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Figure S1. CRISPR/Cas9-mediated excision of the DMPK (CTG)2600 repeat results in loss of intranuclear 
RNA foci and MBNL1 aggregates in cDM myoblasts. (A) Schematic outline of the CRISPR/Cas9 editing 
procedure by which the panel of isogenic myoblast clones used in this study was obtained. The panel 
consists of four cell lines with (CTG)13 and (CTG)2600 alleles, i.e. the parental cell line itself originating 
from an 11-year old female patient with DM1 (Mamchaoui et al., 2011; Arandel et al., 2017) and three 
non-modified clonal derivatives (4F9, EA11, EA7); one edited clone that had retained only the normal 
(CTG)13 tract (1E6), and three clones that had both the normal and expanded repeat tracts fully 
removed (3E3, 3B11, 4A3), i.e. the CTG sequence and an additional 11 bps upstream and 51 bps 
downstream (Van Agtmaal et al., 2017). (B) Images of DMPK (CUG)2600 ribonuclear foci using FISH 
analysis with the (CAG)6 LNA probe (red). Representative pictures of intranuclear RNA foci in one 
myoblast line with and one line without the (CTG)2600 repeat are shown. Nuclei were stained with DAPI 
(blue). Bar = 100 µm. (C) Quantification of RNA foci in the myoblast lines with and without repeat. Each 
symbol represents the number of foci in one nucleus (mean ± SEM; n = 28-318 (average 110) nuclei per 
cell line). ***p<0.001 (one-way ANOVA). (D) Representative images of MBNL1 immunofluorescence 
analyses on 4F9-13/2600 and 3B11-Δ/Δ cell lines. Bar = 20 µm (E) Quantification of nuclear MBNL1 foci 
in repeat-containing cell lines (mean ± SEM, one-way ANOVA). n/a = not analyzed. 
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Figure S2. CRISPR/Cas9-mediated excision of the DMPK (CTG)2600 repeat results in loss of intranuclear 

RNA foci in cDM myotubes. Images of DMPK (CUG)2600 ribonuclear foci using FISH analysis with the 

(CAG)6 LNA probe (red). Representative images of intranuclear RNA foci in (A) one myogenic cell line 

with and (B) one line without repeat are shown. MHC staining in green and DAPI in blue. White squares 

indicate the magnified region shown on the right. (C) Quantification of RNA foci in myotubes of four 

lines with and one line without repeat. Each symbol represents the number of foci in one nucleus (mean 

± SEM; n=104, 113, 70, 147, and 64 nuclei, respectively). ****p<0.001 (2-way ANOVA).  
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Figure S3. Proliferation capacity of myoblasts with and without expanded (CTG)2600 repeat. (A) 

Myoblasts with Ki67-positive nuclei during non-confluent in vitro culture, at day -2 before the onset of 

myogenic differentiation (mean ± SEM, n=3) (B) Myoblasts in S-phase during a one-hour EdU 

incorporation in non-confluent cell culture (mean ± SEM, n=3). 
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Figure S4. Excision of the (CTG)2600 repeat alters the temporal expression of myogenic progression 
markers to an expression pattern similar to the expression of an unaffected control cell line. RNA 
expression for structural muscle proteins DMD, MHCp and MHCe. Each data point shows mean ± SEM of 
the four different cell lines either with or without the (CTG)2600 repeat expansion, and non-isogenic 
control line C25 (See also Fig. 5G-I). 

 

 

 

 

 

 

Figure S5. CELF1 protein expression during myogenesis. Western blot images of representative cell lines 

with (4F9-13/2600) and without (4A3-ΔΔ) the (CTG)2600 repeat (left). Quantification of the western blot 

signals, using GAPDH as loading control, is shown at the right.  
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Figure S6. Comparative RT-PCR analysis of BIN-1, DMD, SERCA-1 and LDB3 splicing in cells with and 

without (CTG)2600 repeat, and non-isogenic control line C25, after five days of differentiation. Note 

that typical embryonic splicing patterns were reverted to the normal adult modes of splicing in lines 

without (CTG)2600 repeat expansion, similar to those in the control line. *p<0.05, **p<0.01, 

***p<0.001. 

  



7 
 

Background information on DEGs and DEPs listed in Table S1 and Table S2. 
 
DEGs in Table S1: 
XIRP2 (Xin Actin Binding Repeat Containing 2): Exclusively expressed in striated muscle cells, believed to 
play an important role in development. Xin (encoded by XIRP1) and XIRP2 proteins are concentrated at 
attachment sites of myofibrils. Xin and XIRP2 protein interactions are important during the process 
during which myofibril are build or rebuild [1,2]. 
 
FRG1 (FSHD Muscular Dystrophy Region Gene 1): In C2C12 cell lines overexpression of FRG1 showed a 
myoblast fusion defect upon differentiation. Also myoblast isolated from mice overexpressing FRG1 
(showing an FSHD muscular dystrophy phenotype) showed a fusion defect [3]. FRG1 has been suggested 
as an epigenetic regulator of muscle differentiation [4]. 
 
