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RESOURCE ARTICLE

Immortalized human myotonic dystrophy muscle cell lines to
assess therapeutic compounds
Ludovic Arandel1, Micaela Polay Espinoza1, Magdalena Matloka1, Audrey Bazinet1, Damily De Dea Diniz1,
Naïra Naouar1, Frédérique Rau1, Arnaud Jollet1, Frédérique Edom-Vovard1, Kamel Mamchaoui1,
Mark Tarnopolsky2, Jack Puymirat3, ChristopheBattail4, AnneBoland4, Jean-Francois Deleuze4, VincentMouly1,
Arnaud F. Klein1,* and Denis Furling1,*,‡

ABSTRACT
Myotonic dystrophy type 1 (DM1) and type 2 (DM2) are autosomal
dominant neuromuscular diseases caused by microsatellite
expansions and belong to the family of RNA-dominant disorders.
Availability of cellular models in which the DM mutation is expressed
within its natural context is essential to facilitate efforts to identify new
therapeutic compounds. Here, we generated immortalized DM1 and
DM2 humanmuscle cell lines that display nuclear RNA aggregates of
expanded repeats, a hallmark of myotonic dystrophy. Selected clones
of DM1 and DM2 immortalized myoblasts behave as parental primary
myoblasts with a reduced fusion capacity of immortalized DM1
myoblasts when compared with control and DM2 cells. Alternative
splicing defects were observed in differentiated DM1 muscle cell
lines, but not in DM2 lines. Splicing alterations did not result from
differentiation delay because similar changes were found in
immortalized DM1 transdifferentiated fibroblasts in which myogenic
differentiation has been forced by overexpression of MYOD1. As a
proof-of-concept, we show that antisense approaches alleviate
disease-associated defects, and an RNA-seq analysis confirmed
that the vast majority of mis-spliced events in immortalized DM1
muscle cells were affected by antisense treatment, with half of them
significantly rescued in treated DM1 cells. Immortalized DM1 muscle
cell lines displaying characteristic disease-associated molecular
features such as nuclear RNA aggregates and splicing defects can
be used as robust readouts for the screening of therapeutic
compounds. Therefore, immortalized DM1 and DM2 muscle cell
lines represent new models and tools to investigate molecular
pathophysiological mechanisms and evaluate the in vitro effects of
compounds on RNA toxicity associated with myotonic dystrophy
mutations.

KEY WORDS: Myotonic dystrophy, Expanded repeats, Muscle cell
line, Nuclear aggregates, Alternative splicing, Therapeutic
compounds

INTRODUCTION
Myotonic dystrophy (DM) including both type 1 and type 2 forms is
one of the most prevalent muscular dystrophies in adults. Both DM
forms are autosomal dominant disorders characterized by myotonia,
progressive muscle weakness and wasting, cardiac conduction
defects as well as cognitive impairments and endocrine
dysfunctions (Harper, 2001). The most common type 1 form
(DM1, also called Steinert disease) is caused by the abnormal
expansion of a repeated CTG trinucleotide in the 3′UTR of the
DMPK gene (Brook et al., 1992; Fu et al., 1992; Mahadevan et al.,
1992). The size of the expansion can reach more than 4000 CTG
repeats in DM1 patients compared with 5-37 CTG repeats in non-
affected individuals. The unstable CTG expansion increases over
successive generations (Lavedan et al., 1993) and the size of the
expanded repeats globally correlates with disease severity (Groh
et al., 2011). The type 2 form (DM2) is due to a large CCTG
expansion that can reach up to 11,000 repeats in the first intron of the
CNBP gene (Liquori et al., 2001). Both DM forms share similar
clinical features; however, differences exist such as age of onset or
pattern of muscle wasting that affects predominantly distal muscles
in DM1 and proximal muscles in DM2 (Day and Ranum, 2005). In
addition, clinical symptoms are milder in DM2 than in DM1 and, in
contrast to DM1, there is no congenital form in DM2.

Myotonic dystrophy is part of a new family of RNA gain-of-
function diseases (Klein et al., 2011) and both DM forms share a
common pathophysiological feature: expression of mutant RNAs
containing expanded C/CUG repeats (C/CUGexp-RNA) that are
retained in the nucleus as discrete aggregates (Davis et al., 1997;
Liquori et al., 2001; Taneja et al., 1995). In skeletal muscles, nuclear
aggregates of C/CUGexp-RNAs sequester the regulatory splicing
factor MBNL1 leading to its functional loss and subsequently, to
alternative splicing misregulation (Fardaei et al., 2002; Lin et al.,
2006; Liquori et al., 2001; Mankodi et al., 2001; Miller et al., 2000).
More than 40 mis-splicing events have been confirmed in affected
skeletal muscles of DM1 patients (Nakamori et al., 2013); in
particular, altered splicing of CLCN1, INSR, BIN1 and DMD pre-
mRNAs (Charlet-B et al., 2002; Savkur et al., 2001; Fugier et al.,
2011; Rau et al., 2015) have been associated with myotonia, insulin
resistance, muscle weakness and muscle fiber disorganization,
respectively, which are all typical symptoms of myotonic dystrophy.

Although animal models including mouse, fly, zebrafish or
worm have been developed during the last 15 years to investigate
pathophysiologic mechanisms involved in DM1, and despite the fact
that several therapeutic strategies are under development (Klein et al.,
2015), there is still no cure for DM1 to date. However, it is worth
noting that an antisense oligonucleotide (ASO) approach (IONIS-
DMPK-2.5Rx) is currently being tested in a Phase 1/2a clinical trial
(clinicaltrials.gov, NCT02312011) (Pandey et al., 2015; WheelerReceived 23 August 2016; Accepted 5 February 2017
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et al., 2012). Mouse models expressing expanded CTG repeats in
skeletal muscles have also been used to evaluate the efficacy of
therapeutic approaches, including antisense oligonucleotides
(ASOs), gene therapies and small molecules, on DM1-associated
molecular features such as the presence of nuclear CUGexp-RNA
aggregates and alternative splicing misregulation, or muscle
dysfunction, such as myotonia (Gomes-Pereira et al., 2011).
Nevertheless, there remains a need for cellular models to evaluate
compounds in vitro to allow middle- or high-throughput screenings,
before in vivo validation. For this purpose, primary muscle cell
cultures derived from muscle biopsies of DM1 patients represent a
valuable model since the CTG expansion is expressed within its
natural genomic context. Moreover, DM1 muscle cells show
assessable DM1-associated molecular features including CUGexp-
RNA nuclear aggregates that sequester MBNL1 and subsequent
alternative splicing defects (Botta et al., 2013; Dansithong et al.,
2005; Francois et al., 2011; Furling et al., 2001; Holt et al., 2007;
Loro et al., 2010). However, several difficulties may limit the use of
primary muscle cell cultures, especially considering high-throughput
screening approaches that require a large number of cells with a
reliable and robust phenotype. A major concern is the accessibility
and availability of muscle biopsies fromDMpatients. In addition, the
limited proliferative capacity of adult human myoblasts that is
inversely correlated to the age of the dystrophic patients constitutes
another constraint (Hayflick, 1965; Renault et al., 2000).
Furthermore, proliferation of DM primary myoblasts is reduced
when compared with age-matched control myoblasts because of the
triggering of premature replicative senescence (Bigot et al., 2009;
Renna et al., 2014; Thornell et al., 2009). All these limitations support
the development of immortalized human DM muscle cell lines in
which replicative senescence is bypassed but that display robust and
reliable disease-associated features.
Here, we established and characterized novel DM cellular models

of human immortalized muscle cell lines. Proof-of-concept using
antisense approaches and transcriptomic analyses was performed to
validate these immortalized DM muscle cell lines as dependable
tools to assess the in vitro effects of therapeutic compounds on RNA
toxicity associated with DM mutations.

