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Ameliorated cellular hallmarks of myotonic
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Abstract

Background Cell-based strategies are being explored as a therapeutic option for muscular dystrophies, using a
variety of cell types from different origin and with different characteristics. Primary pericytes are multifunctional cells
found in the capillary bed that exhibit stem cell-like and myogenic regenerative properties. This unique combination
allows them to be applied systemically, presenting a promising opportunity for body-wide muscle regeneration.

We previously reported the successful isolation of ALP* pericytes from skeletal muscle of patients with myotonic
dystrophy type 1 (DM1). These pericytes maintained normal growth parameters and myogenic characteristics in vitro
despite the presence of nuclear (CUG),, RNA foci, the cellular hallmark of DM1. Here, we examined the behaviour of
DM1 pericytes during myogenic differentiation.

Methods DMPK (CTG), repeat lengths in patient pericytes were assessed using small pool PCR, to be able to relate
variation in myogenic properties and disease hallmarks to repeat expansion. Pericytes from unaffected controls

and DM1 patients were cultured under differentiating conditions in vitro. In addition, the pericytes were grown in
co-cultures with myoblasts to examine their regenerative capacity by forming hybrid myotubes. Finally, the effect of
pericyte fusion on DM1 disease hallmarks was investigated.

Results Small pool PCR analysis revealed the presence of somatic mosaicism in pericyte cell pools. Upon
differentiation to myotubes, DMPK expression was upregulated, leading to an increase in nuclear foci sequestering
MBNLT protein. Remarkably, despite the manifestation of these disease biomarkers, patient-derived pericytes
demonstrated myogenic potential in co-culture experiments comparable to unaffected pericytes and myoblasts.
However, only the unaffected pericytes improved the disease hallmarks in hybrid myotubes. From 20% onwards, the
fraction of unaffected nuclei in myotubes positively correlated with a reduction of the number of RNA foci and an
increase in the amount of free MBNL1.
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Conclusions Fusion of only a limited number of unaffected myogenic precursors to DM1 myotubes already
ameliorates cellular disease hallmarks, offering promise for the development of cell transplantation strategies to lower

disease burden.

Introduction

Skeletal muscle abnormalities are a prominent feature in
myotonic dystrophy type 1 (DM1). Patients often pres-
ent with muscle wasting, muscle weakness and myotonia.
The age of onset of these symptoms is highly variable and
can present at birth to late adulthood, depending on the
length of the expanded (CTG), repeat in the 3’ untrans-
lated region of the dystrophia myotonica protein kinase
(DMPK) gene. The presence of >50 CTGs in blood is
typical for the adult, classic form of DM1, whereas the
inheritance of >1000 triplets usually leads to the severe,
congenital form of the disease [1].

Current diagnosis of DM1 is performed by triplet
repeat primed PCR (TP-PCR) on DNA from blood leu-
kocytes. It is known that the (CTG),, repeat displays pro-
nounced heterogeneity in somatic tissues. Consequently,
the repeat length detected in peripheral blood leukocytes
is generally not representative of the (CTG), expansion
in skeletal muscle, in which the repeat is usually much
longer [2, 3]. Besides the length of the repeat, sequence
alterations in the (CTG), expansion may influence the
severity of the phenotype. Most DM1 patients inherit a
pure (CTG), repeat expansion, but in a significant subset
of individuals the repeat contains interruptions, reducing
germline and somatic expansion, often associated with
less severe symptoms and delayed disease onset [4].

The major pathogenic mechanisms suggested to con-
tribute to the muscle phenotype of DM1 is linked to
DMPK transcripts carrying an expanded repeat [5].
RNAs with (CUG), expansions sequester splicing fac-
tors such as the muscleblind (MBNL) family of proteins,
which can be visualized as RNA foci in cell nuclei. Addi-
tionally, the toxic effects exerted by these repeat-contain-
ing mRNAs include protein kinase C (PKC)-mediated
CELF1 stabilization through hyperphosphorylation. In
turn, the deregulated MBNL and CELF1 protein levels in
DM1 cause a shift from an adult to a fetal splicing pat-
tern of dozens of alternative splicing targets, including
MBNL1, MBNL2 and DMD [6, 7]. Misspliced transcripts
ultimately lead to a perturbed protein imbalance in mus-
cle and other affected tissues in patients with DM1.

