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Abstract

Single cell analysis has numerous potential applications, for instance in the context of myotonic dystrophy type I (DM1). This
disease is caused by a CTG expansion in the dystrophia myotonica-protein kinase (DMPK) gene, with CTG expansion length
being heterogeneous not only between tissues but also between cells in the same tissue. We studied muscle pathophysiology from
five patients with DM1 at single cell level, including RNA foci (i.e., nuclear DMPK-transcribed aggregates that trap proteins)
and splicing alterations (caused by trapping of important splicing regulator proteins by the RNA foci). Single cell myoblasts
were heterogeneous in RNA foci load, with most showing 0 to 3 foci. The percentage of myoblasts carrying foci differed among
patients, ranging from 29 to 99%. We found a significant direct correlation between mean and median number of RNA foci in
myoblasts and patients’ endurance capacity (r=-0.975, p=0.005). Although the expression of DMPK and MBNL1 transcripts
was variable among the myoblasts, no relationship was found between RNA foci number and their expression in individual cells.
CTG size in muscle correlated with patients´ disease onset. In summary, single cell analysis poses some technical challenges
but allows an in-depth analysis of heterogeneous molecular alterations in patients with DM1.

Introduction

Single cell analysis is a recent, fast expanding technology that allows a deep characterization of cellular
diversity in tissues (Kulkarni et al., 2019; St̊ahlberg & Kubista, 2018). This method has led to the identi-
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fication of new cell types as well as to the discovery of cell-specific functions and the recognition of their
maturation state (Perchet et al., 2017; St̊ahlberg & Kubista, 2018). It is useful for studying heterogeneous
cell populations, especially in diseases with genetic variability (Rantalainen, 2018; Ren et al., 2018). In these
cases, indeed, an in-depth understanding of all the cell populations that form an affected organ/tissue and
of their characteristics and interactions are important issues in the context of personalized medicine.

One of the disorders that can be studied using single cell analysis is myotonic dystrophy type I (DM1). This
autosomal dominant genetic condition is characterized by genetic instability and is caused by a CTG repeat
expansion in the non-coding 3’ untranslated (UTR) region of the myotonic dystrophy protein kinase (DMPK
) gene (Bird, 1993). More than 50 CTG repeats are considered pathogenic and repeat length can vary from
50 to thousands of repeats in affected patients (Bird, 1993). Furthermore, the size of the CTG repeat also
varies between tissues within the same patient (Ashizawa et al., 1993; Lavedan et al., 1993; Mahadevan et
al., 1992) as well as during a patient’s lifetime(Wong et al., 1995), and produces anticipation(Harper et al.,
1992).

CTG repeat expansions produce toxic RNAs that trigger some of the patient’s symptoms. When the patho-
logical repeats are transcribedDMPK transcripts carry CUG expansions that sequester important cellular
proteins, altering their levels and functionalities (Miller et al., 2000). These RNA and protein complexes
are known as “RNA foci” and they are located in the nucleus of DM1 cells (Mykowska et al., 2011). One
of the proteins sequestered by the RNA foci is the splicing regulator muscleblind-like 1 (MBNL1 ). Prote-
ins aberrantly spliced due to MBNL1 sequestration include insulin receptor (INSR), sarcoplasmic reticulum
Ca(2+)-ATPase 1 (ATP2A1), chloride channel 1 (CLCN1), and MBNL1 – which regulates its own spli-
cing (Konieczny et al., 2017). The altered transcription of these genes in DM1 has been related to several
symptoms of the disease. Thus, INSR and CLCN1 misregulation are associated with insulin resistance (Ren-
na et al., 2019) and myotonia (Charlet-B. et al., 2002), respectively, and ATP2A1 might impair calcium
homeostasis in skeletal muscle (Kimura et al., 2005).

The skeletal muscle is one of the most affected tissues in patients with DM1, but their clinical manifestations
are highly heterogeneous (Bundey, 1982). Muscle impairment can be assessed using several scales: the muscle
research council (MRC) scale, which evaluates muscle power (Compston, 2010), muscle impairment rating
(MIRS) scale (which assesses the degree of distal to proximal muscle involvement) (Mathieu et al., 2001),
the 6-minute walking distance (6MWD, an index of endurance [or ‘aerobic’] capacity (Butland et al., 1982)),
or the modified Rankin Scale (mRS, an indicator of disability in patients (Van Swieten et al., 1988)).

