
fnins-15-686735 June 21, 2021 Time: 18:27 # 1

BRIEF RESEARCH REPORT
published: 28 June 2021

doi: 10.3389/fnins.2021.686735

Edited by:
Stojan Z. Peric,

University of Belgrade, Serbia

Reviewed by:
Giovanni Meola,

University of Milan, Italy
Ralf Krahe,

University of Texas MD Anderson
Cancer Center, United States

*Correspondence:
Peter Meinke

Peter.Meinke@med.uni-muenchen.de

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Neurogenomics,
a section of the journal

Frontiers in Neuroscience

Received: 27 March 2021
Accepted: 07 June 2021
Published: 28 June 2021

Citation:
Hintze S, Mensel R, Knaier L,

Schoser B and Meinke P (2021)
CTG-Repeat Detection in Primary

Human Myoblasts of Myotonic
Dystrophy Type 1.

Front. Neurosci. 15:686735.
doi: 10.3389/fnins.2021.686735

CTG-Repeat Detection in Primary
Human Myoblasts of Myotonic
Dystrophy Type 1
Stefan Hintze†, Raphaela Mensel†, Lisa Knaier, Benedikt Schoser and Peter Meinke*

Department of Neurology, LMU Klinikum, Friedrich-Baur-Institute, Ludwig-Maximilians-University Munich, Munich, Germany

Myotonic dystrophy type 1 (DM1) is an autosomal dominant multisystemic disorder
caused by unstable CTG-repeat expansions in the DMPK gene. Tissue mosaicism has
been described for the length of these repeat expansions. The most obvious affected
tissue is skeletal muscle, making it the first target for therapy development. To date there
is no approved therapy despite some existing approaches. Thus, there is the demand
to further advance therapeutic developments, which will in return require several well-
characterized preclinical tools and model systems. Here we describe a modified method
to identify the CTG-repeat length in primary human myoblasts isolated from DM1
patients that requires less genomic DNA and avoids radioactive labeling. Using this
method, we show that primary human DM1 myoblast cultures represent a population of
cells with different CTG-repeat length. Comparing DNA from the identical muscle biopsy
specimen, the range of CTG-repeat length in the myoblast culture is within the same
range of the muscle biopsy specimen. In conclusion, primary human DM1 myoblast
cultures are a well-suited model to investigate certain aspects of the DM1 pathology.
They are a useful platform to perform first-line investigations of preclinical therapies.
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INTRODUCTION

Myotonic dystrophy type 1 (DM1) is caused by CTG-repeat expansions in the 3′ UTR
of the DMPK gene, which are inherited autosomal dominant. Clinically, DM1 is a slowly
progressing multisystemic disorder characterized by myotonia, muscle weakness, cataracts,
cardiac arrhythmia, and cardiomyopathy, insulin insensitivity and diabetes, testicular atrophy,
hypogammaglobulinemia, and involvement of the central nervous system (Udd and Krahe, 2012;
Meola and Cardani, 2015; Wenninger et al., 2018). Due to the predominant muscle involvement
and the approximate prevalence of 1:8,000 (Faustino and Cooper, 2003; Wheeler, 2008), DM1 is
considered to be the most frequent muscular dystrophy in adulthood. There is broad variability
of the clinical manifestation of the disease, which ranges from congenital to late adult onset
(Echenne and Bassez, 2013; De Antonio et al., 2016; Ho et al., 2019). This can be partly explained
by the length of the inherited repeat length, which shows a strong correlation with the age of
onset (Cumming et al., 2019; Overend et al., 2019), although there are other contributing factors
(Brunner et al., 1993).

Up to 35 CTG triplets in blood derived DNA are normal, a repeat length between 35 and 49
is considered to be a premutation (Udd and Krahe, 2012). Between 50 and ∼150 repeats have
been observed in a mild expression of the phenotype and ∼100 to ∼1,000 CTG repeats were
identified in patients with classical DM1. Repeats consisting of more than 1,000 CTG-triplets result
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in congenital DM, the most severe expression of the disease
(Redman et al., 1993). There is a somatic instability of the repeat
expansion which depends on age and repeat size (Wong et al.,
1995b) and results in mosaicism (Monckton et al., 1995a). In
skeletal muscle the repeat size has been shown to be between
3- and 25-fold higher as in leukocytes (Thornton et al., 1994;
Nakamori et al., 2013).

Clinical testing for DM1 is challenging due to the nature
of the mutation. The standard method to detect DM1 repeat
expansions is still Southern blot of genomic DNA, which is
usually performed on DNA isolated from leukocytes (Brook
et al., 1992; Kamsteeg et al., 2012). The disadvantages of this
method are that it requires large amounts of DNA and that the
detection is done by radioactive labeling, which warrants special
safety measures. Other methods used are PCR and fragment
size analysis by capillary electrophoresis, or triplet-primed PCR
followed by fragment size analysis or melt curve analysis (Warner
et al., 1996; Kamsteeg et al., 2012; Singh et al., 2014; Turner and
Hilton-Jones, 2014; Leferink et al., 2019).