While a variety of symptomatic and targeted treat-
ments are currently being pursued [8, 9], no truly effec-
tive therapies for DM1 have yet been approved. In the
development of a regenerative cell therapy for the skeletal
muscle aspects of the disease, an important consideration
is the selection of the cell type, which largely determines
the proliferative capacity, the myogenic differentiation
ability, and the route of administration [10—12]. Pericytes

hold great potential as they can be isolated from skeletal
muscle, have a proliferative capacity, and can differentiate
into mature cells of different specificities, among which
are myogenic precursor cells [10, 13-15]. The ease of
isolation and the potential for systemic delivery favours
pericytes over other myogenic cell types, such as satellite
cells and myoblasts [16]. Over the last two decades, peri-
cytes, or their embryogenic ortholog, mesoangioblasts,
have been used in preclinical and clinical trials for Duch-
enne muscular dystrophy (DMD) [17-19], limb-girdle
muscular dystrophy (LGMD) [20, 21] and mitochon-
drial myopathies (Clinical Trial ID: NCT05063721) [22],
underscoring the possible value of the cell type for cel-
lular therapies. We have previously shown that pericytes
can be isolated from skeletal muscle of DM1 patients car-
rying different (CTG), repeat lengths [12]. The intrinsic
myogenic potential in vitro of these patient-derived peri-
cytes appeared to be largely unaffected, despite the pres-
ence of typical disease hallmarks such as nuclear RNA
foci formed by expanded DMPK transcripts [12].

In this study, we hypothesized that the DM1 cellular
disease hallmarks differ between pericytes in the prolifer-
ation and their differentiated state, as myotube formation
coincides with an induction of DMPK expression [23],
leading to more DMPK mRNA production in myotubes.
We therefore differentiated pericytes to myotubes and
assessed the cultures for molecular hallmarks of DMI.
We also wanted to assess the regenerative potential of
pericytes in a cell therapeutic setting, therefore we fused
pericytes of patients or unaffected individuals with DM1
myoblast-derived myotubes [24]. We then examined the
co-cultures, to determine whether the unaffected peri-
cytes could positively impact the DM1 disease character-
istics of the myotubes.

Methods
Cell cultures
Human pericytes from six patients (P1-P6) and two unaf-
fected controls (C1 and C2) were isolated, characterized
and cultured as described in Ausems et al. [12]. Charac-
teristics of the donors are summarized in Table 1.
DM2600 myoblasts (also called DM1 myoblasts) are
immortalized cells that carry a (CTG),;5 and a (CTG)y¢0
allele [25, 26]. The immortalized human myoblast line
KM155C25 (C25 in short) was derived from an unaf-
fected individual, carrying one (CTG); and one (CTG),,
allele [25, 26]. An isogenic line in which the DMI1
(CTQ),, repeat has been removed, DMA, was previously



Raaijmakers et al. Stem Cell Research & Therapy (2024) 15:302

Page 3 of 15

Table 1 Primary pericyte cultures used in this study and patient characteristics

Donor Sex Disease/Control MIRS  Ageat Age of onset MRC Repeatlengthat  ePALin blood Modal re-
biopsy  symptoms degrees diagnosis in blood washings peat length
(years)  (years) (TP-PCR) (SP-PCR) pericytes

(SP-PCR)

P1 M DM1 5 46 18 5 120<N <1000 ~110 360

P2 F DM1 4 50 10 >200 ~150 950, > 1500

P3 F DM1 4 39 12 4 >200 ~300 >1500

P4 M DM1 3 71 59 4+ 50-150 ~90 90,115

P5 F DM1 3 51 20 4+ >150 n.i. > 1500

P6 F DM1 2 29 16 5 52 n.i. 60

C1 M Control na. 45 na. na. na. na. na.

(@) F Control na. 22 na. na. na. na. n.a.

generated from immortalized DM2600 myoblasts [25].
Cells were cultured as described [25].

The ViraPower Lentiviral Expression System (Life tech-
nologies) was used to facilitate lentiviral-based expres-
sion of H2B-GFP in immortalized DM1 myoblasts and
H2B-mCherry in DMA myoblasts [27, 28]. Lentiviral par-
ticles containing pLenti6.2v5-H2B-eGFP (Invitrogen) and
pLenti6.2v5-H2B-mCherry (a gift from A. J. C. de Groof,
Nijmegen, The Netherlands), were used, followed by anti-
biotic blasticidin selection (10 mg/mL; Thermo Fisher
Scientific, R2101) and fluorescence-activated cell sorting
(FACS Aria SORP, Becton Dickinson) to generate stable
cell lines.

(CTG), repeat length was determined in blood at diag-
nosis (triplet repeat primed-PCR (TP-PCR)) and in iso-
lated pericytes (small pool-PCR (SP-PCR)). M: male; F:
Female; DM1: DM1 patient; MIRS: muscular impairment
rating scale; n.a.: not applicable; n.i.: not included. Muscle
strength in MRC degrees: strength measure of quadri-
ceps. n.a.: not applicable. ePAL: estimated progenitor
allele length by SP-PCR from blood washings. Multiple
sizes found in column modal repeat length (in pericytes
by SP-PCR) imply multiple clonally expanded pericytes
with mode as mentioned.