In DM1 there is a need for single cell data. Scientific evidence indicates that every DM1 muscle cell may
contain a different number of CTG repeats in its genome, and therefore could potentially behave differently.
In this study, we aimed to analyze the diversity of the muscle cells that compose the DM1 muscle, and
analyze how frequently alterations such as RNA foci and splicing occur, and if they can be correlated with
the muscle tissue function in patients. By doing so, we attempted to answer the following questions: are all
the cells in the muscle tissue affected equally? Is there a correlation between RNA foci and splicing alteration
at the single-cell level? Can the average of single-cell data in a patient be correlated with the severity of
muscle-related symptoms?

Results

Patients showed heterogeneity in muscle affectation and disability measured by different scales

Five clinically heterogeneous patients with DM1 were included in this study, whose age of onset ranged
between 15 and 48 years. Their muscle dysfunction was studied using several different scales (Table 1 ).
By using the mRS, we determined the degree of disability and/or dependence in the daily activities of these
DM1 patients. In our cohort, P3 (with a mRS score of 1) had no significant disability and had no limitation
in daily life activities despite the presented symptoms. Three patients, P1, P2 and P5 (mRS score of 2)
presented with a slight disability, meaning they were unable to do activities they were able to in the past,
but they remained independent. Moderate disease disability, (mRS score of 4) was found in P4, who was
unable to walk and to attend to self-care. With regard to the MIRs scale, P3 showed minimal signs, P2 and
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P5 had distal weakness, and P1 and P4 mild-to-moderate proximal weakness. We also evaluated the same
patients using the MRC scale, to measure strength in the biceps muscle (the muscle from which we obtained
muscle cells). P2, P3 and P5 had preserved muscle strength (i.e. , MRC score = 5). Yet, P1 and P4 had an
MRC of 4, indicating decreased muscle strength, a result consistent with the more proximal weakness that
these two patients had when assessed with the MIRS scale. The same patients were submitted to a 6MWD
test and P5 showed values within the normal range (Casanova et al., 2011). Values below the normal range
were found for 6MWD in P1, P2 and P3. Although having better scores for mRS, MIRS and biceps MRC
than P1, P2 walked 100 meters less. P4 was not able to perform the 6MWD test, since she was unable to
walk. All scales showed heterogeneity among the patients in muscle function and degree of disability.

CTG expansion is enlarged from muscle to patient myoblast

To determine the degree of similarity in CTG expansion size between the isolated myoblasts and the muscle
they originated from, a small pool PCR analysis was performed. We measured the progenitor allele in four
of the five patients included in the study (Table 1). The myoblast pools were measured for the progenitor
allele. In the case of P3 and P4, who showed clonal amplification of the expansion, only one CTG expanded
band could be detected in the small pool PCR analysis. When comparing the size of the expanded allele
in the myoblast pool and muscle from the same patient, no correlation was found. However, there were
some myoblasts with expansion size very similar to the muscle tissue from which they derive. In all patients,
myoblasts showed a tendency to have longer expanded alleles compared to the muscle tissue from which they
were isolated. The CTG expansion size in muscle correlated with the age of symptom onset in the patients
(p=0.05). No other correlation were found between CTG size and clinical or molecular data.

Single cell analysis of RNA foci shows a heterogeneous behavior between and within patients´
myoblasts, with several molecular alterations linked to muscle function

For these experiments, we developed a fast protocol of RNA foci staining, in order to preserve RNA for
posterior analysis. Two approaches were used to perform RNA foci single cell quantification: single cell
Fluidigm C1 platform; and sorting cytometry.

In the first approach, previously stained, single myoblasts were captured into the C1 IFC chip and were
visible by bright field microscopy (Figure 1A ). 4’,6-diamidino-2-phenylindole (DAPI) fluorescent signal
was also visible in captured myoblasts. However, we failed to detect RNA foci fluorescent signal (Figure
1B ), but the latter could be detected in the same cells and with the same staining when using standard
immunocytochemistry (Figure 1C ). We found incompatibility of the focal distance of the microscope with
the thickness of the chip, which was much higher and made it impossible to focus on such small particles as
the RNA foci.