RESULTS
Generation of immortalized human DM muscle cell lines
To establish DM myoblast cell lines, primary muscle cell cultures
obtained from muscle biopsies of DM patients carrying either a
DM1 mutation with 2600 CTG or a DM2 mutation with 4000
CCTGwere selected. Characterization of these primary cell cultures
showed that DM1 myoblasts form smaller myotubes under
differentiation conditions and presented a reduced fusion capacity
when compared with non-DM control (Ctrl) myoblasts (Fig. 1A,B).
In contrast, the fusion index of differentiated DM2 myoblast
cultures was not significantly different from differentiated Ctrl
myoblast cultures and the size of the multinucleated DM2myotubes
was comparable to that of Ctrl myotubes, as reported previously for
these primary muscle cells (Pelletier et al., 2009). At the molecular
level, nuclear RNA aggregates of expanded CUG or CCUG repeats
were detected by fluorescent in situ hybridization (FISH) in DM1
and DM2 muscle cells, respectively (data not shown), in agreement
with previous studies (Furling et al., 2001; Giagnacovo et al., 2012).
Alternative splicing changes affecting BIN1 exon 11,DMD exon 78
and LDB3 exon 11 were also detected in differentiated DM1muscle
cell cultures but not in differentiated DM2 or Ctrl muscle cell
cultures (Fig. 1C), in accordance with a previous report in affected
muscles of a large cohort of DM1 patients (Nakamori et al., 2013).

For immortalization, primary DM1, DM2 and Ctrl myoblasts
were co-transduced with two lentiviral vectors expressing the
catalytic subunit of the human telomerase (TERT) and the natural
p16 (CDKN2A) ligand, CDK4. Co-transduced cells were then
selected as previously described (Zhu et al., 2007; Mamchaoui
et al., 2011) and several immortalized myogenic clones were
isolated from each population. After testing their ability to
differentiate into myotubes, we selected clones showing the
highest fusion efficiency, and one clone of each cell line (DM1-
cl5, DM2-cl26 and Ctrl-cl4) was further characterized. Under
differentiation conditions, immortalized myoblasts behave similarly
to the primary myoblast cultures from which they were derived.
Thus, DM1-cl5 myoblasts form smaller myotubes than Ctrl-cl4
myoblasts (Fig. 2A) and the fusion index of differentiated DM1-cl5
myoblast cultures was reduced when compared with Ctrl-cl4
myoblast cultures (Fig. 2B). In contrast, DM2-cl26 myotubes
were similar to Ctrl-cl4 myotubes and there was no difference
between the fusion capacity of differentiated DM2-cl26 and Ctrl-cl4
muscle cell cultures. Then, we investigated whether the molecular
hallmarks of DM such as nuclear RNA aggregates and alternative
splicing misregulation were found in these muscle cell lines. As
expected, FISH and immunofluorescence analyses allowed
the detection of nuclear aggregates of CUGexp- and CCUGexp-
RNA in immortalized DM1 and DM2 cells, respectively, and the
colocalization of MBNL1 with CUGexp- and CCUGexp-RNA foci
(Fig. 2C). However the level of CELF1 RNA binding protein that is
altered in cells expressing CUGexp-RNA was not significantly
changed in either of the immortalized DM1 clones compared with
the control (Fig. S1). Furthermore, RT-PCR analysis showed that
the splicing pattern of BIN1 exon 11, DMD exon 78 or LDB3 exon
11 pre-mRNAs was significantly deregulated in differentiated
DM1-cl5 or DM1-cl6 muscle cells compared with Ctrl-cl4 or Ctrl-
cl48 and DM2-cl26 or DM2-cl33 muscle cells (Fig. 2D). Finally,
Southern blot analysis indicated that the size of the expanded CTG
repeat (∼2600 CTG), was similar between immortalized DM1
myoblasts (either cl5 or cl6) and the parental primary population of
DM1 myoblasts used to establish these cell lines (Fig. 2E).

An alternative method to produce human muscle cell lines, when
muscle biopsies are not available, is to convert immortalized skin
fibroblasts into multinucleated myotubes by forced expression of
the myogenic regulator factor MYOD1 (Chaouch et al., 2009;
Cooper et al., 2007; Lattanzi et al., 1998). Briefly, primary
fibroblasts isolated from a skin biopsy are immortalized by the
sole re-expression of TERT (Bodnar et al., 1998) before a
subsequent transduction with lentiviral vectors containing an
inducible Tet-on MYOD1 construct. Under non-permissive
conditions, immortalized cells can proliferate indefinitely, but
when supplemented with doxycycline, cells express MYOD1 that
activates the myogenic program and their fusion into myotubes.
Here, human primary fibroblasts isolated from skin biopsies obtained
from a control individual (Ctrl) and from a DM1 patient, were used to
establish immortalized myo-converted or transdifferentiated cell lines
(hereafter referred to as transdifferentiated myotubes). Of note, both
muscle and skin biopsies were obtained from the same DM1 patient.
We showed that forced expression ofMYOD1 following doxycycline
supplementation leads to the formation of large multinucleated DM1
transdifferentiated myotubes comparable to Ctrl transdifferentiated
myotubes (Fig. 3A). FISH and immunofluorescence experiments
revealed that DM1 myotubes contain nuclear CUGexp-RNA
aggregates that colocalized with MBNL1 splicing factor (Fig. 3B).
Interestingly, DM1 transdifferentiated myotubes displayed splicing
changes of many transcripts including ATP2A1, BIN1, INSR, LDB3,
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MBNL1 and TNNT2 (Fig. 3C,D) that are also misregulated in skeletal
muscles of DM1 patients (Nakamori et al., 2013). Collectively, these
results show that immortalized DM1 cell lines exhibit the
characteristic features of DM1 pathology.

DM1 muscle cell lines to assess therapeutic compounds
To determinewhether these novel immortalizedDMmuscle cell lines
represent relevant tools for in vitro screening or evaluation of
therapeutic approaches, we used as a proof-of-concept, compounds
known to neutralize the CUGexp-RNA toxicity in our model of DM1
muscle cell lines. We analyzed the effects of ASOs targeting the
expanded CUG tract of mutant DMPK transcripts that inhibit the
deleterious sequestration of MBNL1 splicing factor and reduce
the number of nuclear CUGexp-RNA aggregates, thereby correcting
DM1 splicing defects in DM1 mouse models (Mulders et al., 2009;
Wheeler et al., 2009). In accordance with previous results obtained in
DM1 myoblasts (Mulders et al., 2009; Pantic et al., 2016), 2′OMe-
PT-(CAG)7 ASO treatment of DM1-cl5 myoblasts significantly
decreased the number of nuclei with nuclear RNA aggregates
(Fig. 4A), which was associated with a redistribution of sequestered
MBNL1 proteins into the nucleoplasm (Fig. 4B). DM1
transdifferentiated myotubes were also treated with 2′OMe-PT-
(CAG)7 ASO and a similar reduction in the number of nuclear
CUGexp-RNA aggregates was observed after treatment (Fig. 4C) as
previously shown by Larsen et al. (2011) in DM1 transdifferentiated
myoblasts. Next, we tested the effects of 2′OMe-PT-(CAG)7
ASO treatment on splicing misregulation measured in DM1
transdifferentiated myotubes since only mild effects, if any, were
described for this ASO both in vivo and in vitro (Mulders et al., 2009;
Pantic et al., 2016). In accordancewith these studies, splicing changes
in BIN1 exon 11, ATP2A1 exon 22, TNNT2 exon 5 and INSR exon 11
(Fig. 4D and data not shown) were not reversed. However, mis-
splicing of MBNL1 exon 5 and LDB3 exon 11 were significantly
corrected upon treatment with 2′OMe-PT-(CAG)7 ASO (Fig. 4D).
A second antisense approach using a modified hU7-snRNA

conjugated to a (CAG)15 sequence [hU7-(CAG)15] was then
assessed in the immortalized DM1-cl5 myoblast cell line.

