPK exons 11–15.
Transgenic mice expressing the CUG960 RNA showed signifi-
cantly reduced muscle weight, histological myopathy consis-
tent with DM1 and an increase of oxidative muscle fibers.
Additionally, the CUG960-expressing mice exhibited nuclear
RNA foci with colocalized Mbnl1 protein; however, splicing
defects that are typically associated with DM1 were mild, sug-
gesting the possibility that abnormal splicing is not solely re-
sponsible for the wasting phenotype observed in these mice.
Multiple effects of the CUG960 RNA were reversible. Protein array
analysis showed that animals exhibiting severe muscle loss had
significantly increased levels of activated AMP-activated protein
kinase a (AMPKa) and reduction of the phosphorylated form of
the platelet derived growth factor receptor b (PDGFRb) receptor
tyrosine kinase involved in cell survival, with little to no change
in these protein levels in animals with only moderate muscle
loss. DM1 skeletal muscle showed similar changes to protein
expression. These results suggest that pathways activated in
response to nutrient or oxidative stress are deregulated, result-
ing in disruption of the balance between anabolic and catabolic
pathways normally responsible for maintaining muscle mass.

Results
An inducible DM1 mouse model shows significant
skeletal muscle wasting

To assess the mechanisms of skeletal muscle wasting in DM1,
we developed a tetracycline-inducible transgene, TREDT960I,
containing 960 interrupted CTG repeats in the context of human
DMPK exons 11–15 (Fig. 1A). Southern blot analysis confirmed
that the integrated transgene contained 960 repeats and the
repeats remained stable over multiple generations (data not
shown). Bi-transgenic animals, designated CUG960, that are
homozygous for the TREDT960I transgene (TRE) and hemizy-
gous for a muscle-specific reverse transactivator (MDAFrtTA)

(30) were fed doxycycline (dox)-containing chow to induce
expression of the CUG960 RNA. Titration of dox indicated that
expression of CUG960 RNA and the associated phenotypes
increased with increasing dox dose, reaching a plateau between
1 and 2 g dox/kg chow (data not shown). Additionally, initial
experiments showed that skeletal muscle abnormalities are ob-
served when animals are fed dox-containing chow beginning
in utero, at postnatal day 1 (PN1), and as adults, with little differ-
ence between phenotypes of mice started in utero or at PN1
(data not shown). Mice used in this study were fed mouse chow
containing 2 g dox/kg chow for 10 weeks, beginning at PN1, to
induce transgene expression. CUG960 mRNA levels in skeletal
muscle from bi-transgenic animals were assessed by RT-PCR
(CUG960þdox; Fig. 1B) and quantified relative to Gapdh mRNA
(Fig. 1C, Supplementary Material, Fig. S1D). Relative expression
was compared with littermate control animals (TREþdox) that
were homozygous for TREDT960I and lack the reverse transacti-
vator. No CUG960 RNA was detected in TREþdox controls, as
expected, while all CUG960þdox animals expressed readily
detectible CUG960 RNA (Fig. 1B). There was no difference in rela-
tive expression levels of CUG960 RNA between female and male
CUG960þdox animals when assayed simultaneously
(Supplementary Material, Fig. S1E). Additionally, we observed
comparable expression levels in gastrocnemius muscle induced
for 6 and 12 weeks with 2 g/kg dox, beginning at PN1
(Supplementary Material, Fig. S1A and B) with some reduction
in CUG960 RNA expression in quadriceps between 6 and 12
weeks (Supplementary Material, Fig. S1C). Transgene expression
was not detected in mice that were switched to regular chow for
8 weeks following 10 weeks of dox chow starting at PN1, demon-
strating loss of CUG960 RNA upon removal of dox (CUG960þ/off
dox compared with TREþ/off dox control, Fig. 1B and C).
Similarly, bi-transgenic animals not given dox chow did not
express detectable levels of CTG960 indicating that ‘leaky’ ex-
pression is not detectable (CTG960 –dox, Supplementary
Material, Fig. S1A-C). Finally, we found that CUG960 RNA expres-
sion was comparable with RNA expression from the previously
published EpA960 model developed in our laboratory (24) using
tissue samples obtained prior to extinguished expression of the
EpA960 transgene (Supplementary Material, Fig. S1F).

Following 10 weeks of CUG960 RNA expression, significant
skeletal muscle wasting is observed in gastrocnemius, quad-
riceps and tibialis anterior (TA) muscles from CUG960þdox mice
compared with TREþdox controls (Fig. 2A–C, arrows in F).
Quantification of skeletal muscle wasting was based on muscle
weight, normalized to tibia length. Tibia length is unaffected in
female CUG960þdox mice but is slightly shorter in male
CUG960þdox mice compared with TREþdox littermate controls
(Fig. 2E). Differences in total body weight of females and males
that do or do not express CUG960 RNA are apparent at 10 weeks
of CUG960 RNA expression (Fig. 2D) but did not reach signifi-
cance, even in the event of prolonged CUG960 RNA expression
up to 20 weeks (Supplementary Material, Fig. S2F). Evidence of
skeletal muscle loss in female CUG960þdox mice was present as
early as 6 weeks of expression compared with non-induced con-
trol mice (Supplementary Material, Fig. S2A). By 12 weeks of
transgene expression, significant muscle loss was observed in
female CUG960þdox mice compared with TREþdox and CTG960

–dox control mice (Supplementary Material, Fig. S2A and C).
Significant reduction in muscle weight was not observed in
flexor digitorum brevis or triceps muscles at 6 or 12 weeks
(Supplementary Material, Fig. S2D and E).

Since CUG960 RNA expression was induced at PN1, it is
possible that muscle loss is due to a defect in postnatal
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development. To determine whether muscle wasting is also
observed in animals induced to express CUG960 RNA as adults,
we induced transgene expression in mice beginning at 6 weeks
of age using 2 g/kg dox chow and performed analysis 18 weeks
later. We observed significant skeletal muscle loss in gastroc-
nemius and TA muscles in both female and male CUG960þdox
mice compared with TREþdox controls (Supplementary
Material, Fig. S3A and B) but no significant wasting in
quadriceps (Supplementary Material, Fig. S3C). The percent
muscle loss for gastrocnemius and TA muscles were compara-
ble between adult- and PN1-induced CUG960þdox mice (data
not shown), relative to TREþdox controls, indicating that
muscle loss is due to expression of CUG960 RNA rather than
effects of dox and is not secondary to disrupted postnatal
development.

To determine whether muscle loss in CUG960þdox mice can
be reversed, we first induced transgene expression for 10 weeks,
beginning at PN1, then switched mice to standard chow without
dox for an additional 8 weeks to turn off transgene expression
(CUG960þ/off dox). Littermate TRE mice were also fed dox-
containing chow for 10 weeks followed by standard chow for
8 weeks (TREþ/off dox). As noted above, CUG960þ/off dox ani-
mals did not express CUG960 RNA (Fig. 1A and B). Turning off re-
peat expression of CUG960 RNA resulted in full rescue of muscle
loss in quadriceps and a strong trend toward rescue in TA in
both females and males (Fig. 2B, C, F and quantified in G), how-
ever, rescue of muscle weight relative to tibia length was not ob-
served in gastrocnemius in CUG960þ/off dox mice (Fig. 2A and G),
possibly because a longer recovery period is required since the
percentage of muscle loss is greater than in quadriceps and TA.