Due to the problems found in the first approach, we started a second approach based on sorting cytometry.
By this technique, we were able to isolate and count foci from 39 to 72 single myoblasts (depending on
the patient) of 120 myoblasts that were sorted for every patient (Table S1 ). The wells from the 96-well
plates used to sort the myoblasts were analyzed with a fluorescent microscope. The number of RNA foci per
myoblast was manually annotated from right to left and top to bottom in the plates.

We found evidence of heterogeneity in myoblast foci number both between and within patients (Figure 2
, Table 1 ). The percentage of DM1 myoblasts with RNA foci was high in three of the cell lines (>80%).
However, the distribution of RNA foci per myoblast was very different in every patient (Figure 3 ). In
all myoblast cell lines we could find some myoblasts without foci, indicating a dynamic process of foci
accumulation, that reached a maximum of 7 RNA foci in some myoblasts. However, when looking at all the
DM1 myoblasts analyzed in this study, we concluded that most of them were carrying between 0 to 3 RNA
foci (20% had 0 RNA foci, 21% 1 RNA foci, 24% 2 RNA foci, 22% 3 RNA foci, 10% 4 RNA foci, and 2%
5-7 RNA foci). No foci was observed in the myoblasts of healthy controls. Although no correlation with
CTG repeat number was found, P5 (who was the carrier of the shortest CTG expansion in myoblasts) was
showing the highest number of myoblasts without RNA foci. Regarding muscle function and disability, P4
(the most severely affected patient) had more myoblasts carrying numerous foci than the rest of the patients

3



P
os

te
d

on
A

ut
ho

re
a

29
Ju

l2
02

0
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

60
25

44
.4

96
98

03
9

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

and less myoblasts without RNA foci. We found a correlation between 6MWD and the mean number of foci
per cell (p=0.017) and foci median (p=0.005).

Single cell expression levels of MBNL1 and DMPKare highly variable and no correlation was
found at single cell level

After RNA foci visualization, RNA was obtained from every single myoblast for transcript analysis. Even
though we could detect by qPCR all the transcripts of interest in myoblast pools (DMPK ,MBNL1 , INSR
and ATP2A1 ), detection rate at single cell level was very low for most transcripts and only the exon 7
exclusion MBNL1 splicing variant (normal variant) and DMPK expression levels could be analyzed. No
correlation at the single cell level was found between the number of foci and DMPK or theMBNL1 exon 7
exclusion isoform at single cell level (Table S1 ).

We found that the exon 7 exclusion MBNL1 variant was significantly (p = 0.01) more expressed in control
than in patient’s myoblasts, whereas no differences were found in DMPK expression levels between controls
and patients (p = 0.1) (Figure 4 ).DMPK expression levels significantly differed (p- < 0.001) among patients,
but all patient myoblasts showed similar expression levels for the MBNL1 exon 7 exclusion isoform (p = 0.8).
We found variability in the expression of DMPK andMBNL1 exon 7 exclusion isoform among the different
control individuals (p < 0.001) (Figure 5 ).

To allow for a better understanding of DMPK expression differences between patients and to determine if
transcript levels were derived from the expanded or the normal allele, we searched for a single nucleotide
polymorphism (SNP) that allowed differentiating expanded from normal transcripts in single cells. When
testing our patients for the presence of the informative SNP, described in exon 10 (Korneluk, 1993), we found
all of them to be homozygous, and we could therefore not use this SNP for the intended purpose.