Previously, we demonstrated the ability of hU7-(CAG)15 to silence
CUGexp-RNA and correct splicing as well as differentiation defects
in DM1 primary muscle cells (Francois et al., 2011). DM1-cl5
myoblasts were transduced with lentiviral vectors expressing the
hU7-(CAG)15 construct and cultures were then switched to
differentiation conditions. Myotubes formed by treated DM1-cl5
cells were similar to those observed in Ctrl-cl4 cells (Fig. 5A). The
fusion index of differentiated DM1-cl5 myoblast cultures expressing
hU7-CAG15 was increased compared with untreated differentiated
DM1-cl5 myoblast cultures, and comparable to differentiated Ctrl-cl4
myoblast cultures (Fig. 5B). Moreover, expression of hU7-(CAG)15
antisense transcripts reduced the number of nuclear CUGexp-RNA
aggregates in DM1-cl5 muscle cells (Fig. 5C) and partially corrected
DM1-associated splicing changes for BIN1 exon 11, DMD exon 78
and LDB3 exon 11 (Fig. 5D).

To evaluate the overall effect of hU7-(CAG)15-antisense on
DM1-splicing changes, we performed paired-end RNA sequencing
(RNA-seq) on total RNA extracted from Ctrl-cl4, DM1-cl5 and
hU7-(CAG)15-treated DM1-cl5 differentiated myoblasts.
Unfortunately, the RNA preparation method used in this
experiment did not allow an efficient extraction of mutant DMPK
transcripts carrying large CUG expansions. Bioinformatics analyses
using DEX-seq software showed that 349 alternative splicing events
(or exon_bin, listed in Table S1) were differentially regulated (fold
change ≥1.5, adjusted P-value for multiple testing ≤0.1) in
differentiated DM1-cl5 muscle cells when compared with Ctrl-cl4
differentiated muscle cells. Several mis-spliced events previously
validated in skeletal muscles of DM1 patients such as BIN1 exon 11,
CAPZB exon 8, DMD exons 71 and 78, GFPT1 exon 9, KIF13A
exon 32, ANK2 exon 21, UBE2D3 exon 10 and LDB3 exon 5 were
also detected in the differentiated DM1-cl5 myoblast cell line. As
shown in Fig. 6A, 53% of abnormal splicing events affect cassette
exons and the vast majority of them (84%) are skipped single exon.
Additional splicing events, including retention of alternative first or
last exons and introns, were also found to be altered at 15%, 20%
and 8%, respectively. Interestingly, the hU7-(CAG)15 antisense
treatment affected 90% of mis-spliced events in differentiated

Fig. 1. Features of primary DM muscle
cells. (A) Control (Ctrl), DM1 and DM2
primary myoblasts were differentiated for
4 days and then fixed for
immunofluorescence analysis using
desmin antibody (green) and nuclei
staining (blue) with Hoechst. (B) The
fusion index of differentiated primary
muscle cell cultures determined by the
percentage of the number of nuclei in
myotubes (>2 myonuclei) to the total
number of nuclei in desmin-positive cells
(n=4 for Ctrl, n=3 for DM1 and DM2,
>1000 nuclei counted per experiment).
(C) RT-PCR analysis of alternative
splicing profile of BIN1 exon 11, DMD
exon 78 and LDB3 exon 11 for
differentiated cultures of Ctrl, DM1 and
DM2 primary muscle cells (n=3 in
duplicate for each condition). Data are
expressed as mean±s.e.m. Comparison
with one-way ANOVA with Newman-
Keuls post-test; **P<0.01.
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DM1-cl5 myoblasts. The median level of rescue in treated DM1
cells was 41% for excluded events and 37% for included events
(Fig. 6B). However, the level of correction in treated DM1 cells
when compared with Ctrl cells was different for each mis-spliced
event, as shown in Fig. 6C and listed in Table S1, with alternative
splicing changes that were fully normalized (58% for excluded

events and 51% for included events; red lines), partially corrected
(28% for excluded or included events; blue lines) and not corrected
or with less than 10% correction (14% for excluded events and 21%
for included events; green lines). Globally, more than half (56%) of
DM1-misregulated splicing events were no longer significantly
altered in treated DM1 muscle cells when compared with Ctrl-cl4

Fig. 2. Characterization of DMmyoblast cell lines. (A) Representative cultures of Ctrl (cl4), DM1 (cl5) and DM2 (cl26) immortalized myoblasts differentiated for
4 days and then fixed for immunofluorescence analysis using desmin antibody (green) and Hoechst nuclear staining (blue). (B) The fusion index of
differentiated immortal myoblast cultures was determined by the percentage of the number of nuclei in myotubes (>2 myonuclei) to the total number of nuclei in
desmin-positive cells (n=3 for each condition, >1000 nuclei counted per experiment). (C) Nuclear RNA aggregates of expanded-CUG or -CCUG repeats in
immortalized DM1 and DM2 myoblasts were detected by FISH using a Cy3-(CAG)7 or Cy3-(CCAG)5 probe (red), respectively. (D) Quantification of
alternative splicing profile of BIN1 exon 11, DMD exon 78 and LDB3 exon 11 by RT-PCR analysis in differentiated cultures of Ctrl, DM1 and DM2 immortal
myoblast cell lines (n=3 for each condition). (E) Southern blot analysis using a DMPK probe to determine the size of the CTG expansion in primary DM1 muscle
cells (Pr) and two clones of immortalized DM1 myoblasts (Cl5 and Cl6) derived from the same primary muscle cell culture. Data are expressed as mean±s.e.m.
Comparison with one-way ANOVA with Newman-Keuls post-test; **P<0.01, ***P<0.001.
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muscle cells, confirming the partial neutralization of CUGexp-RNA
toxicity by hU7-(CAG)15-antisense treatment.

DISCUSSION
Development of relevant and robust cellular models for myotonic
dystrophy in which the mutation is expressed within its natural context
is essential to facilitate efforts that are pushed forward to identify new
therapeutic compounds for this neuromuscular disorder. Among
them, DM1-hES human embryonic stem cells and DM1 induced
pluripotent stem (iPS) cells have been developed and provide powerful
models as they have the ability to differentiate into many different cell
types (Gao et al., 2016; Laustriat et al., 2015; Marteyn et al., 2011;
Yanovsky-Dagan et al., 2015). Recently, protocols to differentiate
human iPS cells in skeletal muscle cells have also been established;
however, it remains a time-consuming procedure with variable
efficiencies (Caron et al., 2016; Chal et al., 2015). In addition,
primary muscle cell cultures derived from muscle biopsies of DM1
patients that reproduce characteristic molecular disease-associated
features such as nuclear CUGexp-RNA aggregates have been used in
many studies to either investigate molecular mechanisms or assess
therapeutic compounds (Botta et al., 2013; Dansithong et al., 2005;

Francois et al., 2011; Furling et al., 2001; Holt et al., 2007; Loro et al.,
2010). However, one major limitation of this model, apart from the
availability and accessibility of muscle biopsies from DM patients, is
the limited proliferative capacity of human primarymuscle cells due to
replicative senescence (Bigot et al., 2009). To bypass these limitations
and generate DM skeletal muscle cell lines, we immortalized human
DM1 and DM2 primary myoblasts and selected clones from both cell
lines that recapitulate phenotypic and molecular features similar to
those found in primary DM muscle cell cultures.