Figure 1. CUG960 transgene expression. (A) The TREDT960I transgene expresses RNA containing 960 interrupted CUG repeats in the context of human DMPK exons 11–

15 in response to induction of a tet-responsive promoter. (B) RT-PCR of transgene expression of RNA from female (top) and male (bottom) gastrocnemius muscle shows

CUG960 RNA levels in CUG960 bi-transgenic mice fed dox chow for 10 weeks (CUG960þdox) mice. CUG960 RNA was not detected in TREþdox controls or in CUG960 or TRE

mice fed dox-containing chow for 10 weeks starting at PN1 then fed chow without dox for 8 weeks (þ/off dox). RT-PCR of Gapdh was used as a loading control. The am-

plified region of the TREDT960I mRNA is located 50 of CUG repeats (black bar in A). (C) Quantification of transgene expression was normalized to Gapdh levels and ex-

pression of CUG960þdox mice was compared with TREþdox and CUG960 and TRE þ/off dox mice. ***P<0.001.

2791|Human Molecular Genetics, 2018, Vol. 27, No. 16

Deleted Text: six
Deleted Text:  
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy192#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy192#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy192#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy192#supplementary-data
Deleted Text: due
Deleted Text: ten
Deleted Text: eight
Deleted Text: ten
Deleted Text: eight


CUG960þdox mice exhibit severe muscle myopathy and
RNA foci

To evaluate myopathy resulting from transgene expression in
skeletal muscle as well as reversibility of myopathy, we exam-
ined histological sections of CUG960 and TREþdox and CUG960

and TREþ/off animals. Cross-sections of female gastrocnemius
(Fig. 3A–D), quadriceps (not shown) and TA (not shown) muscles
were assessed using hematoxylin and eosin staining. Compared
with TREþdox controls (Fig. 3A), CUG960þdox mice (Fig. 3B)
exhibited severe muscle myopathy, with no increase in immune
or inflammatory markers (data not shown). Muscle myopathy
in CUG960þdox mice included increased variation in fiber
size (gastrocnemius and TA only, Supplementary Material,
Table S1), reduced cross-sectional area (CSA) in all three muscle
groups (Fig. 3I, Supplementary Material, Table S1) and signifi-
cantly increased percent of fibers containing centralized nuclei
(Fig. 3B and quantified in J). Increased centralized nuclei is a his-
tological feature of regeneration, however, regeneration is not
observed in DM1 (31) and therefore appears to result from a

different mechanism. Similar to DM1, regeneration is not ob-
served in muscles of CUG960þdox mice.

To test whether the change in muscle CSA is due to altered
protein synthesis in CUG960þdox mice, we used a modified
SUnSET assay (32,33). Following 2 weeks of CUG960 RNA induc-
tion with dox, beginning at 6 weeks of age, mice received an in-
traperitoneal injection of puromycin 1 h prior to tissue
collection. No change in puromycin levels, normalized to total
protein levels, was detected in gastrocnemius or quadriceps
muscles of CUG960þdox mice. Taken together, these data sug-
gest that the expression of repeat RNA results in myopathy
without affecting total skeletal muscle protein synthesis
(Supplementary Material, Fig. S4).

Female CUG960þdox mice induced as adults show less se-
vere muscle myopathy than do CUG960þdox animals induced
postnatally (Supplementary Material, Fig. S3D-G). In adult-onset
CUG960 RNA-expressing mice that did not show muscle loss,
histology is similar to TREþdox controls (Supplementary
Material, Fig. S3D and E), while CUG960þdox females with signif-
icant muscle loss exhibited myopathy, including increased

Figure 2. Significant muscle wasting is observed in CUG960þdox mice. (A–C) Gastrocnemius and quadriceps weight were significantly reduced in CUG960þdox females

and males following 10 weeks of CUG960 RNA expression. TA weight was also significantly reduced in female CUG960þdox mice. (D) Total body weight is unaffected by

CUG960 RNA expression. (E) Tibia length is unaffected in female CUG960þdox mice and is mildly, yet significantly, reduced in male CUG960þdox mice compared with

controls. (F) Muscle loss in CUG960 þdox mice (arrows), compared with TREþdox is fully rescued in quadriceps muscle and slightly improved in TA muscle (quantified

in G) when CUG960 transgene expression is turned off (CUG960þ/off dox), but is not improved in gastrocnemius muscle. *P<0.05, **P<0.01, ***P<0.001.
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fibers with central nuclei (Supplementary Material, Fig. S3F and
quantified in G). In CUG960þ/off dox mice (Fig. 3D), muscle his-
tology more closely resembles TREþ/off dox controls (Fig. 3C)
than CUG960þdox histology with regard to CSA (Fig. 3I) and fiber
size variation showing a level of phenotype rescue (gastrocne-
mius and quadriceps, Supplementary Material, Table S1).
However, myonuclei remain centralized 8 weeks after animals
were switched to regular chow.

Cytochrome oxidase staining of gastrocnemius cross-sec-
tions (Fig. 3E–H) showed subtle but significant differences in the
percentages of oxidative and glycolytic fibers in female
CUG960þdox mice compared with TREþdox, CUG960þ/off dox
and TREþ/off dox muscles. Similar results were obtained using
succinate dehydrogenase staining (not shown). Quantification
of fiber type percentages based on these staining results
(Fig. 3K) revealed significantly increased percentage of Type 1

oxidative fibers and decreased Type 2B glycolytic fibers in
CUG960þdox gastrocnemius muscles, compared with TREþdox
and TREþ/off dox controls. Additionally, the significant differ-
ence in Type 1 fibers between CUG960þdox and TREþdox was
lost between CUG960þ/off dox mice and TREþ/off dox mice,
suggesting at least a partial rescue of fiber type differences.
Taken together, histological analyses showed significant, but re-
versible myopathy present in CUG960þdox mice.