To date there is no therapy available for DM1. The most
advanced approach, an antisense-oligonucleotide treatment used
for post-transcriptional silencing of DMPK, failed in a first
clinical trial to reach the sufficient concentration in muscle due
to inadequate biodistribution (LoRusso et al., 2018). Thus, there
is a demand for further work on development of therapies.
This requires the accessibility of suited preclinical tools and
model systems, which must be well-characterized. Available DM1
models include animal models like fruit flies, zebrafish, and mice
(Sicot and Gomes-Pereira, 2013; Plantié et al., 2015; Souidi et al.,
2018), immortalized human cells (Pantic et al., 2016; Arandel
et al., 2017), and primary human cell cultures (Savkur et al., 2001;
Renna et al., 2017; Hintze et al., 2018).

Considering the predominant muscle involvement in DM1,
the usage of primary human myoblasts has several potential
advantages. As they can be obtained from several patients,
a number of those cultures can be considered to stratify
phenotypic variability observed in DM1 patients. Furthermore,
they differentiate into myotubes, thus shifting the gene expression
profile toward the mature muscle, and proliferating cells allow
to investigate cell cycle effects. The latter is also a disadvantage,
primary cells enter into replicative senescence after a define
number of divisions which is inversely correlated with the
age of the donor (Hayflick, 1965). For muscle cells there
are roughly 15–20 divisions possible starting from a single
satellite cell (Renault et al., 2000), but this turnover number
is reduced in DM1 due to premature senescence (Bigot et al.,
2009). While this reflects on premature aging aspects of
DM1 (Meinke et al., 2018) it also restricts the amount of
available material.

Here we describe the characterization of the extended CTG-
repeat in primary human myoblasts cultures gained from
adult onset DM1 patients, using an adaption of a small-pool
PCR/Southern blot protocol (Gomes-Pereira et al., 2004) to
non-radioactive labeling. This allows to test the DM1 repeat
length using less material without special safety precautions
and hopefully extends the accessibility of well-characterized
preclinical model systems for testing new therapeutic avenues.

METHODS

Tissue Culture
Primary human myoblasts (Table 1) were obtained from the
Muscle Tissue Culture Collection (MTCC) at the Friedrich-Baur-
Institute (Department of Neurology, LMU Klinikum, Ludwig-
Maximilians-University, Munich, Germany). All materials were
obtained with written informed consent of the donor. Ethical
approval for this study was obtained from the ethical review
committee at the Ludwig-Maximilians-University, Munich,
Germany (reference 45-14).

Primary human myoblast from DM1 patients were
obtained from patients with adult onset (Table 1).
Primary human control myoblasts were obtained from
individuals who underwent standard diagnostics due to
some muscular issues, but in which neuromuscular disorders
have been excluded.

Myoblasts were grown at 37◦C with 5% CO2 in 10 cm
tissue culture plates. For cell growth skeletal muscle cell
growth medium (PeloBiotech, Munich, Germany), supplemented
with 40 U/ml Penicillin and 0.04 mg/ml Streptomycin was
used, cells were kept from reaching confluency by splitting
at a density of about 80%. Myoblasts were harvested between
passages 6 and 8.

DNA Isolation
To obtain DNA from the primary myoblast cultures cells
were trypsinized until they detached from the plate. Cells
were pelleted by centrifugation (260 rcf, 5 min) and the
supernatant was discarded. The cell pellet was washed twice
with PBS, each washing step followed by centrifugation (16,100
rcf for 1 min) and stored at −80◦C till further processing.
For DNA isolation the Quick—DNATM Miniprep Plus Kit
(ZymoResearch) was used according to the manufacturer’s
instructions. DNA concentration was measured by a Nanodrop
(Thermo Fisher Scientific).

Size-Marker
To generate a marker that allowed us to measure the number
of CTG-repeats we first amplified a 171 bp DNA fragment,
containing 20 CTG repeats, using the DM-C and DM-DR primer
published by Monckton et al. (1995a). This amplicon was then
blunt-end cloned into a pUC19 plasmid. We named the resulting
plasmid pRM1. By restriction digest (EcoRI/HindIII) and ligation
of the cut-out fragment (containing the CTG repeats) into a
p426MET25HA backbone we created the plasmid pSH1. Both
plasmids were amplified in E. coli, purified, and digested using
different endonucleases. These specific digestions gave rise to
different DNA fragments of defined size containing the 20 CTG
repeats (Figure 1).