Immortalization of DM muscle cells
To prevent primary human skeletal muscle cells from entering
replicative cellular senescence induced by telomere shortening and/or
an active p16 pathway, it has been shown that re-expression of the
catalytic subunit of the telomerase TERT to maintain telomere lengths
associatedwith overexpression ofCDK4, the natural ligand of p16 that
inhibits its activity, are sufficient to extend the proliferative capacity
and immortalize human primary myoblasts isolated from either
healthy donors or muscular dystrophic patients (Mamchaoui et al.,
2011).We previously demonstrated that the dual ectopic expression of
TERT and CDK4 enables DM1 primary myoblasts to overcome pre-

Fig. 3. Characterization of DM1 and Ctrl myotube
cultures derived from conditional MyoD-converted
fibroblast cell lines. (A) Desmin (Desm)
immunofluorescence staining (green) of myotube cultures
derived from conditional MYOD1 converted Ctrl (left) and
DM1 (right) fibroblast cell lines under permissive
conditions to express MYOD1. (B) FISH using a Cy3-
CAG7 probe (red) and MBNL1 immunostaining (green)
showing the colocalization of MBNL1 with nuclear
CUGexp-RNA aggregates in muscle converted DM1
immortalized fibroblasts. Hoe, Hoechst staining. (C,D) RT-
PCR analysis and quantification of alternative splicing
changes in ATP2A1, BIN1, IR, LDB3,MBNL1 and TNNT2
transcripts extracted from myotube cultures derived from
converted DM1 and Ctrl fibroblast cell lines (n=4 for each
condition). Data are expressed as mean±s.e.m.
Comparison with Mann-Whitney test; **P<0.01.
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senescence and significantly extend their proliferative lifespan (Bigot
et al., 2009). Immortalization of DM1 primary myoblast populations
can also be achieved by combined ectopic expression of TERT,
mutated CDK4(R24C) and cyclin D1 (CCND1), which increases the
CDK4 kinase activity for efficient Rb hyperphosphorylation (Pantic
et al., 2016; Shiomi et al., 2011). In the present study, transduction of
primary myoblasts using lentiviral vectors allows integration of TERT
andCDK4 constructs that contain selectionmarkers and subsequently,
establishment of stable cell lines. Based on their ability to differentiate
and form myotubes, clones of immortalized Ctrl and DM myoblasts
were isolated and the fusion index indicated that selected DM clones
behave as parental primary muscle cell cultures.

DM-associated molecular features in DM1 and DM2 muscle
cell lines
At the molecular level, the presence of nuclear aggregates of either
CUGexp- or CCUGexp-RNAs in immortalized DM1 and DM2
myoblasts, respectively, confirmed that both DM mutations were
expressed in the corresponding muscle cell lines. Because the
nuclear accumulation of mutant DM transcripts alters the function of
RNA splicing factors such as MBNL1, misregulation of alternative
splicing was assessed in immortalized DM muscle cells. Several

abnormal splicing events that were validated in skeletal muscle of
DM patients were indeed detected in differentiated DM1 cl5/cl6
myoblasts but not in differentiated DM2 clones, raising several
questions. Independent of the nature of the different DM mutations,
the size of the expanded repeat tract (2600 CTG in DM1 cells versus
4000 CCTG in DM2 cells) could also impact the pathophysiological
mechanisms and ultimately explain the difference in splicing
misregulation. To address this question, it would be interesting to
have access to DM2myoblasts with larger CCTG expansions, which
can reach up to 11,000 repeats compared with the 5000 repeats in
DM1. However, additional parameters may contribute to this
difference, as DM2 pathology that affects mostly adults is usually
milder than DM1, which affects adults and infants, and displays a
severe congenital form (Liquori et al., 2001). Thus, the level of
expression of C/CUG-expanded transcripts and the composition
and/or the structure of the expanded tract itself (CUG versus CCUG)
should also influence the behavior of the ribonucleoprotein
complexes and sequestered/associated proteins. Although MBNL1
colocalized with both C/CUGexp-RNA aggregates, the extent of
sequestered MBNL1 and subsequently, the levels of remaining free
and functional protein may be different in DM1 and DM2 cells,
particularly if the dynamics of accumulation of MBNL1 into

Fig. 4. (CAG)7-ASO reverses CUGexp-RNA toxicity in
immortalized muscle DM1 cells. (A) Percentage of
immortalized DM1 myoblasts containing nuclear CUGexp-
RNA aggregates (foci) following 2′OMe-(CAG)7 treatment
(n=4). Data are expressed as mean±s.e.m. Comparison
with Mann-Whitney test; ***P<0.001. (B) FISH
immunofluorescence staining using a Cy3-(CAG)7 probe
and an anti-MBNL1 antibody to detect nuclear foci (red)
and MBNL1 (green), respectively, in immortalized DM1-cl5
myoblasts treated with 2′OMe-(CAG)7 ASOs compared
with non-treated (NT) cells. (C) FISH experiment to detect
CUGexp-RNA foci (red) in the nucleus (blue) of myotubes
derived from converted DM1 fibroblast cell lines treatedwith
2′OMe-(CAG)7 ASOs. (D) Quantification ofMBNL1 exon 7,
LDB3 exon 11 and BIN1 exon 11 splicing profiles
determined by RT-PCR in myotubes cultures of converted
Ctrl and DM1 fibroblast cell lines treated or not with 2′OMe-
(CAG)7 ASOs (n=8, except for BIN1 where n=6). Data are
expressed as mean±s.e.m. Comparison with one-way
ANOVA with Newman-Keuls post-test; **P<0.01,
***P<0.001; ns, not significant.
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CUGexp- and CCUGexp-RNA aggregates is not the same.
Moreover, additional molecular alterations and/or modifiers that
have been described in DM1 muscles could also be involved in this
difference. Finally, altered myogenic differentiation and fusion of
DM1 myoblasts might also interfere with the level of alternative
splicing changes. However, this seems unlikely because similar
splicing defects were detected in DM1 transdifferentiated myotubes
overexpressing MYOD1 that display similar myogenic
differentiation to Ctrl transdifferentiated myotubes, as previously
described (Larsen et al., 2011). Furthermore, MYOD1
overexpression has also been shown to rescue the differentiation
defects observed in myoblasts expressing CUGexp-RNA and
associated with a compromised MYOD1 level (Amack et al.,
2002). Overall, our data demonstrate that the molecular hallmarks
associated with the toxic RNA gain-of-function mechanism, such as
nuclear RNA aggregates and splicing defects are retained in
immortalized DM1 muscle cells, and represent valuable readouts
to assess the efficacy of therapeutic compounds.