Nuclear RNA foci that colocalize with the MBNL protein fam-
ily is a key pathogenic feature of DM1 (4,6). To determine
whether CUG960 RNA-expressing mice accumulate nuclear foci
that colocalize with Mbnl protein, we performed fluorescent in
situ hybridization (FISH) using a Tye-563-labeled antisense
linked nucleic acid probe (CAG)5, followed by immunofluores-
cent (IF) staining for Mbnl1. We demonstrate the presence of
multiple discrete RNA foci and colocalized Mbnl1 in nuclei of

Figure 3. Repeat expressing mice exhibit severe histopathology. (A, B) Severe histopathology, characterized by increased percent of fibers with centralized nuclei

[arrows in (B), quantified in (J)] and fiber size variability, was observed in gastrocnemius muscle of female CUG960þdox mice fed dox chow 10 weeks, beginning at PN1,

compared with TRE þdox muscles. (C, D). Muscle histology improved when CUG960 transgene was turned off (þ/off dox), resembling controls, however, nuclei remain

centralized [arrows in (D), quantified in (J)]. Fiber CSA (250 fibers per sample, I) was significantly reduced in all muscle groups for female CUG960þdox animals compared

with TRE þdox controls and improved in CUG960 þ/off dox muscles. (E–H) Cytochrome oxidase staining for fiber type in female gastrocnemius muscle indicated subtle

changes Type 1 oxidative fibers (dark brown) and Type 2B glycolytic fibers (light brown) in CUG960þdox mice compared with controls. (K) Quantification of fiber type

percentage indicates increased percentage of oxidative fibers and decreased percentage of glycolytic fibers in CUG960þdox mice compared with controls. Fiber type per-

centage more closely resembles age-matched controls in CUG960þ/off dox muscles. Bar, 200 lm. *P<0.05, **P<0.01, ***P<0.001.
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CUG960þdox gastrocnemius muscles following 10 weeks of
induction starting at PN1 (Fig. 4D–F) and no foci present in
TREþdox control nuclei (Fig. 4A–C). When CUG960 mice were
switched to regular chow for 8 weeks (þ/off dox), nuclear foci
and Mbnl1 colocalization (Fig. 4J–L) were not detected, as in
littermate TREþ/off dox controls (Fig. 4G–I). The finding show-
ing that foci and colocalized Mbnl1 disperse when transgene
expression is turned off indicates that phenotypes and down-
stream effects can be reversed in the CUG960þdox model.

CUG960 RNA expression has a broad but mild effect on
splicing

Thus far, we have presented a mouse model expressing RNA
containing 960 CUG repeats that exhibits significant skeletal
muscle wasting, myopathy, and the presence of RNA foci that
colocalize with Mbnl1 protein, consistent with phenotypes as-
sociated with DM1 skeletal muscle pathology. To determine the
most significant transcriptome changes contributing to

progressive muscle wasting in these mice, we performed RNA-
seq analysis on either gastrocnemius or quadriceps muscles
from two CUG960þdox mice, two CTG960 –dox control mice, and
one TREþdox control mouse after 6 and 12 weeks of induction,
beginning at PN1 (Supplementary Material, Table S2). Poly-
A-selected cDNA libraries were used for 100 bp paired-end
reads, 97–147 million reads per sample, with>80% of reads
mapping to the mouse genome (Supplementary Material,
Table S2). The high quality sequencing data obtained provided
us with sufficient depth and quality to assess changes to both
alternative splicing (Fig. 5 and Supplementary Material, Fig. S5)
and gene expression (Supplementary Material, Fig. S6) that re-
spond to CUG960 RNA expression and correlate with skeletal
muscle wasting.

RNA-seq data were evaluated using the mixture of isoforms
(MISO) (34) and SpliceTrap (35) algorithms. Events with changes
in percent spliced inclusion (DPSI) (36) values�10% (Bayes
factor>5) were considered significantly altered. Events that
were altered by the presence of dox alone were filtered out of
the dataset. At 6 weeks, 682 splicing events were significantly

Figure 4. CUG960þdox muscle contains nuclear RNA foci that colocalize with Mbnl1 protein. (A–F) FISH of CUG repeat RNA, coupled with IF of Mbnl1 protein showed

that CUG960 þdox (D–F) gastrocnemius muscle contains nuclear RNA foci that colocalize with Mbnl1 and were absent in TRE þdox (A–C) controls. (G–L) Neither RNA

foci nor colocalized Mbnl1 proteins were detected in TRE or CUG960 þ/off dox muscles (G–L). Bar, 25 lm.
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altered with 740 events at 12 weeks in CUG960þdox mice com-
pared with CTG960 –dox controls and 437 events at 6 weeks and
523 events at 12 weeks were significantly altered in CUG960þdox
mice compared with TREþdox controls (Fig. 5A and B). We
looked further into only those events that were significantly al-
tered in CUG960þdox muscles when compared with both CTG960

–dox and TREþdox controls, as these events were likely to be
more significant to muscle wasting. At 6 weeks, 459 events and
at 12 weeks, 735 events were significantly changed in
CUG960þdox mice relative to both controls (overlapping regions
in Fig. 5A and B). We chose to focus our analysis on cassette
exons in protein coding regions. Of the splicing events with
DPSI� 10% in CUG960þdox muscles relative to both controls, 54–
57% of the altered events reflect changes to cassette exons
(Fig. 5C). PSI values from the combined MISO and SpliceTrap
datasets showed that splicing of cassette exons was reproduc-
ible among biological replicates (Supplementary Material, Fig.
S5A and B). Gene Ontology and functional enrichment analyses
of alternatively spliced genes in CUG960þdox mice, using the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) (37,38), showed significant enrichment of

genes involved in cytoskeleton dynamics, GTPase and PI3K ac-
tivity, and vesicular trafficking at both 6 and 12 weeks of induc-
tion. Calcium handling genes were also enriched following 12
weeks of induction (Supplementary Material, Fig. S5E and F).

Analysis of differential gene expression was conducted simi-
larly to alternative splicing analysis using Cufflinks/Cuffdiff
(39,40) and Ht-Seq/EdgeR (41,42) pipelines. Gene expression data
were highly reproducible among biological replicates
(Supplementary Material, Fig. S6A and B). Overall, a limited set
of 67 genes at 6 weeks and 163 genes at 12 weeks were signifi-
cantly differentially expressed (>1.5-fold, P< 0.05) in
CUG960þdox mice relative to both control groups (overlapping
regions in Supplementary Material, Fig. S6C and D). After filter-
ing out low abundance genes (RPKM<0.5), 55 and 112 genes (6
and 12 weeks, respectively) remained. Analysis showed that all
genes with differential gene expression at 6 weeks were up-
regulated, while 107 of 112 differentially expressed genes were
up-regulated at 12 weeks (Supplementary Material, Fig. S6E).
Genes at both 6 and 12 weeks were enriched for functions in cy-
toskeleton dynamics associated with actin binding, cell cycle
control and cell death. By 12 weeks, enrichment is also observed

Figure 5. CUG960 expression broadly but mildly affects splicing of genes involved in cytoskeletal dynamics and GTPase and PI3K activity. (A, B) CUG960 RNA affects a

broad number of alternative splicing events at 6 and 12 weeks of induction, compared with bi-transgenic mice not fed dox (CTG960 –dox, purple) and TRE þdox mice

(teal). Only splicing events altered by CUG960 RNA relative to both controls (overlapping regions) were used for additional analysis. (C) Greater than 50% of all alternative

splicing changes at 6 and 12 weeks affect cassette exons. Validation of RNA-seq results by RT-PCR showed a significant correlation (R2¼0.69247, P¼0.00009, (D) in the

change of percent spliced inclusion (DPSI) between TRE þdox and CUG960 þdox mice fed dox chow for 10 weeks compared with DPSI from RNA-seq in mice fed dox

chow for 12 weeks. (E) Representative RT-PCRs for female CUG960 þdox and TRE þdox mice showing alternative splicing changes in Atp2a1 exon 22, Bin1 exon 11, and

Cacna1s exon 29. (F) Quantification of splicing in female CUG960 þdox mice showed significantly reduced inclusion of six exons and increased inclusion of five exons af-

fected in DM1 skeletal muscle. Seven of 12 events correlated with skeletal muscle weakness in DM1 (daggers in F) were significantly altered in CUG960 þdox mice.