Discussion

Single cell analysis is a novel technology that can help to answer important questions related to DM1. The
first question is whether all skeletal muscle cells are affected equally by the disease. In this effect, it is
known that somatic mosaicism affects muscle tissue regarding the size of the CTG expansion (Thornton et
al., 1994). In our study, we could demonstrate that the number of RNA foci number is very different among
DM1 myoblasts and that the expression of DMPK andMBNL1 differs considerably at the single cell level.
So, the myoblasts of the same DM1 muscle tissue are differently affected by the disease. A second important
question is whether there are correlations between RNA foci and splicing alterations at the single cell level.
In this regard, we found no correlation between RNA foci number and expression of the exon 7 exclusion
isoform of MBNL1 . We also found no correlation between RNA foci and DMPK expression at the single
cell level. However, we could not study important splicing alterations found in pools of DM1 cells, due to
the inability to detect expression of those transcripts at the single cell level. Another important question is
whether the average number of RNA foci per cell in a patient correlates with the patient’s muscle affectation.
We found correlation between RNA foci mean/median and 6MWD. Thus, patients having myoblasts carrying
more foci showed a more severe manifestation of the disease, with subsequent impairment in walking ability.

Foci accumulation is likely to be a dynamic process in patient-derived myoblasts. In this effect, we found
heterogeneity in both presence and number of foci in patient-derived myoblasts. RNA foci vary from zero
to seven, indicating a dynamic process of RNA foci accumulation being active in all cell lines. A random
process of forming and degrading RNA foci has been described in DM1 cellular models (Querido et al., 2011).
However, in our patient-derived myoblasts, the proportion of myoblasts with RNA foci that every patient
was carrying was very variable. For example, P3 and P5 (i.e. , the less severely affected patients) had
overall the highest proportion of myoblasts without foci (71% and 19%, respectively). In contrast, the most
severely affected patient in our series, P4, was carrying 2 and 3 RNA foci in 25% and 48% of the myoblasts,
respectively.

The RNA foci number was low in DM1 myoblasts (with 90% of the myoblasts showing 0 to 3 RNA foci),
as previously described (Gudde et al., 2016). An in-depth analysis is needed to unravel the processes that
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contribute to the heterogeneity found in RNA foci load and what is the explanation for the fact that a cell
carrying the CTG expansion might still have no RNA foci. From the point of view of a spliceopathy disease,
getting rid of the RNA foci seems to be key in preserving muscle functionality. In previous studies, one of
the main determinants of the RNA foci load was the CTG repeat size (Botta et al., 2008). Although we
were unable to find such type of correlation in our study, the patient carrying the shortest CTG expansion
had the lowest RNA foci load.

RNA foci load seems to be linked to muscle dysfunction in DM1. We found indeed correlations between
6MWD and foci mean/median. The correlations for RNA foci median and MIRS, biceps MRC and mRS
scales were not significant. Many factors could have potentially contributed to our inability to find more
correlations with the clinical data, but it must be noted that our study cohort was very small, largely due
to the need to perform a muscle biopsy – an invasive and unpleasant procedure – in the patients as well as
to research budget constraints. In addition, the heterogeneous manifestation of the disease and therefore
the heterogeneous pool of patients must be kept in mind, as well as the fact that the majority of scales
we used are categorical (i.e. , MIRS, MRC or mRS) which, in comparison to continuous scales (6MWT)
are more challenging to use in correlation studies. In the first design of our study with DM1 experts, we
decided to evaluate these scales and we did not consider using a test to measure biceps strength in a more
quantitative way. 6MWD was the only physical measure that was related to RNA foci number, but caution
must be taken when interpreting these results, since the data was obtained from biceps-derived myoblasts.
Additional studies with a larger patients’ cohorts are needed to test the validity of these results and to
analyze whether other correlations can be found with the categorical scales.

The splicing analysis was very challenging at single myoblast level since many transcripts could not be
detected. The transcripts with higher expression levels in myoblasts were DMPK and the normalMBNL1
isoform. Although we were able to detect and analyze these two transcripts, this was only possible in less
than 50% of the studied myoblasts. Regarding INSR and ATP2A1, we were able to detect the transcripts in
myoblast cell pools. However, this was not translated to the single cell level, even though a customized qPCR
method was used. A possible explanation for our inability to find the transcripts by qPCR is a diminished
RNA integrity. At the start of the experiments, we wanted to use the automated system fluidigm, which
would decrease the processing time and therefore preserve RNA integrity. However, due to incompatibility of
the fluidigm chip with the RNA visualization, we had to rely on sorting cytometry, thereby increasing the time
of cell manipulation and microscopic cell visualization, with a higher risk of compromising RNA integrity.
One example of the difficulty of using the sorting cytometry is that we could only recover information from
40 to 70 myoblasts of the 120 myoblasts that were originally sorted.