Therapeutic approach assessment
To confirm that our new immortalized DM1 muscle cell lines are
reliable tools for therapeutic compound screenings, we tested

antisense approaches that have shown their efficacy to reverse
CUGexp-RNAtoxicity (Francois et al., 2011;Gonzalez-Barriga et al.,
2013;Mulders et al., 2009;Wheeler et al., 2009).We found that CAG
antisense treatments that target the expanded CUG tract such as hU7-
(CAG)15 orASO-(CAG)7, decrease the number of nuclear CUGexp-
RNA aggregates, which has previously been shown to correlate
reduced levels of CUGexp-DMPK mRNA, and correct splicing
defects in our immortalized DM1 muscle cells. Of note, the
normalization of DM splicing changes following CAG-antisense
treatment in immortalized DM1 muscle cell models was not reported
before (Pantic et al., 2016; Larsen et al., 2011). Our results are in
accordance with an increasing body of evidence, indicating that
functional loss of MBNL1 due to its sequestration into nuclear RNA
aggregates results in misregulation of alternative splicing (Cardani
et al., 2006; Lin et al., 2006;Mankodi et al., 2001;Miller et al., 2000).
As the number of nuclear CUGexp-RNA aggregates sequestering
MBNL1 in immortalized DM1 muscle cells is greatly reduced by
antisense treatment, we hypothesize that the pool of free and
functional MBNL1 is increased leading ultimately to the rescue of
abnormal splicing events in DM1 cells. Accordingly, 90% of the 349
mis-spliced events identified by RNA-seq analysis in DM1-cl5
differentiated myoblasts were affected by antisense treatment, and

Fig. 5. hU7-(CAG)15 reverses CUGexp-RNA toxicity in
DM1 myoblast cell lines. (A) Differentiation of DM1-cl5
myoblast cell line expressing hU7-(CAG)15 antisense
transcripts was assessed by desmin (green) and Hoechst
(blue) immunostaining and compared with differentiated
DM1-cl5 and Ctrl cells. (B) Fusion index of differentiated
cultures of immortalized DM1 myoblasts transduced or not
with hU7-(CAG)15 lentiviral vectors compared with Ctrl-cl4
(n=4 for each condition, >1000 nuclei counted per
experiment). Data are expressed as mean±s.e.m.
Comparison with Mann-Whitney test; *P<0.05. (C) Nuclear
CUGexp-RNA aggregates in differentiated DM1-cl5
myoblast cell line expressing hU7-(CAG)15. (D) RT-PCR
analysis ofBIN1 exon 11,DMD exon 78 and LDB3 exon 11
splicing profiles in differentiated cultures of immortalized
Ctrl-Cl4 and DM1-cl5 myoblasts transduced or not with
hU7-(CAG)15 lentiviral vectors (n=6 for each condition).
Data are expressed asmean±s.e.m. Comparison with one-
way ANOVA with Newman-Keuls post-test; ***P<0.001.
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more than half of them were normalized in treated-DM1 cells
compared with control cells. Because CUGexp-RNA toxicity can be
reversed by antisense compounds targeting CUG-expanded
transcripts, we propose that both nuclear RNA aggregates and
splicing defects represent helpful molecular readouts to screen and
evaluate therapeutic compounds in our DM1 muscle cell lines.
In conclusion, we describe the development and characterization

of innovative new immortalized DM muscle cell lines, as well as
their potential use to screen therapeutic strategies and compounds.
We show that selected clones of immortalized DM1 and DM2
myoblasts behave like parental primary myoblasts isolated from
patient muscle biopsies, and contain nuclear aggregates of RNA
containing expanded repeat tract, which are typical molecular
features associated with the expression of DM mutations. In

addition, RNA-seq analysis showed that more than 300 splicing
events are altered in immortalized DM1muscle cells compared with
immortalized Ctrl muscle cells. Lastly, as a proof-of-concept, we
were able to reverse CUGexp-RNA toxicity associated with nuclear
RNA aggregates and abnormal splicing changes in immortalized
DM1 muscle cells using CAG-antisense treatments. Therefore,
immortalized DM muscle cell lines represent new valuable models
for the assessment of potential therapeutic compounds.

MATERIALS AND METHODS
Cell culture
Muscle and skin biopsies were obtained from the MyoBank-AFM bank
of tissues for research, a partner in the EU network EuroBioBank, in
accordancewith European recommendations and French legislation.Muscle

Fig. 6. Effect of hU7-(CAG)15 antisense
oligonucleotide on global DM1-splicing
changes. Total RNA extracted from Ctrl-cl4,
DM1-cl5 and hU7-(CAG)15-treated DM1-cl5
differentiated myoblasts analyzed with a
paired-end RNA sequencing (RNA-seq).
(A) Repartition of 349 mis-splicing events in
DM1-cl5 compared with Ctrl-cl4 cells
(number of events; percentage compared
with total number of events). (B) Box plot
representing splicing inclusion or EUC (exon
usage coefficient, determined with DEX-seq
software) of the 349 splicing events
(exon_bin) regrouped in excluded exons
(n=245, left panel) and included exons
(n=104, right panel) in Ctrl-cl4, DM1-cl5 and
DM1-cl5 treated with hU7-(CAG)15. In box
plot, lower whisker represents smallest
observation greater than or equal to lower
hinge-1.5x interquartile range (IQR); lower
hinge is 25% quantile, middle line is median;
upper hinge is 75% quantile; upper whisker
is largest observation less than or equal to
upper hinge+1.5xIQR.
(C) Analysis of individual exon_bin exclusion
(left panel) or inclusion (right panel) event in
DM1-cl5 cells compared with Ctrl-cl4 cells.
More than 50% of events are fully normalized
(red), 28% are partially restored (blue) and
around 20% are not significantly modulated
(green) by treatment with hU7-(CAG)15.
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biopsies were obtained from a semitendinosus muscle of a 25-year-old
unaffected male individual (Ctl), a quadriceps muscle of a 53-year-old
female patient suffering from DM2 (4000 CCTG in the muscle) and a
gastrocnemius muscle of an 11-year-old female patient suffering from an
infantile DM1 form (1300 CTG in the blood). Primary cells were isolated
from skeletal muscle or skin biopsies as described previously (Chaouch
et al., 2009; Edom et al., 1994). Myoblasts are cultivated in a growth
medium consisting of a mix of 199:DMEM (1:4 ratio; Life Technologies)
supplemented with 20% FBS (Life Technologies), 50 μg/ml gentamycin
(Life technologies), 25 µg/ml fetuin, 0.5 ng/ml bFGF, 5 ng/ml EGF and
0.2 µg/ml dexamethasone (Sigma-Aldrich). Fibroblasts are cultivated in a
DMEM growth medium supplemented with 15% FBS and 50 μg/ml
gentamycin. Myogenic differentiation is induced by switching confluent
cell cultures to DMEM supplemented with 5 µg/ml insulin for myoblasts,
and a additional 4 µg/ml of doxycycline (Sigma-Aldrich) for immortalized
MYOD1-inducible fibroblasts.

Immortalization of primary myoblast and fibroblast
Immortalization and selection processes were done as previously described
(Chaouch et al., 2009; Mamchaoui et al., 2011). Briefly, TERT and Cdk4
cDNAs were cloned into different lentiviral vectors containing puromycin
and neomycin selection markers, respectively. Myoblasts were transduced
with both TERT and Cdk4 lentiviral vectors while fibroblasts were
transduced with TERT vectors only, with a MOI of 3-5 in the presence of
4 µg/ml of polybrene (Sigma-Aldrich). Transduced cell cultures were
selected with puromycin (0.2 μg/ml) and/or neomycin (0.3 mg/ml) for
8 days. Transduced cells were seeded at clonal density and selected
individual clones were isolated from each population. For conditional
expression of MYOD1, immortalized fibroblasts were transduced with
lentiviral vectors expressing murine Myod1 cDNA under the control of a
Tet-on inducible construct (Barde et al., 2006).