NGFR (Nerve Growth Factor Receptor): Cell surface receptor that is enriched on hPSC-SMPCs (human 
pluripotent stem cell – skeletal muscle progenitor cells). Cells positive for NGFR (and ERBB3) were the 
most myogenic and able to form myotubes more efficiently in vitro [5]. Furthermore, NGFR 
overexpression in C2C12 leads to enhanced muscle differentiation [6]. 
 
TIE1 (Tyrosine kinase with Immunoglobulin-like and EGF-like domains 1): Cognate receptor of 
Angiopoietin 1. Tie1 mRNA increases during muscle cell differentiation in vitro [7]. 
 
IGFBP5 (Insulin-like Growth Factor Binding Protein 5): Promotes skeletal muscle development [8] and 
reduction of IGFBP5 (along with myogenin and IGF1) is associated with myotube loss and reduced 
myogenic differentiation in C2C12 cells [9]. 
 
ADRA1D (Adrenoceptor Alpha 1D): ADRA1D is associated with myotube survival and reduction in 
ADRA1D levels are associated with reduced myogenic differentiation in C2C12 cells [9]. 
 
SOCS2 (Suppressor Of Cytokine Signaling 2): A signaling molecule for the NFkB cascade [10] that 
interferes with myotube formation through upregulation of JunB in C2C12 cells [11]. 
 
RUNX1T1 (RUNX1 Translocation Partner 1): RUNX1T1 plays a role in stem cell differentiation as low 
levels of RUNX1T1 are detected in undifferentiated ESCs and a gradual increase is observed during 
differentiation [12]. 
 
CYFIP2 (Cytoplasmic FMR Interacting Protein 2): CYFIP2 expression is reduced in mesenchymal stem cells 
derived from ALS patients compared to healthy control subjects [13]. 
 
FILIP1L (Filamin A Interacting Protein 1 Like): Knockdown of Filip1 inhibits myogenic differentiation in 
C2C12 cells [14]. 
 
FLRT2 (Fibronectin Leucine-Rich Transmembrane Protein 2): FLRT2 is expressed in heart, skeletal muscle 
and pancreas. Acts as FGF regulator together with other FLRTs by interacting with FGFR1 during (mouse) 
embryogenesis [15]. 
 
EDN1 (Endothelin 1): EDN1 impairs insulin-stimulated glucose uptake and was found to be the key gene 
with an increased expression in C2C12 cells after treatment with a strong differentiation inhibitor 
(GDF8) [16]. 
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GLUL (Glutamate-Ammonia Ligase): GLUL is also known as glutamine synthetase (GS) and was previously 
shown to be upregulated in various conditions causing muscle atrophy, usually accompanied by an 
increase in FOXO1 expression. An increase in expression of the latter gene was not detected in repeat-
containing cells [17,18]. 
 
LAPTM5 (Lysosomal Transmembrane 5): LAPTM5 is highly expressed in haematopoeitic tissues and only 
lowly in muscle, whose protein product is post-translationally modified, has a role in embryonic 
development and cell-cycle and apoptosis regulation via involvement in endosomal-lysosomal transport 
and autophagy in various cell types. A role for this protein - together with its partner CD53 - in efficient 
formation of myofibers in regenerating muscle at the level of cell fusion has been suggested [2,19]. 
 
ABCG2 (ATP Binding Cassette Subfamily G Member 2): ABCG2 is a gene that participates in muscle 
regeneration and can be a source of satellite cell replenishment [20,21]. 
 
PDE3A (Phosphodiesterase 3A): PDE3A together with its isoform PDE3B is involved in regulation of Ca2+ 
channel physiology and apoptosis of myocytes [22,23]. 
 
BMPR1B (Bone Morphogenetic Protein Receptor Type 1B): BMPR1B is a protein with a role in BMP 
signaling, a process with a known role in the inhibition of early myogenesis [2,24]. 
 
CASP1 (Caspase 1): Caspases have a role in proteolysis control, as an essential regulatory process in early 
myogenesis [25–27]. 
 
MMP23B (Matrix Metallopeptidase 23B): MMP23B is a gene expressed in prenatal skeletal muscle 
[28,29]. 
 
DCN (Decorin): DCN may be involved in normal muscle differentiation during embryonic myogenesis via 
regulation of myoblast density by control of migration [2,30–33]. 
 
 
DEPs in Table S2: 
MT2A (Metallothionein-2): Silencing of MT1 and MT2 results in activation of the Akt pathway and 
increases myotube size in type IIb fiber hypertrophy and increases muscle strength [34]. 
 