In previous studies analyzing cell pools, RNA foci load correlated with splicing expression patterns (Botta et
al., 2008). Yet, we were unable to replicate these results at the single cell level. Overall, we could only find
that the MBNL1 normal isoform was more expressed in controls and a wide variety in the expression levels
of DMPK was found among the participants (patients and controls). Previous studies analyzing DMPK
expression levels in patients are contradictory, and it is not clear if they are affected by the disease (Furling
et al., 2001, 2003; Gudde et al., 2016). For a deeper insight into DMPK expression we tried to analyze DMPK
expression by differentiating expanded from normal transcripts with a previously described polymorphism
present in exon 10 of the DMPK gene (Korneluk, 1993). Unfortunately, this was not possible, as all of our
patients were homozygous for the polymorphism. Other techniques, such as Northern Blot, which have been
used for this purpose, were not applicable in this case, as we were working with single cells.

Expansion size can differ between muscle tissue and myoblast primary cultures derived from the muscle in
question. As we expected and as other authors have explained before, DM1 cultures are submitted to mitotic
drive (Khajavi et al., 2001). In two patients we were able to detect only one CTG expansion size, due to
clonal expansion. Our results showed that CTG expansion size differs between samples, meaning that some
showed greater difference compared to the muscle tissue than others. Moreover, myoblasts had a tendency
towards the expansion of the progenitor allele, which has been also observed previously (Monckton et al.,
1995; Wong et al., 1995). It is therefore recommended to size the expansion in DM1 cellular models since,
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in culture they differ from the patients’ tissue from which they are derived.

CTG expansion size in muscle correlated with age of disease onset in our patients. We used small pool PCR,
a technique widely used for measuring CTG repeats (Gomes-Pereira et al., 2004). Previous relationships
between CTG size in blood and age of disease onset have been reported (Cumming et al., 2019; Morales et
al., 2012; Overend et al., 2019) and recently this correlation has been found applying the same technique in
DNA isolated from saliva (Corrales et al., 2019). Sizing the CTG expansion in muscle is always difficult since
muscle tissue has larger expansions than other tissues (Lavedan et al., 1993; Thornton et al., 1994). However,
when analyzing these samples with small pool PCR, finding expansion size is easier since few molecules are
amplified. By using this method, we could find that CTG muscle expansion size is also a good indicator of
disease severity.

The single cell study we did here presented many challenges. For example, it can only be done with cells that
can be sorted, meaning that differentiated cells such as myotubes or neurons, which are key cells to study in
this disease, cannot be studied. In addition, although a quick FISH staining protocol was applied the process
of staining and the time of visualization probably affects and compromises RNA material. An approach
without staining may benefit splicing analysis, but in this case, one will lose the information regarding how
many foci the myoblast cell contains. One way or another, with the current technical limitations of this
analysis we lose precious molecular data. Finally, the diverse clinical presentation of DM1 patients and
the currently available scales to evaluate muscle function further (most being categorical type of scales)
complicates single cell study. The vast heterogeneity found in DM1 patients, both at a cellular and a
symptomatic level, asks for a further refinement of the current single cell technologies available and further
development of continuous scales to study muscle function. This will give us valuable insight into the diversity
of DM1 pathology at a single cell level, and how this correlates to the clinical manifestations of the disease.

To our knowledge, this is the first study performed at a single cell level in DM1. In addition, we analyzed
the highest number of myoblasts per patient compared to other studies and for the first time attempted
to analyze alternative splicing defects in single cells. We determined that the number of RNA foci was
heterogeneous in DM1 myoblasts and submitted to a dynamic process, allowing some DM1 myoblasts to be
free of RNA foci, even though they were carrying the CTG expansion. This RNA foci load compromises
muscle functionality evaluated through 6MWD. The heterogeneity found at the single cell level in the patients
could be a key factor for treatment development and efficacy. Differences in alterations between cells could
mean that different concentrations of future therapies would be needed. It will be key to find the equilibrium
between treating all cells and avoiding toxic effects.