Fluorescent in situ hybridization and immunofluorescence
FISH experiments were done as previously described (Francois et al.,
2011) using a Cy3-labeled 2′OMe (CAG)7 or (CAGG)5 probe.
Immunofluorescence (IF) experiments were done as previously described
(Klein et al., 2008) using anti-desmin antibody (D33 clone; 1:50, DAKO,
M0760). Combined FISH-IF experiments were done using a Cy3-labeled
(CAG)7 probe and a monoclonal anti-MBNL1 antibody (MB1a; gift from
G. Morris, (Institute for Science and Technology in Medicine, Keele
University, UK, 1:200) followed by a secondary Alexa Fluor 488-
conjugated goat anti-mouse (1:500, Life Technologies, A-11029)
antibody. Pictures were captured using an Olympus BX60 microscope
and Metamorph software (Molecular Devices), and processed with Adobe
Photoshop software. Fusion index of differentiated muscle cell cultures was
calculated as a percentage of nuclei inside myotubes (>2 myonuclei) to the
total number of nuclei in desmin-positive cells.

RNA isolation and RT-PCR
TotalRNAswere isolated usingTRIzol reagent (Life Technologies) according
to the manufacturer’s protocol. One µg of RNAwas reverse transcribed using
M-MLV first-strand synthesis system according to the manufacturer’s
instructions (Life Technologies) in a total volume of 20 µl. One microliter of
cDNA preparation was subsequently used for PCR according to standard
procedures (ReddyMix, Thermo Scientific). Primers used to analyze the
splicing profiles of the different transcripts are indicated in Table 1.

Antisense treatments
For hU7-(CAG)15 expression, 1.5×105 immortalized DM1 myoblasts were
transduced with 1×107 vg/ml of hU7-(CAG)15 lentiviral vectors.
Transduction was performed twice for 4 h in the presence of 4 µg/ml of
polybrene (Sigma-Aldrich) and the transduced cells were grown at least
1 week before differentiation and/or analyses. For ASO treatment,
proliferating immortalized DM1 myoblasts or myotubes-converted DM1
fibroblast cell lines (after 4 days of differentiation) were transfected with
2 µg/ml of 2-OMe-PT-(CAG)7 ASOs using RNAiMax transfection reagent
(Life Technologies) according to the manufacturer’s protocol. Cells were
harvested for analysis 24 h after transfection.

Southern blot analysis
Ten micrograms of genomic DNA were digested by HindIII and SacI and
subjected to 0.7% agarose gel electrophoresis for 48 h with 1 kb Ladder
(New England Biolabs) as molecular size markers. After denaturation (1 M
NaOH) and neutralization (1 M Tris-HCl, 3 M NaCl, pH 8.3), DNA was
transferred to a Hybond-N membrane in 6× SSC. Hybridization was carried
out using a pM10M6 32P-labeled probe, a 1.4 kb BamHI fragment
containing the CTG repeat tract (Brook et al., 1992; Furling et al., 2001).
The membrane was then washed and analyzed by autoradiography. The size
of the CTG repeat was measured using ImageJ software and the value was
determined from the middle of the smear. DNA isolated from control cells
were used as a negative control.

RNA sequencing and analysis
Total strand RNA-seq was performed by the Centre National de Génotypage
(Institut de Génomique, CEA). After complete RNA quality control on each
sample (quantification in duplicate and RNA6000 Nano LabChip analysis
on Bioanalyzer from Agilent), libraries were prepared using the TruSeq
Stranded Total RNA with Ribo-Zero Kit (Illumina), with an input of 1 µg.
Library quality was checked by Bioanalyzer analysis, and sample libraries
were pooled before sequencing to reach the expected sequencing depth.
Sequencing was performed on an Illumina HiSeq2000 as paired-end 100 bp
reads, using Illumina TruSeq V3 reagents

RNA-seq reads were trimmed using Trimmomatic (Bolger et al., 2014)
and aligned to human transcriptome using Tophat2 (Kim et al., 2013). Raw
count tables were calculated using HT-seq (Anders et al., 2012) and
differential splicing events between two groups of samples were identified
using DEX-seq [FDR≤0.1, abs(log2 fold change)≥0.58] (Anders et al.,
2012). A minimum read coverage of 30 was required in at least one
condition to performed analysis at exon level. After analysis, a manual
curation was performed to remove remaining technical artefacts and
precisely annotate alternative splicing events.

Statistical analysis
All group data are expressed as mean±s.e.m. Between groups, the
comparison was performed by Mann-Whitney test or one-way ANOVA
with Newman-Keuls post-test using Prism 5 software (GraphPad).
Differences between groups were considered significant when P<0.05
(*P<0.05; **P<0.01; ***P<0.001).
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Table 1. Primers used in the PCR analysis of the splicing profile of DM specific misregulated transcripts

Transcript Forward (5′-3′) Reverse (5′-3′) Source

ATP2A1 exon 22 ATCTTCAAGCTCCGGGCCCT CAGCTCTGCCTGAAGATGTG Kimura et al., 2005
BIN exon 11 AGAACCTCAATGATGTGCTGG TCGTGTTGACTCTGATCTCGG Fugier et al., 2011
DMD exon 78 TTAGAGGAGGTGATGGAGCA GATACTAAGGACTCCATCGC Rau et al., 2015
IR exon 11 CCAAAGACAGACTCTCAGAT AACATCGCCAAGGGACCTGC Savkur et al., 2001
LDB3 exon 11 GCAAGACCCTGATGAAGAAGCTC GACAGAAGGCCGGATGCTG Francois et al., 2011
MBNL1 exon 7 GCTGCCCAATACCAGGTCAAC TGGTGGGAGAAATGCTGTATGC Present study
TNNT2 exon 5 ATAGAAGAGGTGGTGGAAGAGTAC GTCTCAGCCTCTGCTTCAGCATCC Philips et al., 1998
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González-Barriga, A., Mulders, S. A. M., van de Giessen, J., Hooijer, J. D., Bijl,
S., van Kessel, I. D. G., van Beers, J., van Deutekom, J. C. T., Fransen,
J. A. M., Wieringa, B. et al. (2013). Design and analysis of effects of triplet repeat
oligonucleotides in cell models for myotonic dystrophy.Mol Ther Nucleic Acids 2,
e81.

Groh, W. J., Groh, M. R., Shen, C., Monckton, D. G., Bodkin, C. L. and Pascuzzi,
R. M. (2011). Survival and CTG repeat expansion in adults with myotonic
dystrophy type 1. Muscle Nerve. 43, 648-651.

Harper, P. S. (2001). The genetic basis of myotonic dystrophy. In Myotonic
Dystrophy (ed. W. Saunders), pp. 307-363. London: Harcourt Publishers.

Hayflick, L. (1965). The limited in vitro lifetime of human diploid cell strains.Exp. Cell
Res. 37, 614-636.

Holt, I., Mittal, S., Furling, D., Butler-Browne, G. S., Brook, J. D. andMorris, G. E.
(2007). Defective mRNA in myotonic dystrophy accumulates at the periphery of
nuclear splicing speckles. Genes Cells 12, 1035-1048.

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R. and Salzberg, S. L.
(2013). TopHat2: accurate alignment of transcriptomes in the presence of
insertions, deletions and gene fusions. Genome Biol. 14, R36.