MBNL (Muscleblind-Like Protein 1): CUG/CCUG expansion transcripts sequester MBNL1 protein in DM1 
and DM2 and lower MBNL1 protein levels are reported in DM1. Overexpression of MBNL1 in mouse 
models rescues myopathy and myotonia [35,36]. 
 
CA3 (Carbonic Anhydrase 3): Elevated CA3 levels are found in blood from Duchenne and Becker 
muscular dystrophy patients [37], but CA3 was among the downregulated genes in FSHD patients [2]. 
 
AGL (Glycogen Debranching Enzyme): AGL is among the important players in energy metabolism and is 
significantly down-regulated in ALS muscle tissue [38]. AGL is upregulated during myogenesis [39]. 
 
FABP5 (Fatty Acid-Binding Protein 5): Along with FABP4, FABP5 has a crucial role in nutrient homeostasis 
during prolonged fasting and exercise [40] and is downregulated during FSHD myogenesis [2]. 
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MYOZ2 (Myozenin-2): MYOZ2 is a z-disk protein that specifically binds calcineurin [41]. MYOZ2 is 
involved in hypertrophic cardiomyopathy [42]. Loss of MYOZ2 and MYOZ1 leads to pronounced loss of 
type-II muscle fibers in double knock-out mice [43]. MEF2A is bound to MYOZ2, and is thought to 
regulate myoblast differentiation via regulating MYOZ2 [44]. 
 
SP100 (Nuclear Autoantigen Sp-100): SP100 is a transcriptional regulator. Its expression levels are found 
to be decreased in patients with ischemic cardiomyopathy [45]. 
 
TIMP1 (Metalloproteinase Inhibitor 1): Epigenetic reprogramming of TIMP1 plays a role in smooth 
muscle responses to mechanical signals [46]. When cardiac function decreases, TIMP1 levels are 
decreased as well and are thought to be involved in myocardial remodeling [47]. 
 
NCAM1 (Neural Cell Adhesion Molecule 1): NCAM1 levels are increased in neuromuscular junction 
denervation in age related denervation and loss of skeletal muscle mass and function [48]. 
 
COL12A1 (Collagen Alpha-1(XII) chain): Loss-of-function mutations in COL12A1 underly a muscle and 
connective tissue disorder [5,49,50]. 
 
ITGA4 (Integrin Alpha-4): ITGA4 is a target gene of the let-7 family members, which are highly 
dysregulated in mdm mouse diaphragm. Overexpression of let-7 family members leads to decreased 
expression of ITGA4 (among other targets) [51]. 
 
SDC3 (Syndecan-3): SDC3 is a transmembrane proteoglycan expressed in developing skeletal muscle 
tissue and on activated satellite cells, suggesting a role in muscle development, homeostasis and 
regeneration [52–54]. SDC3 null mice show improved myogenesis and improved muscle ageing [55]. 
 
CDK6 (Cyclin-Dependent Kinase 6): CDK6, CDK2 and CDK4 are the G1 CDK enzymes. In C2C12 cells CDK6 
activity is low in both proliferating myoblasts as differentiated myotubes, while CDK2 and CDK4 activity 
decreases during differentiation [56,57]. 
 
SDC2 (Syndecan-2): SDC2 is a surface marker on PAX7-induced myogenic progenitors, which allows for 
isolation of myogenic progenitor cells [58]. 
 
TPM2 (Tropomyosin Beta Chain): TPM2 is predominantly expressed in skeletal muscle, both in type I as 
in type II muscle fibers. Mutations in this gene have been linked to different forms of congenital 
myopathies [59,60]. 
 
HMGN1 (Non-Histone Chromosomal Protein HMG-14): HMGN1 binds to chromatin without DNA 
sequence specificity [61]. While early reports showed how HMGN1 can prevent myogenesis when 
ectopically expressed in myoblasts [62] an HMGN1-null mouse model later showed no muscle 
differentiation problems [61]. HMGN1 protein shows a gradual decline during myogenic differentiation 
as a consequence of cell cycle arrest. 
 
NID2 (Nidogen-2): Inhibition of NID1 and NID2 interferes with basement membrane stabilization. In 
NID1 knock-out mice, NID2 is upregulated as compensation mechanism in heart and muscle [63]. 
However, in C2C12 NID1 declines dramatically during myogenesis while NID2 remained stable [64]. 
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ITGA11 (Integrin Alpha-11): ITGA11 is a collagen receptor. Its mRNA and protein levels are upregulated 
during myogenic differentiation in skeletal muscle [65,66]. 
 
S100A4 (Protein S100-A4): S100A4 induces proliferation and migration of vascular smooth muscle cells 
[67] and is among the genes upregulated during FSHD myogenesis [2]. 
 
TNNT2 (Troponin T, Cardiac Muscle): TNNT2 is primarily located in cardiac muscle [68], embryonic 
TNNT2 isoforms re-expression in DM1 adult heart muscle is associated with diminished cardiac 
efficiency [69]. 
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