Small pool PCR (SP-PCR)

SP-PCR was used for (CTG), repeat length determina-
tion in the primary pericytes and blood washings [12].
DNA from purified pericytes and blood washings was
isolated using the QIAamp DNA Mini Kit (QIAGEN™)
according to the manufacturer’s protocol. DNA concen-
trations were precisely measured with Qubit™ dsDNA HS
Assay Kit (Thermo Fisher Scientific, Invitrogen™). DNA
was diluted to 500 pg/uL template DNA per reaction.
Repeat length was determined using SP-PCR amplifica-
tion of the (CTQG), repeats and Southern blot hybridi-
sation as described [29]. Flanking primers were DM-C
(5-AACGGGGCTCGAAGGGTCCT-3') and DM-DR
(5-CAGGCCTGCAGTTTGCCCATC-3), which bind
34 bp upstream and 72 bp downstream of the repeat,
respectively. Thus, the PCR amplification obtained with

these primers adds 106 bp flanking sequence to the
repeat length. To facilitate the amplification of the GC-
rich repeat expansion, we added 10% dimethyl sulfox-
ide (DMSO) to the reaction. For visualization, 30 ng of
a double-stranded DNA probe containing 56 CTG/CAG
triplets was labelled with [o*2P]dCTP (3,000 Ci/nmol)
from Perkin Elmer (NEG513H, Easytides). This solution
mix was made according to the recommendations of the
random primers DNA labelling system (Thermo Fisher
18187013). Six ng of the DNA size ladder was included
with the labelling, so that the molecular-weight size
markers (1 kb Plus DNA Ladder, Thermo Fisher Scien-
tific, Invitrogen™) could also be visualized on the final
autoradiograph. At least three reactions per template
were performed. A negative no-DNA control and posi-
tive control were always included.

The inherited repeat length (the estimated progenitor
allele length; ePAL) was determined by the lower bound-
ary of the expanded alleles in blood washings DNA [30],
ePAL was not determined for P5 as these samples were
not able to be judged from the SP-PCR results (Suppl.
Fig. 1), nor for P6, as washings were not taken during
pericyte isolation. Modal allele length(s) were deter-
mined by the densest point(s) of the distribution of
alleles. These measures were estimated using CLIQS 1D
gel analysis software (TotalLab UK Ltd., Version 1.1) by
comparison against the molecular weight marker.

All samples were screened for variant repeats according
to the protocol of Cumming et al. [31] (data not shown).
DMSO (10%) was included in the amplification reaction
(Merck molecular biology grade) and the annealing tem-
perature was lowered to 63.5 °C to improve denaturing/
annealing of highly CG-rich templates. Half of the reac-
tion mix after amplification was digested with the restric-
tion enzyme Acil (New England Biolabs UK Ltd). The
digested and non-digested samples were resolved side by
side on the gel.

Fluorescent labelling of MBNL1 antibodies
MB1a antibody (Developmental Studies Hybridoma Bank
(DSHB), University of Iowa) was produced by hybridoma
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cell line 4A8 after serum starvation [32]. From the cul-
ture supernatant, the antibodies were isolated using Pro-
tein G Sepharose 4 Fast Flow antibody purification resin
(GE Healthcare). Buffer exchange to phosphate buffered
saline (PBS) and purification were subsequently per-
formed using Amicon® Ultra-4 10 KDa cut-off centrifu-
gal filters (Merck-Millipore). Antibodies were labelled by
mixing a 1:5 molar ratio of antibody to Alexa Fluor® 647
NHS Ester (Thermo Scientific) and incubating at room
temperature for 1 h. Free label was removed using 40 kDa
cut-off Zeba™ Spin Desalting Columns (Thermo Scien-
tific). The protein concentration was determined with a
NanoVue Plus spectrophotometer (GE Healthcare), as
was the degree of labelling. On average 3.1 fluorophore
groups per antibody molecule were measured.

(CUG),, RNA FISH and immunofluorescent MBNL1 staining
For (CUG), RNA foci and MBNL quantification, 10,000
cells were plated in proliferation medium in Ibidi 8-well
chambers. At confluency, the medium was changed to
differentiation medium. After six days in differentiation
medium, myotubes were fixed in 2% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (pH 7.4) for staining.
After washing 3 times with 1x PBS, permeabilization
took place with 0.1% Triton X-100, 0.1% glycine and 3%
bovine serum albumin (BSA) in PBS for 5 min. Following
permeabilization, blocking for 1 h at room temperature
in blocking buffer (0,1% glycine, 3% BSA) took place and
cells were incubated overnight with directly labelled anti-
MBNLI1 antibody in blocking buffer (1:10) and anti-MHC
antibody (1:50; MF20 DSHB, University of Iowa). After
washing 3 times with 1x PBS, cells were incubated with
2 pug/mL goat anti-mouse Alexa Fluor 488 and 100 ng/mL
4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) in
blocking buffer for 1 h at room temperature in the dark.
Cells were washed 3 times with and imaged in 1x PBS.