Material and methods

Human subjects

This study was approved by the Ethics Committee of the University Hospital Germans Trias i Pujol and was
performed in accordance with the Declaration of Helsinki for Human Research. Written informed consent
was obtained from all participants. Muscle biopsies were obtained from the biceps brachii of five patients
with confirmed DM1. For comparison, we included as controls non-DM1 patients of the traumatology
department, who needed to undergo minor surgeries. Patients and controls were age and sex-matched. We
recorded clinical data for each DM1 patient, including MIRS, MRC, 6MWD and mRS, the latter rates
global disability and is mostly used for strokes, even though it can be applied to other causes of neurological
impairment.

Cell culture

Myoblasts were isolated from the biopsied tissue by muscle explants and then purified by CD56 magnetic
separation. Early passage myoblasts were grown until 60-70% confluent on 0.1% gelatin-coated flasks in
proliferation medium containing DMEM supplemented with 10% FBS, 22% M-199, PSF 1x, insulin 1.74 μM,
L-glutamine 2 mM, FGF 1.39 nM and EGF 0.135 mM. Cells for DNA extraction and FISH staining were
obtained between passages P2 and P6.
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DNA isolation and Small pool PCR analysis

For each participant, sizing of the expanded allele was done twice: 1) in the biopsy tissue from which
myoblasts were isolated, and 2) in the same myoblast cultures that were used for FISH staining and RNA
isolation. In the biopsy tissue, DNA extraction was performed following the phenol:chloroform:isoamyl
alcohol method. In the myoblast cultures, DNA was extracted using a previously described protocol for
blood DNA extraction (Miller, Dykes, & Polesky, 1988). To determine expansion size in these DNAs, we
first performed a long PCR using the primers DM-C and DM-DR described elsewhere (Gomes-Pereira et al.,
2004; Monckton et al., 1995; Salinas-Rios et al., 2011) and PCR Master Mix (Thermo Fisher Scientific; MA).
We supplemented the reaction with 69 mM 2-mercaptoethanol, 5% DMSO, and Taq polymerase (Sigma-
Aldrich; Gillingham, UK) at 1 unit per 10 μL. The annealing temperature was 63.5°C. The long PCR
products were resolved by electrophoresis on a 1% agarose gel and hybridized by Southern Blot as previously
described (Gomes-Pereira et al., 2004; Monckton et al., 1995). Autoradiographic images were scanned and
the progenitor allele in each patient was estimated by comparison against the molecular weight ladder, using
GelAnalyzer 19.1 software.

Fluorescence in situ hybridization (FISH)

To visualize the RNA foci in single myoblasts before RNA analysis, a quick FISH staining method was
developed. The aim of this method was to preserve RNA integrity as much as possible. In brief, myoblast
pellets were resuspended in formamide and incubated for 20 min at 37ºC. Myoblasts were then incubated
with the hybridization buffer containing AT0488 labelled (CAG)10 probe 0.01 uM and 30% formamide in
2XSSC buffer for 20 min at 37ºC. Myoblasts were then washed with 30% formamide 2x SSC, 1x SSC and
1x PBS and incubated for 5 min with 5 ul of DAPI mounting solution. Finally, myoblasts were resuspended
with 500 μl of 1x PBS.