Dig Probe
Dig-probes were designed to directly target the repeat and
ordered from Eurofins. The probes were labeled 5′ and 3′ with
digoxigenin (DIG). Following sequences were used for the sense
and antisense strand probes:

Frontiers in Neuroscience | www.frontiersin.org 2 June 2021 | Volume 15 | Article 686735

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-686735 June 21, 2021 Time: 18:27 # 3

Hintze et al. Small Pool-DIG-Southern

TABLE 1 | Primary myoblast cultures used in this study.

Phenotype Age of onset Age at biopsy Sex Source of the muscle biopsy CTG-repeat length in

Blood Muscle

DM1-1 DM1 3rd decade 42 ♂ Biceps brachii muscle 50–70

DM1-2 DM1 2nd decade 33 ♀ Unknown 300–500

DM1-3 DM1 2nd decade 34 ♂ Deltoid muscle 240–430 ∼600

Con-1 Unaffected 43 ♂ Biceps brachii muscle –

Con-2 Unaffected 36 ♀ Tibialis anterior muscle –

FIGURE 1 | Plasmids used to create the size marker by restriction digest with endonucleases and the resulting sizes of the CTG-repeat containing fragments.

5′-[DIG]-GAATGCTGCTGCTGCTGCTGCTGCTGCTG
CTG-[DIG]-3′
5′-[DIG]-CAGCAGCAGCAGCAGCAGCAGCAGCAGC
ATTC-[DIG]-3′.

Small-Pool PCR
Amplification of the repeat containing DNA was modified after
the original protocol by Monckton et al. (1995a). Prior to the
polymerase chain reaction (PCR) DNA was diluted to a final
amount of 50–300 pg per reaction. It is important to note
that we did use a polymerase without proofreading activity for
the small pool PCR, as the usage of proof-reading polymerases
resulted in insufficient amplification of the repeat containing
alleles. PCR reactions were performed in a total volume of 50 µl
per reaction. The reaction mix contained 1.25 U AmpliTaq R©

polymerase (AppliedBiosystems), appropriately diluted reaction
buffer, 10 mM dNTPs, 100 µM of each primer (DM-A and DM-
BR; Monckton et al., 1995a), and ddH2O. Primer sequences used
are following:

Forward primer: 5′-CAGTTCACAACCGCTCCGAGC-3′
Reverse primer: 5′-CGTGGAGGATGGAACACGGAC-3′

Following settings were used for the PCR:

Initial denaturation : 95◦C 240 s Denaturation : 95◦C 45 s
Annealing : 68◦C 45 s
Extension : 72◦C 180 s∗

 28 cycles

Final extension : 72◦C 600 s

∗Time increment of 15 s per cycle.
The PCR was performed in a Biometra Tadvanced

thermocycler (Analytik Jena).

Gel Electrophoresis
The PCR products were size-separated by gel electrophoresis.
For this a 1% agarose gel of 14 cm length was prepared using
Tris-acetate-EDTA (TAE) buffer. The gel was loaded with 30 µl
of PCR product mixed with 10 µl of loading buffer. Initial the
electrophoresis was run for 10 min at 100 V (volt), followed by
60 min at 140 V.

Southern Blot
After the electrophoresis the DNA was transferred via vacuum
blot to a nylon membrane (Amersham HybondTM-XL). The gel
was washed in ddH2O and placed in depurination buffer for
15 min. After the depurination and a washing step with ddH2O
the gel was placed for 30 min in denaturation buffer. Before the
gel was equilibrated in 20× SSC buffer for 10 min it was incubated
two times in neutralizing buffer for 15 min. The equilibrated
membrane (in 20× SSC) was placed on the blotting apparatus
(vacuum blot, Analytik Jena) and on top the gel. Stepwise the
low vacuum of 90–100 mBar was established. During the blotting
phase of 1–1.5 h 20× SSC buffer was constantly added to the
top of the gel. Following this, the membrane was equilibrated for
2 min in 2× SSC buffer and then dried for 5 min at 65◦C (UVP
Hybrilinker Oven, Analytik Jena). Following the drying process,
the DNA was cross-linked via UV-light (UVP Hybrilinker Oven,
Analytik Jena). Solutions were prepared the following:
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FIGURE 2 | Southern blot for (A) control and (B) DM1 primary myoblast cultures showing the different with the amount of used DNA in pg (as input for the small pool
PCR) shown. M = size-marker.

• Depurination buffer HCl 0.25 M
• Denaturation buffer NaCl 1.5 M; NaOH 0.5 M
• SSC buffer (20×) NaCl 3 M; Ma-Citrate 0.3 M (pH 7.5)
• Neutralizing buffer NaCl 1.5 M; Tris/HCl 0.5 M; EDTA

1 mM (pH 7.2).