*P<0.05, **P<0.01, ***P<0.001.
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for genes involved in calcium handling, GTPase activity and ve-
sicular transport (Supplementary Material Fig. S6F and G).
Furthermore, there was little to no overlap in genes with
changes to alternative splicing and differential gene expression,
suggesting that although the most enriched categories of genes
from both the alternative splicing and gene expression analyses
overlap, the individual genes altered are independent of each
other (Supplementary Material, Fig. S5C and D).

Alternative splicing events from RNA-seq data were vali-
dated by RT-PCR comparing the DPSI (36) between CUG960þdox
and TREþdox obtained by RNA-seq at 12 weeks with the DPSI
from RT-PCR at 10 weeks on dox chow (Fig. 5D–F). By RT-PCR,
we tested 16 events known to be alternatively spliced in DM1
skeletal muscle, with emphasis on 12 events previously
reported to correlate with muscle weakness (43). To validate
both strong and weak splicing changes, 7 of the 16 tested events
had a DPSI> 10%, while nine had DPSI< 10% in the RNA-seq
dataset. The results showed a strong correlation between RNA-
seq and RT-PCR results (R2¼0.69247, P¼ 0.00009, Fig. 5D).

Of the 16 known DM1 alternatively spliced exons tested by
RT-PCR in CUG960þdox and TREþdox females, 6 events showed
mild, yet significant, reduction in exon inclusion (Fig. 5E and F),
while another five events showed significantly increased exon
inclusion (Fig. 5F). Seven of the 12 splicing events tested that
correlate with muscle weakness in individuals affected by DM1
(43) were affected in female CUG960þdox mice (daggers in
Fig. 5F). Splicing changes were milder in male CUG960þdox ani-
mals than females (not shown), consistent with male
CUG960þdox mice exhibiting more mild muscle loss and histo-
pathology. Taken together, these results suggest that only mild
splicing defects exist in CUG960þdox mice.

CUG960 RNA induces deregulation of signaling pathways
involved in cell survival during energetic stress

The relatively mild splicing defects in CUG960þdox mice suggest
that spliceopathy might not be the only contributing factor
to skeletal muscle wasting in mice expressing CUG960 RNA.
To identify altered signaling pathways that significantly corre-
late with skeletal muscle wasting in CUG960þdox mice, we per-
formed reverse phase protein array (RPPA) analysis (44) on
gastrocnemius muscle of 12 CUG960þdox mice and eight
TREþdox age-matched mice fed 2 g/kg dox chow for 10 weeks,
beginning at PN1. The array measured changes to total
protein abundance and post-translational modifications using
216 validated antibodies. RPPA analysis on total protein lysates
from gastrocnemius muscle revealed significant up-regulation
of 77 proteins and down-regulation of 2 proteins (maximum
signal intensity�200, fold-change>1.25, P< 0.05, Fig. 6A).
Furthermore, the level of protein expression changes tightly
segregated with moderate or severe wasting, based on gastroc-
nemius weight (severe weight<56 mg, moderate weight
60–76 mg, control weight>79 mg, P� 0.001), indicating that the
degree of signaling pathway deregulation correlates with the se-
verity of muscle wasting. Ingenuity Pathway Analysis indicated
that the top canonical pathways altered in response to CUG960

RNA expression involve PTEN, IL-8, PI3K/AKT and glucocorticoid
receptor signaling pathways (Fig. 6B, Supplementary Material,
Fig. S7A). Deregulated PTEN/PI3K/AKT signaling is consistent
with gene enrichment analysis obtained by RNA-seq and
presents an interesting pathway on which to focus future analy-
ses. Up-regulated expression of the glucocorticoid effector pro-
tein FoxO1, as well as proteins involved in the autophagy

pathway regulated by FoxO1, was observed in CUG960 mice, con-
sistent with previous reports in DM1 models (45,46).

In addition to overall protein expression changes, we
assessed changes in the ratio of phosphorylated to total protein
levels in the RPPA dataset. From this analysis, we found that
3 and 10 proteins show significantly up-regulated and down-
regulated phospho-to-total protein ratios, respectively (Fig. 6C).
The most significantly increased phospho- to total protein ratio
is Thr172-phosphorylated AMPKa, which antagonizes PI3K/AKT
signaling (47,48), while the protein with the most significantly
decreased phospho- to total protein ratio was Tyr751-
phosphorylated PDGFRb (Fig. 6C–F).

Validation of the RPPA results was performed by western blot
of gastrocnemius muscle extracts from CUG960þdox mice exhib-
iting severe (Fig. 6C) and moderate (Supplementary Material, Fig.
S7B) muscle wasting. Total AMPKa abundance was unaffected in
both groups of CUG960þdox mice while Thr172-phosphorylated
AMPKa was significantly up-regulated in CUG960þdox mice with
severe muscle loss (Fig. 6D–F). Consistent with activation of
AMPKa, RPPA data also showed increased activation of p27/Kip1
at Thr198, which was previously reported to be a phosphoryla-
tion target of AMPKa (49). Levels of both phosphorylated and total
PDGFRb were increased (Fig. 6D and E) and the ratio of phospho-
to total PDGFRb was decreased in CUG960þdox with severe mus-
cle loss (Fig. 6F). PDGFRb phosphorylation at Tyr751 is known to
activate PI3K/AKT, as well as MAPK signaling (50,51). Although
MAPK signaling was not enriched in pathway analysis
(Supplementary Material, Fig. S7A), several MAPK signaling path-
way components were up-regulated in the CUG960þdox mice
(Fig. 6A) and phospho- to total protein ratios of the MAPK
downstream targets, Ser63 p-c-Jun (Fig. 6C) and Ser727 p-Stat3
(Fig. 6C–F) involved in regulating cell cycle and survival, were re-
duced. Additional validation of RPPA by western blot (Fig. 6D and
E) showed increased levels of the cell death indicator, caspase 3.
Using the same extracts as in Figure 6D we found that Celf1 pro-
tein levels were increased in muscle from CUG960þdox mice
exhibiting severe but not moderate muscle wasting
(Supplementary Material, Fig. S9).