Myoblast isolation and fluorescence microscope visualization

For this purpose, two different approaches were tested: 1) single cell C1 Fluidigm platform (Fluidigm, South
San Francisco, CA) and 2) sorting cytometry. The first approach, single cell C1 Fluidigm platform, was
especially suitable for our purpose because isolated cells can be visualized through microscopy and after,
RNA extraction and cDNA synthesis can be made in an automated system that works with thermal cycling
and pneumatic controls, minimizing the variation between conditions and expending only small amounts
of reagents in every plate. To make the analysis with the C1 Fluidigm single cell platform, myoblasts
were resuspended in C1 suspension reagent and loaded into the C1 IFC chip, that contains 96 single cell
capture sites. After this process, myoblasts were captured in single and isolated chambers in the IFC and
then observed by fluorescent microscopy at 40X to count foci number. Unfortunately, we failed to detect
foci fluorescent signal (see results section), so we decided to do this process through our second approach,
sorting cytometry. For this second approach, cells were sorted using FACSAria II flow cytometer (BD
Biosciences, San Jose, CA) into 96-Well Optical-Bottom Plates. For each participant, we sorted a total of
120 FISH stained myoblasts distributed in two plates. The cytometer could not detect the fluorescent signal
of the FISH staining (probably because RNA foci fluorescence signal is small and because of their nuclear
localization). Therefore, sorting was only used to isolate individual myoblasts. RNA foci signal was observed
by fluorescent microscopy. In order to spend the least time possible, since these same cells were later used
for RNA analysis, and because there were two plates to analyze per participant, two independent observers
simultaneously visualized one plate each, in similar fluorescence microscopes. They had the same criteria for
annotating RNA foci number in every single myoblast by naked eye visualization.

RNA isolation, cDNA synthesis, preamplification and quantitative PCR (qPCR)

RNA from single myoblasts was isolated using GenElute Single Cell RNA Purification Kit (Sigma-Aldrich,
San Luis, MO) and cDNA was synthesized using TruScript First Strand cDNA Synthesis Kit (Norgen
Biotek Corp., Thorold, ON, Canada), following the manufacturer’s protocol in both. Transcripts of interest
were pre-amplified with gene specific Taqman assays using TaqMan PreAmp Master Mix (ThermoFisher,
Waltham, MA). This pre-amplification step is used in most single cell studies. Transcripts of interest
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included DMPK , MBNL1 exon 7 inclusion (aberrant) and exclusion isoforms, ATP2A1 exon 22 inclusion
and exclusion (aberrant) isoforms and INSR exon 11 inclusion and exclusion (aberrant) isoforms. The design
of MBNL1 , INSRand ATP2A1 Taqman assays was done with the Assay Design Tool (Thermofisher), while
for DMPK we used a previously described Taqman assay (Pandey et al., 2015). We analyzed the expression
ofDMPK and INSR , ATP2A1 and MBNL1 splicing variants by qPCR using Taqman Fast Advanced Master
Mix (ThermoFisher) and the same Taqman assays as in pre-amplification (Thermofisher). No endogenous
transcript was used for normalization because in single cell analysis housekeeping genes can be misleading
as their expression varies from cell to cell (St̊ahlberg & Kubista, 2018). Data analysis was performed as
previously described (St̊ahlberg et al., 2013).

Single nucleotide polymorphism analysis

To differentiate DMPK transcript qPCR expression originating from the expanded allele versus the one of
the wild type allele, the presence of a previously described informative SNP in exon 10 of DMPK gene
(Korneluk, 1993) was studied. If patients with DM1 are informative for the SNP, specific qPCR designed
primers could be used for detection ofDMPK expression originating from the expanded allele and specific
qPCR designed primers could be used for detection of DMPK expression originating from the wild type allele.

To evaluate the presence of the aforementioned SNP at the patient DNA level, we used primers 5’-
CTGCAGAAGGTTTAGAAAGAGC-3’ (forward) and 5’-CATCCTGTGGGGACACCGAGG-3 (reverse)
(Korneluk, 1993) with the following conditions: 94 °C for 30 s, 60 °C for 30 s and 72ºC for 30 s for 30 cycles.
Purified products were sequenced with BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster city, CA) using primer forward. Sequences were analyzed with Chromas version 2.6.2., using NG -
009784.1 as DMPK reference sequence.