Kimura, T., Nakamori, M., Lueck, J. D., Pouliquin, P., Aoike, F., Fujimura, H.,
Dirksen, R. T., Takahashi, M. P., Dulhunty, A. F. and Sakoda, S. (2005). Altered
mRNA splicing of the skeletal muscle ryanodine receptor and sarcoplasmic/
endoplasmic reticulum Ca2+-ATPase in myotonic dystrophy type 1. Hum. Mol.
Genet. 14, 2189-2200.

Klein, A. F., Ebihara, M., Alexander, C., Dicaire, M.-J., Sasseville, A. M.-J.,
Langelier, Y., Rouleau, G. A. and Brais, B. (2008). PABPN1 polyalanine tract
deletion and long expansions modify its aggregation pattern and expression. Exp.
Cell Res. 314, 1652-1666.

Klein, A. F., Gasnier, E. and Furling, D. (2011). Gain of RNA function in
pathological cases: focus on myotonic dystrophy. Biochimie 93, 2006-2012.

Klein, A. F., Dastidar, S., Furling, D. and Chuah, M. K. (2015). Therapeutic
approaches for dominant muscle diseases: highlight on myotonic dystrophy.Curr.
Gene Ther. 15, 329-337.

Lattanzi, L., Salvatori, G., Coletta, M., Sonnino, C., Cusella De Angelis, M. G.,
Gioglio, L., Murry, C. E., Kelly, R., Ferrari, G., Molinaro, M. et al. (1998). High
efficiency myogenic conversion of human fibroblasts by adenoviral vector-
mediated MyoD gene transfer. An alternative strategy for ex vivo gene therapy
of primary myopathies. J. Clin. Invest. 101, 2119-2128.

Larsen, J., Pettersson, O. J., Jakobsen, M., Thomsen, R., Pedersen, C. B.,
Hertz, J. M., Gregersen, N., Corydon, T. J. and Jensen, T. G. (2011). Myoblasts
generated by lentiviral mediated MyoD transduction of myotonic dystrophy type 1
(DM1) fibroblasts can be used for assays of therapeutic molecules. BMC Res.
Notes 4, 490.

Laustriat, D., Gide, J., Barrault, L., Chautard, E., Benoit, C., Auboeuf, D.,
Boland, A., Battail, C., Artiguenave, F., Deleuze, J.-F. et al. (2015). In vitro and

496

RESOURCE ARTICLE Disease Models & Mechanisms (2017) 10, 487-497 doi:10.1242/dmm.027367

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

http://dmm.biologists.org/lookup/doi/10.1242/dmm.027367.supplemental
http://dmm.biologists.org/lookup/doi/10.1242/dmm.027367.supplemental
http://dx.doi.org/10.1083/jcb.200206020
http://dx.doi.org/10.1083/jcb.200206020
http://dx.doi.org/10.1083/jcb.200206020
http://dx.doi.org/10.1101/gr.133744.111
http://dx.doi.org/10.1101/gr.133744.111
http://dx.doi.org/10.1016/j.ymthe.2005.09.012
http://dx.doi.org/10.1016/j.ymthe.2005.09.012
http://dx.doi.org/10.1016/j.ymthe.2005.09.012
http://dx.doi.org/10.2353/ajpath.2009.080560
http://dx.doi.org/10.2353/ajpath.2009.080560
http://dx.doi.org/10.2353/ajpath.2009.080560
http://dx.doi.org/10.2353/ajpath.2009.080560
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.3390/genes4020275
http://dx.doi.org/10.3390/genes4020275
http://dx.doi.org/10.3390/genes4020275
http://dx.doi.org/10.1016/0092-8674(92)90154-5
http://dx.doi.org/10.1016/0092-8674(92)90154-5
http://dx.doi.org/10.1016/0092-8674(92)90154-5
http://dx.doi.org/10.1016/0092-8674(92)90154-5
http://dx.doi.org/10.1016/0092-8674(92)90154-5
http://dx.doi.org/10.4081/990
http://dx.doi.org/10.4081/990
http://dx.doi.org/10.4081/990
http://dx.doi.org/10.5966/sctm.2015-0224
http://dx.doi.org/10.5966/sctm.2015-0224
http://dx.doi.org/10.5966/sctm.2015-0224
http://dx.doi.org/10.5966/sctm.2015-0224
http://dx.doi.org/10.1038/nbt.3297
http://dx.doi.org/10.1038/nbt.3297
http://dx.doi.org/10.1038/nbt.3297
http://dx.doi.org/10.1038/nbt.3297
http://dx.doi.org/10.1089/hum.2008.163
http://dx.doi.org/10.1089/hum.2008.163
http://dx.doi.org/10.1089/hum.2008.163
http://dx.doi.org/10.1089/hum.2008.163
http://dx.doi.org/10.1089/hum.2008.163
http://dx.doi.org/10.1089/hum.2008.163
http://dx.doi.org/10.1016/S1097-2765(02)00572-5
http://dx.doi.org/10.1016/S1097-2765(02)00572-5
http://dx.doi.org/10.1016/S1097-2765(02)00572-5
http://dx.doi.org/10.1016/j.nmd.2006.12.010
http://dx.doi.org/10.1016/j.nmd.2006.12.010
http://dx.doi.org/10.1016/j.nmd.2006.12.010
http://dx.doi.org/10.1016/j.nmd.2006.12.010
http://dx.doi.org/10.1074/jbc.M410781200
http://dx.doi.org/10.1074/jbc.M410781200
http://dx.doi.org/10.1074/jbc.M410781200
http://dx.doi.org/10.1073/pnas.94.14.7388
http://dx.doi.org/10.1073/pnas.94.14.7388
http://dx.doi.org/10.1073/pnas.94.14.7388
http://dx.doi.org/10.1073/pnas.94.14.7388
http://dx.doi.org/10.1016/j.nmd.2004.09.012
http://dx.doi.org/10.1016/j.nmd.2004.09.012
http://dx.doi.org/10.1006/dbio.1994.1193
http://dx.doi.org/10.1006/dbio.1994.1193
http://dx.doi.org/10.1006/dbio.1994.1193
http://dx.doi.org/10.1093/hmg/11.7.805
http://dx.doi.org/10.1093/hmg/11.7.805
http://dx.doi.org/10.1093/hmg/11.7.805
http://dx.doi.org/10.1093/hmg/11.7.805
http://dx.doi.org/10.1038/nsmb.1958
http://dx.doi.org/10.1038/nsmb.1958
http://dx.doi.org/10.1038/nsmb.1958
http://dx.doi.org/10.1126/science.1546326
http://dx.doi.org/10.1126/science.1546326
http://dx.doi.org/10.1126/science.1546326
http://dx.doi.org/10.1126/science.1546326
http://dx.doi.org/10.1038/nm.2374
http://dx.doi.org/10.1038/nm.2374
http://dx.doi.org/10.1038/nm.2374
http://dx.doi.org/10.1038/nm.2374
http://dx.doi.org/10.1093/hmg/10.19.2079
http://dx.doi.org/10.1093/hmg/10.19.2079
http://dx.doi.org/10.1093/hmg/10.19.2079
http://dx.doi.org/10.1038/mt.2016.97
http://dx.doi.org/10.1038/mt.2016.97
http://dx.doi.org/10.1038/mt.2016.97
http://dx.doi.org/10.1038/mt.2016.97
http://dx.doi.org/10.1007/s00418-012-0984-6
http://dx.doi.org/10.1007/s00418-012-0984-6
http://dx.doi.org/10.1007/s00418-012-0984-6
http://dx.doi.org/10.1016/j.molmed.2011.05.004
http://dx.doi.org/10.1016/j.molmed.2011.05.004
http://dx.doi.org/10.1016/j.molmed.2011.05.004
http://dx.doi.org/10.1038/mtna.2013.9
http://dx.doi.org/10.1038/mtna.2013.9
http://dx.doi.org/10.1038/mtna.2013.9
http://dx.doi.org/10.1038/mtna.2013.9
http://dx.doi.org/10.1038/mtna.2013.9
http://dx.doi.org/10.1002/mus.21934
http://dx.doi.org/10.1002/mus.21934
http://dx.doi.org/10.1002/mus.21934
http://dx.doi.org/10.1016/0014-4827(65)90211-9
http://dx.doi.org/10.1016/0014-4827(65)90211-9
http://dx.doi.org/10.1111/j.1365-2443.2007.01112.x
http://dx.doi.org/10.1111/j.1365-2443.2007.01112.x
http://dx.doi.org/10.1111/j.1365-2443.2007.01112.x
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://dx.doi.org/10.1093/hmg/ddi223
http://dx.doi.org/10.1093/hmg/ddi223
http://dx.doi.org/10.1093/hmg/ddi223
http://dx.doi.org/10.1093/hmg/ddi223
http://dx.doi.org/10.1093/hmg/ddi223
http://dx.doi.org/10.1016/j.yexcr.2008.02.005
http://dx.doi.org/10.1016/j.yexcr.2008.02.005
http://dx.doi.org/10.1016/j.yexcr.2008.02.005
http://dx.doi.org/10.1016/j.yexcr.2008.02.005
http://dx.doi.org/10.1016/j.biochi.2011.06.028
http://dx.doi.org/10.1016/j.biochi.2011.06.028
http://dx.doi.org/10.2174/1566523215666150630120537
http://dx.doi.org/10.2174/1566523215666150630120537
http://dx.doi.org/10.2174/1566523215666150630120537
http://dx.doi.org/10.1172/JCI1505
http://dx.doi.org/10.1172/JCI1505
http://dx.doi.org/10.1172/JCI1505
http://dx.doi.org/10.1172/JCI1505
http://dx.doi.org/10.1172/JCI1505
http://dx.doi.org/10.1038/mtna.2015.35
http://dx.doi.org/10.1038/mtna.2015.35