Similar results were obtained in DM1 muscle, relative to un-
affected control muscle by western blot (Supplementary
Material, Fig. S8A). Quantification of the phospho- to total pro-
tein ratios for PDGFRb, AMPKa and Stat3 showed similar trends
as the ratios of these protein modifications in CUG960þdox
mice; however, owing to high variability between individuals,
the phospho- to total protein ratios did not reach a level of sta-
tistical significance (Supplementary Material, Fig. S8B). Total
levels of the proteins assessed by western blot showed similarly
significant up-regulation of Tyr751-phosphorylated PDGFRb, to-
tal PDGFRb and caspase 3 proteins, while levels of Thr172
p-AMPKa, Ser727 p-Stat3 and total Stat3 showed similar, though
not significant, up-regulation in DM1 skeletal muscle relative to
unaffected controls (Supplementary Material, Fig. S8C). Similar
to what we observed in the mice, the robustness of the signaling
changes are likely to correlate with disease severity in affected
DM1 skeletal muscle. Taken together, results from the RNA-seq
and RPPA analysis suggest that deregulation of PI3K pathway
may be involved in inhibition of cell survival and promoting cell
death of muscle cells during progressive skeletal muscle wast-
ing in CUG960þdox mice and in individuals affected by DM1.

Discussion
We demonstrate that CUG960 RNA expression in CUG960þdox
mice results in significant muscle loss in gastrocnemius,
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quadriceps, and TA muscles (Fig. 2). Induced expression of CUG960

RNA was started at PN1, however, it is unlikely that the reduced
muscle weight is due to delayed development, since CUG960 RNA
expression initiated at PN1 did not result in reduced overall
growth and induction of CUG960þdox expression in adults also
resulted in skeletal muscle wasting. When CUG960 RNA expression
is turned off, muscle loss in the quadriceps and TA muscles was
reversed. CUG960þdox mice exhibited histological features consis-
tent with DM1 histology (Fig. 3). CUG960þdox mice showed
changes to the proportion of fiber types within the muscle, includ-
ing increased Type 1 oxidative fibers and decreased Type 2B glyco-
lytic fibers. In contrast, Type 1 fiber atrophy is predominant in
DM1 (1). It is possible that these effects are partially due to expres-
sion of CUG960 RNA limited to Type 2 myofibers since the fast my-
osin light chain promoter drives rtTA expression in MDAFrtTA
mice. However, both the HSALR and DMSXL models also showed
increased oxidative and decreased glycolytic fiber percentages
(22,25), suggesting the difference in the direction of change in fiber

type proportions may be due to differences between mouse and
human biology when CUGexp RNA is expressed. Histopathology,
reduced CSA, and increased oxidative and decreased glycolytic
fiber percentages were reversed in CUG960þ/off dox mice in gas-
trocnemius, quadriceps, and TA. Overall, induction of muscle loss
and histopathology and its rescue indicates that this model can be
used to test the effectiveness of therapeutics aimed at reducing
muscle loss.

A key feature of DM1 pathology is retention of expanded
CUG-containing RNA into nuclear foci (6,7). Here, we show the
presence of nuclear foci in gastrocnemius of CUG960þdox mice
(Fig. 4) that are not present in control animals. The number and
size of the foci vary between nuclei, consistent with previous
reports (52) and are absent in CUG960þ/off dox mice after
CUG960 expression has ceased. Additionally, we observed coloc-
alization of Mbnl1 protein in the nuclear foci, consistent with
DM1 and other mouse models expressing CUG repeat expan-
sions (4,5,22,23,25,53).

Figure 6. Signaling pathway analysis reveals deregulation of PTEN/PI3K/AKT pathway. (A) RPPA analysis was performed using total protein lysates from female gas-

trocnemius muscle with 216 validated antibodies. Normalized fluorescence intensity, grouped according to muscle wasting severity (severe gastrocnemius weight

<56 mg, moderate gastrocnemius weight 60–76 mg, control gastrocnemius weight >79 mg, P�0.001), showed predominantly increased protein expression in CUG960

þdox mice with severe muscle wasting. (B) The PTEN/PI3K, IL-8, and glucocorticoid signaling pathways were the most significantly altered pathways in CUG960 mice.

(C) Analysis of the ratio of phosphorylated to total protein level suggests that in CUG960 þdox mice with severe muscle wasting, the PTEN/PI3K pathway antagonist

AMPKa is significantly increased while activated PDGFRb receptor, known to activate PI3K, and activated Stat3, downstream of PDGFRb, were reduced. (D) Validation by

western blot analysis in female gastrocnemius muscle extracts of severely affected animals. (E) Quantification of western blots shown in (D). (F) Quantification of phos-

pho- to total protein ratios for western blots in (D). *P<0.05, **P<0.01.
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MBNL sequestration is an early molecular event in DM1 that
contributes to most of the alternative splicing defects (43).
Combined knockout of both Mbnl1 and Mbnl2 led to severe
muscle pathology (17). Given these observations, one would ex-
pect to see strong splicing defects and reduced physiological
function in CUG960þdox mice that exhibit significant muscle
wasting. Myotonia, a clinical hallmark of DM1 pathology, has
been directly linked to the functional loss of MBNL proteins (54).
However, we detected weak to no myotonia by electromyogra-
phy (data not shown) and only mildly increased inclusion of
Chloride channel 1 (Clcn1) exon 7a (Fig. 5F) in CUG960þdox mice,
which results in myotonia in DM1. The DMSXL mouse model
also showed mild splicing abnormalities, including for Clcn1
exon 7a, and mild myotonia (25). In contrast, DM1 mouse mod-
els that exhibit strong changes in alternative splicing of Clcn1
exon 7a show strong, sustained myotonia (26,24,22). Mis-
splicing known to be regulated by MBNL proteins, such as those
in Fig. 6, are correlated with skeletal muscle weakness in indi-
viduals affected by DM1 (43). We observed skeletal muscle
weakness in one group of CUG960þdox mice by grip strength
(data not shown) but were unable to reproduce the weakness
phenotype in a separate independent experiment owing to indi-
vidual variability. The HSALR and DMSXL models also failed to
show muscle weakness by grip assessment following normali-
zation for body mass; however, by in situ isometric contraction
and in vivo dynamometric assays, the DMSXL mice were shown
to have significant skeletal muscle weakness (22,25).

Significant muscle loss is consistently observed in
CUG960þdox mice despite very mild Mbnl-associated pheno-
types suggesting the possibility that factors in addition to Mbnl
contribute to the wasting phenotype observed in CUG960þdox
mice. One proposed mechanism for DM1 pathogenesis is up-
regulation of CELF1 protein (8,21,55). CUG960þdox mice showed
significant up-regulation of Celf1 in mice with severe muscle
wasting (Supplementary Material, Fig. S9). Significant up-
regulation of Celf1 was also demonstrated in EpA960 and (CTG)5
mice but HSALR mice do not show increased Celf1 levels (9) and
Celf1 was up-regulated in only one of four DMSXL mice (25).
Another study showed increased Celf1, active GSK3b and re-
duced cyclin D3 levels in skeletal muscles from the HSALR DM1
mouse model prior to the onset of skeletal muscle weakness;
GSK3b inhibition corrected levels of cyclin D3 and alleviated
muscle weakness and myotonia (56). In CUG960þdox mice, no
significant changes to GSK3b or cyclin D3 levels were observed
by western blot or RPPA (data not shown).