Statistical analysis

The statistical analysis was performed with Medcalc statistical software (Medcalc, Ostend, Belgium). The
significance level was set at 0.05. We analyzed correlations using Spearman’s coefficient at three different
levels: patients; myoblast pools and single myoblasts. We used this test for correlating patients’ clinical
data (age at onset, mRS, MIRS, biceps MRC and 6MWT) and: foci mean, foci median and percentage of
cells with foci, DMPK and MBNL1 expression means and muscle CTG expansion size. We also studied
correlations using Spearman’s coefficient in myoblast pools: between mean, median and percentage of cells
with foci and expansion size in myoblasts, between DMPK andMBNL1 expression and expansion size in
myoblasts, between expansion size in myoblasts pools and expansion size in muscle tissue in patients. At
single cell level, we studied the correlation between RNA foci number and DMPK and MBNL1 expression.
The Mann Whitney-U test was used to compare DMPK and MBNL1 exon 7 exclusion expression between
controls and DM1 patients. The Kruskal-Wallis test for inter-individual comparisons of DMPK andMBNL1
exon 7 exclusion expression, both in patients and in controls.

Data availability statement

Data available in article supplementary material.
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Wong, L. J., Ashizawa, T., Monckton, D. G., Caskey, C. T., & Richards, C. S. (1995). Somatic heterogeneity
of the CTG repeat in myotonic dystrophy is age and size dependent. American Journal of Human Genetics
, 56 (1), 114–122. http://www.ncbi.nlm.nih.gov/pubmed/7825566

Tables

Table 1: Clinical characteristics, expansion size and foci analysis of DM1 patients in this study.

CLINICAL
DATA

CLINICAL
DATA

CLINICAL
DATA

CLINICAL
DATA

CLINICAL
DATA

CLINICAL
DATA

CLINICAL
DATA

EXPANSION
SIZE

EXPANSION
SIZE

FOCI
ANAL-
YSIS

FOCI
ANAL-
YSIS

FOCI
ANAL-
YSIS

FOCI
ANAL-
YSIS

FOCI
ANAL-
YSIS

Patient Age
of
onset

Age
at
sam-
pling

Gender mRS MIRS Biceps
MRC

6MWT Muscle MyoblastsNo.
of
cells
stud-
ied

%
cells
with
foci

Mean Median Range

P1 15* 36 F 2 4 4 348 691 823 72 97,2% 2,3 2 0-6
P2 48 54 M 2 3 5 251 ND ND 72 98,6% 2,6 2 0-7
P3 36 41 F 1 2 5 368 208 1686 63 81% 1,4 1 0-4
P4 27 39 F 4 4 4 NP 469 561 39 97,4% 2,7 3 0-5
P5 36 41 M 2 3 5 519 135 150 66 28,8% 0,6 0 0-7

mRS: modified Rankin Scale, MIRS: Muscular Impairment Rating Scale, MRC: Muscle Power Scale, 6MWT:
6 Minute Walking Test, NP: not possible to asses, ND: not determined, *Interrogating P1, she is self-secure
that her symptoms started at 36, but the neurological team thinks that the disease started during adolescence,
since she had many signs at 36, including oval pallor and temporal atrophy that needed to appear early in
the patient’s life.

Figure legends

Figure 1 : RNA foci staining in myoblasts both on coverslips and in C1 IFC chip. A ) Myoblasts stained
in suspension and visualized on a coverslip with fluorescence (standard immunocytochemistry), where nuclei
are stained in blue and RNA foci in red. B ) Myoblast stained in suspension, captured in the chip and
visualized with the brightfield channel, in which a myoblast can be observed. C ) Myoblasts stained in
suspension, captured in the chip and visualized with fluorescence. Note that DAPI (blue) can be observed
but not RNA foci (red).

Figure 2 : RNA foci heterogeneity in the cells of one DM1 patient (n = number of foci). Some of the foci
that are more difficult to see in these images are indicated by white triangles. Foci staining in green and
nuclei in blue.

Figure 3 . Distribution of RNA foci per myoblast in every patient of this study. 0 = myoblasts with no
RNA foci, 1 = myoblasts with 1 RNA foci, 2= myoblasts with 2 RNA foci, etc.

Figure 4 : Column graph of single cell DMPK (n = 245 for controls and n = 130 for patients) and exon
7 exclusion MBNL1 (n= 232 for controls and 147 for patients) splicing variant expression levels between
patients and controls. Bars indicate standard deviation.

Figure 5 : Grouped scatter plots for DMPK andMBNL1 exon 7 exclusion isoform single cell data in patients
and controls of our study. Bars indicate standard deviation.
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