Hybridization and Detection
The membrane was transferred into a prewarmed hybridization
tube with 10 ml PerfectHybTM Plus hybridization buffer (Sigma

Aldrich) and equilibrated for 15–30 min. In the meantime,
20 µl of the two probes (9 ng/µl) where incubated with
80 µl ddH2O for 10 min at 100◦C. After the denaturation
step the probes where immediately placed on ice for 5 min
and then transferred into the hybridization solution. After
the overnight incubation the membrane was washed for
20 min at 65◦C with prewarmed (65◦C) washing solution
(1× SSC + 0.2% SDS). After the second washing step the
membrane was equilibrated for 5 min in wash-buffer (100 mM
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maleic acid + 150 mM NaCl + 0.3% Tween20 pH 7.5).
Blocking solution (Roche DIG-detection Kit) was set up in
maleic buffer (100 mM maleic acid + 150 mM NaCl pH
7.5) and then put on the membrane for 30 min. The DIG-
antibody conjugate (Roche DIG-detection Kit) was diluted in
blocking solution and the membrane was incubated for another
30 min. Following two 15 min washing steps the membrane
was equilibrated in detection buffer (Roche DIG-detection Kit)
for 5 min. The membrane was incubated for 15 min at 37◦C
in the detection solution (Roche DIG-detection Kit) before
the signals were detected for 10 min using an Odyssey R© Fc
imaging system (Licor).

Calculation of the Repeat Length
To calculate the actual repeat length the image studioTM software
(Licor) was used to measure the size of the bands detected in
samples based on the size of the marker bands. Based on these
data the following formula was used:

x =
y− z

3
+ i

x = number of repeats.
y = fragment length (measured using the image studioTM

software, Licor).
z = flanking gene sequence (311 bp).
i = number of the repeats within the marker sequence (20

repeats).

RESULTS

Using two control myoblast cultures we could detect small
repeats with the calculated sizes of about 20 CTG-repeats for
both (Figure 2A). Those repeats are within the range expected
for normal alleles (up to 35 CTG-repeats). In the three DM1
myoblast cultures tested (Figure 2B), we could detect small
CTG-repeats (about 20 CTG-repeats) in all of them. This band
corresponds to the size of the wildtype allele. For the culture
DM1-1 (left) we found several bands ranging from∼50 to >2,000
CTG-repeats. The presence of this range of repeat length could
indicate a mosaic situation in the muscle of this patient. In
the culture DM1-2 (middle) we could also identify extended
CTG-repeats in addition to the wildtype allele. Here the range
is between 300 and 1,000 CTG-repeats. In DM1-3 (right) we
only got one band for an extended allele of about 600 CTG-
repeats.

To test if the repeat length in primary myoblast cultures
is comparable to the muscle biopsy they were grown from,
we tested material from the cryo-preserved biopsy of DM1-
3 which was part of the biopsy the cell line was grown from
and compared directly to the myoblast culture (Figure 3). For
the myoblasts (right side of the blot) we got again a band
showing about 600 repeats. For the muscle biopsy we got a
range from ∼100 to ∼1,000 CTG-repeats for the mutant allele.
The wildtype allele of about 20 CTG-repeats was detectable
in both samples.

FIGURE 3 | Southern blot comparing DNA derived from a muscle biopsy and
a myoblast culture of the same DM1 patient (both samples taken at the same
time). For each lane the amount of used DNA in pg (as input for the small pool
PCR) is shown. M = size-marker.

CONCLUSION

With our modified method, we can successfully identify
extended CTG-repeats in primary human myoblast cultures
in comparison to DNA extracted from the original muscle
specimen it was grown from. We show that there is a
range of different repeat lengths in myoblast cultures.
Thus, human myoblast cultures reflect rather well the
repeat-length of mature muscle. Furthermore, it seems
that the repeat length in myoblasts and muscle does,
for the patient samples tested, not differ significantly
from each other. Consequently, we show that primary
human DM1 myoblast cultures are a well-suited model to
investigate repeat-length related preclinical aspects of the
DM1 pathology and are a useful platform to do first-line
treatment interventions.

Presently, there are several distinct methods for the
detection of CTG-repeats published (Warner et al., 1996;
Kamsteeg et al., 2012; Singh et al., 2014; Turner and
Hilton-Jones, 2014; Leferink et al., 2019). Most of them
require sophisticated and often expensive equipment like
capillary sequencers or a laboratory equipped for the usage
of radioactive material. The modified method described
here is an alternative method to detect CTG-repeat length,
which is useful when only limited sample material and no
special equipment is available. The usage of PCR-based DNA
amplification is a limiting factor as the length of DNA, that
can be synthesized by polymerases, is limited. However, this
type of limitation also applies for any other method using
polymerase-depending amplification.
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