Ingenuity Pathway Analysis of RPPA results showed the top
pathways affected by CUG960 RNA expression in CUG960þdox
mice were the PTEN, IL-8, PI3K/AKT, and glucocorticoid signal-
ing pathways (Fig. 6B; Supplementary Material, Fig. S7A).
Phosphatase and tensin homologue (PTEN) is a negative regula-
tor of PI3K signaling (57) and IL-8 has been shown to be acti-
vated by the PI3K and MAPK pathways (58–60), both of which
were affected by expression of CUG960 RNA. The PI3K/AKT path-
way is the primary anabolic pathway that results in muscle hy-
pertrophy (61,62). The glucocorticoid pathway indirectly
activates the autophagic/lysosomal pathway, regulating muscle
atrophy and is characterized by loss of Type 2 glycolytic fibers,
as observed in CUG960þdox mice (Fig. 3K), consistent with Type
2 fiber loss in HSALR and DMSXL mice (22,25). Furthermore, an-
tagonistic crosstalk between the PI3K and glucocorticoid path-
ways has been reported (63,64), suggesting that the balance
between anabolic and catabolic pathways, which is critical to
coordinately regulate skeletal muscle mass, is deregulated in
CUG960þdox mice.

Further analysis of the RPPA data revealed that ratios of
phospho- to total protein levels of Thr172 p-AMPKa and Thr198
p-p27/KIP1 were significantly up-regulated in CUG960þdox mice
(Fig. 6C). AMPKa serves as an energy switch in the cell that is ac-
tivated under conditions of nutrient and energy deprivation. It
was demonstrated that glucose uptake is reduced in DM1
(31,65), suggesting a state of chronic metabolic stress owing to
reduced energy availability during the progression of the
disease.

When activated, AMPKa antagonizes anabolic pathways,
such as the PI3K/AKT/mTOR signaling pathway, while activat-
ing catabolic pathways (66–68). Following glucose starvation, ac-
tivated AMPKa, through phosphorylation and stabilization of
p27/KIP1, has been reported to induce autophagy. Furthermore,
Thr198 p-p27/KIP1 was sufficient to promote autophagy in the
absence of nutrient deprivation (49). Increased levels of the
autophagy markers Atg7, Atg8a and Atg12 and increased apo-
ptosis by TUNEL assay and increased caspase 3 activity were
shown in a fruit fly CUGexp model for DM1 that exhibited skele-
tal muscle wasting, suggesting that both apoptosis and autoph-
agy catabolic pathways may be involved in DM1 muscle wasting
(45). We observed up-regulation in autophagy markers, includ-
ing Atg7, Beclin-1, LC3A and Atg12, in addition to increased cas-
pase 3 levels (Fig. 6).

It was recently demonstrated that activation of AMPKa and
PI3K/AKT signaling in HSALR mice were deregulated in response
to starvation, although no changes to AMPKa or PI3K activation
were reported between fed control and HSALR mice (46). In con-
trast, we observed significantly increased AMPKa activation in
CUG960þdox mice in the absence of nutrient deprivation (Fig. 6)
and slightly, though not significantly, elevated activation of
AMPKa in DM1 skeletal muscle (Supplementary Material, Fig.
S7C and D). While metabolic stress has not been directly tested
in CUG960þdox mice, it is possible that the level of metabolic
stress required for increased activation of AMPKa in the absence
of starvation contributes to the severity of the muscle wasting
phenotype in the CUG960þdox mice, compared with HSALR

mice.
PDGFRb levels are also increased by glucose deprivation (69)

and were significantly up-regulated in CUG960þdox mice and in
DM1 skeletal muscle. The ratio of Tyr751 phospho- to total
PDGFRb, which is critical for binding PI3K to the PDGFRb recep-
tor to mediate signaling (51), was significantly decreased in
CUG960þdox mice and reduced in DM1 skeletal muscle, suggest-
ing reduced PDGFRb signaling may be involved in PI3K deregula-
tion. PDGFRb also signals through pathways other than PI3K
such as the Ras/MEK/ERK pathway (50). Erk1/2 has been shown
to phosphorylate Stat3 on Ser727 in cancer cells in response to
Ras signaling, enhancing both its canonical role in transcrip-
tional activity and its non-canonical role in mitochondrial func-
tion, including limiting reactive oxygen species (ROS)
production in response to oxidative stress and regulation of mi-
tochondrial membrane potential and energy supply (70,71).
Furthermore, Ser727 p-Stat3 was shown to protect against ROS
accumulation in both a heart damage model and a cancer
model (71). We show reduced Ser727 p-Stat3 relative to the total
Stat3 pool in CUG960þdox mice, and to a lesser extent in DM1
skeletal muscle, suggesting its role in mitochondrial regulation
may be disrupted in response to CUG960 RNA expression, result-
ing in energetic stress in the skeletal muscle.

In conclusion, we developed a CUG960 repeat expressing
mouse model of DM1 that exhibits significant skeletal muscle
wasting and myopathy and provide insight into molecular
mechanisms directly underlying progressive skeletal muscle

2798 | Human Molecular Genetics, 2018, Vol. 27, No. 16

Deleted Text: By
Deleted Text: due
Deleted Text: CUGBP, <?A3B2 thyc=10?>Elav-like<?thyc?> family member 1 (
Deleted Text: )
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy192#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy192#supplementary-data
Deleted Text: type
Deleted Text: type
Deleted Text: due
Deleted Text: ,
Deleted Text: By
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy192#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy192#supplementary-data


wasting. Molecular analysis points toward pathways activated
in response to nutrient deprivation and oxidative stress. Our
data implicating the activation of autophagic degradation path-
ways is consistent with previously published reports in DM1, as
well as DM1 mouse and fly models (45,46,72–74). Further mecha-
nistic studies are required to assess the roles that deregulated
PI3K and AMPK pathways and PDGFRb play in progressive skele-
tal muscle wasting in CUG960 RNA expressing mice.

Materials and Methods
Transgenic mice

TREDT960I transgenic mice were generated by standard techni-
ques in an FVB background. The TREDT960I transgene contains
a human genomic segment containing exons 11–15 of DMPK
with 960 interrupted CTG repeats in the natural site of the
repeats. The interrupted repeats were generated as described
(55) and contain 20 CTGs separated by 5 nucleotide spacer
formed by ligation of SalI and XhoI restriction sites. The repeats
are highly stable in bacterial plasmids and transgenic mice. The
construct includes 307 bp of the DMPK 3’ flanking region con-
taining the natural polyadenylation signals. The transgene con-
tains two copies of the cHS4 insulator flanking the 5’ and 3’
ends of the expression construct to prevent effects of the chro-
mosomal insertion site. The TREDT960I mice are available at
The Jackson Laboratory as Stock No. 032050. MDAFrtTA trans-
genic mice (30) were maintained on a mixed C57BL/6�DBA
background. Mice that were homozygous for the TREDT960I
transgene and hemizygous for MDAFrtTA were mated and prog-
eny used for this study were either bi-transgenic TREDT960I/
MDAFrtTA (CUG960) or homozygous TREDT960I (TRE). Whenever
possible, bi-transgenic and single transgenic mice used for the
experiments were littermates. Genotype was confirmed by
extracting genomic DNA from mouse tails using DirectPCR lysis
reagent (Viagen Biotech) and analyzed by multiplex PCR using a
b-actin internal control. Primer sequences can be found in
Supplementary Material, Table S3. Doxycycline containing
chow (2 g doxycycline/kg chow, Bio-Serv) was provided to the
mice beginning at PN1 initially through the nursing dam or at 6
weeks of age to induce expression of the CUG960 RNA. All experi-
ments involving mice were conducted in accordance with the
NIH Guide for the Use and Care of Laboratory Animals and approved
by the Baylor College of Medicine Institutional Animal Care and
Use Committee.