in vivo modulation of alternative splicing by the biguanide metformin. Mol. Ther.
Nucleic Acids 4, e262.

Lavedan, C., Hofmann-Radvanyi, H., Shelbourne, P., Rabes, J. P., Duros, C.,
Savoy, D., Dehaupas, I., Luce, S., Johnson, K. and Junien, C. (1993). Myotonic
dystrophy: size- and sex-dependent dynamics of CTG meiotic instability, and
somatic mosaicism. Am. J. Hum. Genet. 52, 875-883.

Lin, X., Miller, J. W., Mankodi, A., Kanadia, R. N., Yuan, Y., Moxley, R. T.,
Swanson, M. S. and Thornton, C. A. (2006). Failure of MBNL1-dependent post-
natal splicing transitions in myotonic dystrophy. Hum. Mol. Genet. 15, 2087-2097.

Liquori, C. L., Ricker, K., Moseley, M. L., Jacobsen, J. F., Kress, W., Naylor,
S. L., Day, J. W. and Ranum, L. P. (2001). Myotonic dystrophy type 2 caused by a
CCTG expansion in intron 1 of ZNF9. Science 293, 864-867.

Loro, E., Rinaldi, F., Malena, A., Masiero, E., Novelli, G., Angelini, C., Romeo, V.,
Sandri, M., Botta, A. and Vergani, L. (2010). Normal myogenesis and increased
apoptosis in myotonic dystrophy type-1 muscle cells. Cell Death Differ. 17,
1315-1324.

Mahadevan, M., Tsilfidis, C., Sabourin, L., Shutler, G., Amemiya, C., Jansen, G.,
Neville, C., Narang, M., Barcelo, J., O’Hoy, K. et al. (1992). Myotonic dystrophy
mutation: an unstable CTG repeat in the 3′ untranslated region of the gene.
Science 255, 1253-1255.

Mamchaoui, K., Trollet, C., Bigot, A., Negroni, E., Chaouch, S., Wolff, A.,
Kandalla, P. K., Marie, S., Di Santo, J., St Guily, J. L. et al. (2011). Immortalized
pathological human myoblasts: towards a universal tool for the study of
neuromuscular disorders. Skelet Muscle 1, 34.

Mankodi, A., Urbinati, C. R., Yuan, Q. P., Moxley, R. T., Sansone, V., Krym, M.,
Henderson, D., Schalling, M., Swanson, M. S. and Thornton, C. A. (2001).
Muscleblind localizes to nuclear foci of aberrant RNA in myotonic dystrophy types
1 and 2. Hum. Mol. Genet. 10, 2165-2170.

Marteyn, A., Maury, Y., Gauthier, M. M., Lecuyer, C., Vernet, R., Denis, J. A.,
Pietu, G., Peschanski, M. and Martinat, C. (2011). Mutant human embryonic
stem cells reveal neurite and synapse formation defects in type 1 myotonic
dystrophy. Cell Stem Cell 8, 434-444.

Miller, J. W., Urbinati, C. R., Teng-Umnuay, P., Stenberg, M. G., Byrne, B. J.,
Thornton, C. A. and Swanson, M. S. (2000). Recruitment of human muscleblind
proteins to (CUG)(n) expansions associated with myotonic dystrophy. EMBO J.
19, 4439-4448.

Mulders, S. A. M., van den Broek, W. J. A. A., Wheeler, T. M., Croes, H. J. E., van
Kuik-Romeijn, P., de Kimpe, S. J., Furling, D., Platenburg, G. J., Gourdon, G.,
Thornton, C. A. et al. (2009). Triplet-repeat oligonucleotide-mediated reversal of
RNA toxicity inmyotonic dystrophy.Proc. Natl. Acad. Sci. USA 106, 13915-13920.

Nakamori, M., Sobczak, K., Puwanant, A., Welle, S., Eichinger, K., Pandya, S.,
Dekdebrun, J., Heatwole, C. R., McDermott, M. P., Chen, T. et al. (2013).
Splicing biomarkers of disease severity in myotonic dystrophy. Ann. Neurol. 74,
862-872.

Pandey, S. K., Wheeler, T. M., Justice, S. L., Kim, A., Younis, H. S., Gattis, D.,
Jauvin, D., Puymirat, J., Swayze, E. E., Freier, S. M. et al. (2015). Identification
and characterization of modified antisense oligonucleotides targeting DMPK in
mice and nonhuman primates for the treatment of myotonic dystrophy type 1.
J. Pharmacol. Exp. Ther. 355, 329-340.

Pantic, B., Borgia, D., Giunco, S., Malena, A., Kiyono, T., Salvatori, S., De Rossi,
A., Giardina, E., Sangiuolo, F., Pegoraro, E. et al. (2016). Reliable and versatile
immortal muscle cell models from healthy and myotonic dystrophy type 1 primary
human myoblasts. Exp. Cell Res. 342, 39-51.

Pelletier, R., Hamel, F., Beaulieu, D., Patry, L., Haineault, C., Tarnopolsky, M.,
Schoser, B. and Puymirat, J. (2009). Absence of a differentiation defect in
muscle satellite cells from DM2 patients. Neurobiol. Dis. 36, 181-190.

Philips, A. V., Timchenko, L. T. and Cooper, T. A. (1998). Disruption of splicing
regulated by a CUG-binding protein in myotonic dystrophy.Science 280, 737-741.
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