RNA isolation and RT-PCR

Total RNA was isolated from individual skeletal muscles using
TRIzol reagent (Invitrogen) with a Bullet Blender (Next
Advance). RNeasy fibrous tissue mini-kit (Qiagen) was used for
RNA extraction of skeletal muscle tissues used in RNA-seq
experiments according to the manufacturer’s protocol. RNA
was resuspended in RNase-free water (Ambion) and treated
with DNaseI (Ambion). RT-PCR was performed using PCR Super
Master Mix (Bimake). Primers for transgene expression were
designed to amplify the region of DMPK exon 15 upstream of the
repeat expansion. Gapdh was used as an internal control for the
normalization of transgene expression. Primers for analysis of
alternatively spliced exons were designed to anneal to flanking
constitutive exons. Primer sequences can be found in
Supplementary Material, Table S3. PCR products were separated
on a 5% polyacrylamide gel and PSI (36) was calculated after

ethidium bromide staining using a Kodak E1 Logic 2200 imaging
system.

Muscle weight

Individual skeletal muscles were isolated, weighed and muscle
weight was normalized to tibia length to account for differences
in animal size. Direct comparisons of normalized muscle weight
were only made between age matched treatment groups.
For comparison of CUG960 mice induced for 10 weeks (þdox)
with CUG960 mice induced 10 weeks followed by 8 weeks off
dox (þ/off dox), statistically determined outliers for each treat-
ment group were removed, followed by normalization of muscle
weight/tibia length to the average muscle weight/tibia length of
control animals for each treatment (þdox orþ/off dox). From
these values, percent muscle loss of control-normalized
CUG960þdox or CUG960þ/off dox mice was calculated from aver-
age control muscle weight.

Histology

Skeletal muscles were isolated and fixed overnight in 10% for-
malin, paraffin-embedded, and cut in 10 lm cross-sections or
flash frozen in liquid nitrogen-cooled isopentane as previously
described (75) and cut in 7 lm cross-sections. Hematoxylin and
eosin, cytochrome oxidase and succinate dehydrogenase stain-
ing were performed using standard procedures. Images were ac-
quired using an Olympus BX41 microscope with Olympus DP70
camera and analyzed using ImageJ software (National Institutes
of Health). Five field-of-view images of each muscle were used
for quantification of CSA (50 fibers per field-of-view were mea-
sured), percent of fibers containing centralized nuclei (all whole
fibers in field-of-view were counted) and fiber typing (all whole
fibers in field-of-view were counted).

Detection of puromycin-labeled proteins

Six-week-old mice were fed 2 g/kg dox chow for 2 weeks.
Puromycin (0.04 lmol/g body weight, Enzo Life Sciences) was
injected intraperitoneally 1 h prior to tissue collection. Muscles
were isolated, homogenized in lysis buffer [10 mM HEPES
pH 7.5, 0.32 M sucrose, 5 mM EDTA, protease inhibitor cocktail
tablet (Roche) and 1% SDS]. BCA protein assay kit (Thermo
Scientific) was used to determine the protein concentration.
Western blot analysis using rabbit anti-puromycin antibody
(1:1000, Kerafast) was performed using 30 lg protein lysate.
Puromycin-labeled protein level for each sample was normal-
ized to total protein levels using the same western blots, stained
with Ponceau S (Sigma).

Combined FISH/IF

Combined FISH/IF staining was carried out using a modified
protocol previously described (4). Gastrocnemius sections were
dried 30 min then fixed 30 min in 3% PFA/1� PBS at room tem-
perature, washed five times in 1� PBS for 2 min each, followed
by permeabilization in pre-chilled 2% acetone/1� PBS for
10 min. Sections were placed in 30% formamide/2� SSC for
30 min, hybridized with Tye-563-labeled (CAG)5 LNA probe
(0.5 ng/ll, Exiquon) for 5 h at 42�C in buffer [30% formamide, 2�
SSC, 0.02% BSA, 66 lg/ml yeast tRNA, 2 mM Vanadyl ribonucleo-
side complex], and washed 30 min in 30% formamide/2� SSC at
42�C. Sections were then washed in 1� SSC for 30 min at room
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temperature, followed by incubation in monoclonal mouse
anti-MBNL1 clone 3A4 antibody (1:25, Santa Cruz Biotechnology)
overnight at 4�C, washed five times in 1� PBS for 2 min, incu-
bated in Alexa 488-labeled goat anti-mouse polyclonal antibody
(1:500, Invitrogen) and DAPI (0.5 lg/ml) for 2 h, washed five
times in 1� PBS for 2 min, and mounted in SlowFade Gold
Antifade mountant (Life Technologies). Images were acquired
using a DeltaVision Elite (GE Healthcare) and processed using
SoftWoRx software (GE Healthcare).

RNA-seq

RNA was isolated from gastrocnemius or quadriceps muscles
of two CUG960þdox mice and one TREþdox mice after 6 and
12 weeks of induction, beginning at PN1, as well as two CTG960 –
dox mice at 6 and 12 weeks of age. It is generally recommended
that at least six biological replicates are used for each condition
in RNA-seq analysis (76); however, we have consistently found
that the data obtained using �100 million paired end 100 bp
reads is highly reproducible between the biological replicates
(Supplement Material, Fig. S5A and B and Fig. S6A and B) (77–
80). The Genomic and RNA Profiling Core (GARP) at Baylor
College of Medicine (BCM) performed HiSeq library preparation
and Illumina sequencing of 100-bp paired-end reads on a HiSeq
2500 sequencer. RNA was poly-A selected, barcoded and run in
eight lanes. Low-quality nucleotides were trimmed from both
ends of the sequence reads and reads were mapped to the
mouse genome (UCSC mm10) using Tophat (81). Alternative
splicing events, including skipped exons, alternative 5’/3’ splice
sites, alternative first or last exons, mutually exclusive exons
and retained introns, were analyzed using MISO and SpliceTrap
algorithms (34,35). Alternative splicing was quantified by PSI
value, indicating the fraction of transcripts that include a given
exon. Events with DPSI >10%, when comparing the treatment
group with the controls with a Bayes factor >5, were considered
significant. Cufflinks/Cuffdiff (39,40) and Ht-Seq/EdgeR (41,42)
pipelines were used to count the number of reads mapping to
known genes and to detect differentially expressed genes be-
tween the treatment group and control groups using a false dis-
covery rate cutoff of 0.05. For both alternative splicing data and
gene expression data, events that changed when comparing
CTG960 –dox with TREþdox controls were filtered out of the
analysis to rule out any events that were altered owing to the
presence of doxycycline when repeats were not expressed. To
determine the most significant transcriptome changes in re-
sponse to expression of the repeats, only events that changed in
the experimental treatment group relative to both control
groups were considered for analysis using DAVID (37,38). Genes
with relatively weak as well as relatively strong splicing
changes were selected for validation of RNA-seq results by RT-
PCR.

Reverse phase protein array

The Antibody-based Proteomics Core at BCM performed protein
isolation and RPPA analysis as previously described with minor
modifications (82–85). Protein lysates were isolated from gas-
trocnemius muscles of 12 CUG960 and eight TRE mice fed 2 g/kg
dox chow for 2 weeks beginning at PN1 using modified Tissue
Protein Extraction Reagent (TPER) (Pierce) with a cocktail of pro-
tease and phosphatase inhibitors (Roche Life Sciences). Protein
lysates were diluted into 0.5 mg/ml of total protein in SDS sam-
ple buffer, denatured and printed on nitrocellulose-coated

slides (Grace Bio-labs) using an Aushon 2470 Arrayer (Aushon
BioSystems). A 40 pin (185 lm) configuration was used to spot
samples and control lysates using an array format of 960
lysates/slide (2880 spots/slide). Slides were immunolabeled with
216 antibodies against total and phosphorylated proteins using
an automated slide stainer Autolink 48 (Dako) as previously de-
scribed. Each slide was incubated with a specific primary anti-
body and antibody diluent, rather than primary antibody, was
used as a negative control. A biotinylated secondary antibody
followed by streptavidin-conjugated IRDye680 fluorophore
(LI-COR Biosciences) was used for detection of primary antibody
binding. Fluorescent staining with Sypro Ruby-Blot Stain
(Molecular Probes) was used to assess total protein for each
spotted lysate.

Fluorescence-labeled slides and accompanying negative
control slides were scanned on a GenePix 4400 AL scanner at an
appropriate PMT to obtain optimal signal for the specific set of
samples. Images were analyzed by GenePix Pro 7.0 (Molecular
Devices). Local slide background signal was subtracted from the
total fluorescence intensity to determine the fluorescence signal
of each spot. Fluorescent signal for each spot per sample were
normalized for variation in total protein level, background and
non-specific labeling using group-based normalization method
previously described (82). Each image and its associated normal-
ized data were inspected manually and through control sam-
ples to evaluate quality of the data. Significantly changed
proteins were assessed using Student’s t-test of the median
intensity of triplicate experimental values; the criteria for signif-
icance were: maximum signal intensity greater than or equal to
200 across all samples, fold-change exceeding 1.25� in either
direction between the comparison groups, and P< 0.05.
Phospho- to total protein ratios were calculated by dividing the
phosphoprotein expression by its total protein and the signifi-
cant ratios were identified by t-test (fold-change>1.25
or<1/1.25, P< 0.05). Data are presented as a heat map of median
normalized fluorescent signal intensity, using the Python lan-
guage scientific library script. Muscle wasting in CUG960þdox
samples was classified as moderate or severe based on gastroc-
nemius weight. Ingenuity pathway analysis was performed for
proteins that were significantly changed in CUG960þdox mice.
Protein lysates for CUG960 and TREþdox mice prepared by the
RPPA core were used to validate the RPPA data by western blot.

Western blot

Mouse protein lysates were prepared as detailed above for RPPA
analysis. Human skeletal muscle was obtained from the
National Disease Research Interchange tissue bank, the
University of Miami tissue bank, and Dr Charles Thornton. Total
protein lysates from DM1 and unaffected control skeletal mus-
cle were prepared in RIPA buffer and protein concentration was
quantified using a BCA protein assay kit (ThermoScientific).

Total protein lysates (20 lg) were separated on 10% Tris–gly-
cine SDS-PAGE gels and transferred to Immobilon-P PVDF mem-
branes (EMD Millipore) for western blot analysis. Membranes
were stained with Ponceau S to visualize total protein, incu-
bated with primary antibody overnight at 4�C. Membranes were
washed three times in PBST (0.1% Tween-20, Sigma) and incu-
bated 2 h in HRP-conjugated goat anti-rabbit (1:5000, Invitrogen)
or goat anti-mouse (1:10 000, Cell Signaling Technology)
antibody. After washing three times in PBST (0.1% Tween-20)
immunoreactivity was detected using West Pico HRP-
chemiluminescence system (ThermoScientific). Western blot
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membranes were imaged on a ChemiDoc XRSþ Imaging system
(BioRad) and quantification of protein levels following normali-
zation were calculated using Carestream Molecular Imaging
software (Carestream Health). The following primary antibodies
were used for western blot analysis: rabbit anti-PDGFRb clone
28E1 (1:1000, Cell Signaling Technology), rabbit anti-PDGFRb

(Tyr751) (1:1000, Cell Signaling Technology), rabbit anti-AMPKa

(Thr172) clone 40H9 (1:1000, Cell Signaling Technology), mouse
anti-AMPKa clone F6 (1:1000, Cell Signaling Technology), rabbit
anti-AMPKa clone 23A3 (1:1000, Cell Signaling Technology), rab-
bit anti-Stat3 (Ser727) (1:1000, Cell Signaling Technology), rabbit
anti-Stat3 clone D3Z2G (1:1000, Cell Signaling Technology), rab-
bit anti-Caspase 3 (1:1000, Cell Signaling Technology), rabbit
anti-Gapdh (1:7000, Cell Signaling Technology). Protein levels in
mice were normalized to Gapdh protein levels for quantifica-
tion. Human protein levels were normalized to total protein lev-
els from the same blots, stained with Ponceau S (Sigma).

Statistical analysis

Results were presented as mean 6 standard deviation. P-Values
were calculated using two-tailed Student’s t-test when compar-
ing only two treatment groups. For comparisons of three or
more groups, P-values were determined by one-way ANOVA
with Bonferroni multiple comparisons. Outliers for assessing
percent muscle loss were determined using extreme studen-
tized deviate tests. For analysis of CSA, two-way ANOVA with
Tukey’s multiple comparisons was used for distribution and
Kruskal–Wallis analysis with Dunn’s multiple comparisons was
used to assess significance in median CSA. *P< 0.05, **P< 0.01,
***P< 0.001.

Note added in Proof
Initial studies found that Celf1 levels were unchanged in mice
expressing CUG960 RNA. However, upon stratifying the samples
based on severity of muscle loss and using the same samples as
in Figure 6, we found that Celf1 protein levels are significantly
increased only in mice that exhibit severe muscle wasting
(Supplementary Material, Fig. S9).

Supplementary Material
Supplementary Material is available at HMG online.
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