For RNA FISH, we followed the Stellaris FISH proto-
col (Biosearch Technologies) for overnight labelling. Both
FISH probes (12.5 pM) consisted of DNA and locked
nucleic acid (LNA) nucleotides and were diluted 100x.
The (CAG)4 probe was labelled with TYE563 (Exiqon,
Vedbaek, Denmark): 5-TYE563-CAGCAGCAGCAGCA
GCAGC-3’ After washing 3 times with 1x PBS, blocking
took place for 5 min and cells were incubated overnight
in anti-MHC antibody (1:50). After washing 3 times with
1x PBS, cells were incubated with goat anti-mouse Alexa
Fluor 488 and 100 ng/mL DAPI in blocking buffer for 1 h
at room temperature in the dark. Cells were washed with
and imaged in 1x PBS.

Fluorescent images were acquired using a Zeiss
LSM880 microscope. Images were analysed using Fiji
imaging software. A mask based on MHC immunofluo-
rescent staining was set visually. DAPI-positive nuclei
were recognized via the auto-threshold “IsoData white”
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applying the “Fill Holes” option and a watershed on the
binary image to separate overlaying nuclei and auto-
matic cell count using “analyze particles” (settings: 10,000
to infinity for pixel size). Total nuclei and nuclei inside
the MHC mask were quantified to determine myogenic
fusion index (MFI). Within the nuclear selection, the
“spot counter” function was used to quantify foci using a
noise tolerance of 50.

RT-qPCR

Pericytes were differentiated for six days and RNA was
isolated from cell pellets of proliferating and differen-
tiating pericyte cultures using the NucleoSpin RNA
isolation kit (Macherey-Nagel) according to the manu-
facturer’s protocol. The RNA yield and purity per sample
were determined by absorbance at 260/280 nm. RNA (2
pg) was reversed transcribed and cDNA was made by
using random hexamers from the iScript cDNA synthe-
sis kit according to the manufacturer’s protocol (Bio-Rad
Laboratories). A 40-fold diluted cDNA sample (5 pL)
was mixed in a final volume of 25 pL containing GoTaq
qPCR Master Mix, distilled H,O, and 0.4 pmole of each
primer. Samples were analysed using the QuantStudio™
3 Real-Time PCR System (Thermo Fisher). No-tem-
plate (NTC) and no-reverse-transcriptase (NRT) were
included as negative controls. Gene-of-interest levels
were normalized to the three reference genes HPRTI,
TBP and GAPDH using qPCR software (QuantStudio
Design & Analysis Software, Version 1.4.3). PCR primers
used were as follows: DMPK el5-3', 5'-TGCCTGCTTA
CTCGGGAAA-3' and 5'-GAGCAGCGCAAGTGAGGA
G-3'; MHCp (MYHS) e16-17 5-ACATTACTGGCTGG
CTGGACA-3" and 5-CACCTTTCTTCGCGCTGCT-3’;
HPRTI e7-€9, 5'-TGACAGTGGCAAAACAATG-3' and
5-GGTCCTTTTCACCAGCAAGCT-3' and GAPDH 5'-
CCCGCTTCGCTCTCTGCTCC-3’ and 5-CCTTCCCC
ATGGTTCTGAGCG-3’; TBP €3, 5'-CCACTCACAGAC
TCTCACAAC-3' and 5'-CTGCGGTACAATCCCAGAA
CT-3'.

Co-culture of myoblasts and pericytes

For the fusion capacity experiment, DM1 myoblasts
stably expressing H2B-GFP were grown to confluency
in Ibidi p-slide 8-well (Ibidi GmbH, Germany) plates.
The proliferation medium was replaced by differentia-
tion medium [25]. On day two of differentiation, 40,000
proliferating pericytes per well were added. After five
days of co-culture, on day seven of differentiation, co-
cultures were fixed and incubated with anti-MHC anti-
body as described above. Cells were incubated with 2
ug/mL goat anti-mouse Alexa Fluor 568 and 100 ng/
mL DAPI (Sigma-Aldrich) for 1 h in the dark to stain all
nuclei. Cells were washed three times with and imaged
in 1x PBS. For quantification, a tile scan of the well was
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acquired using a Axio Observer.Z1/7 with Sample finder
microscope (Plan-Apochromat 20x/0.8 M27 with DAPI
excitation filter: 375-395, emission filter 410-440; GFP:
excitation filter 455-483, emission filter 499-529 and
mCherry: excitation filter 545-565, emission 579-604,
3% 3 binning). Wells were split in four quarters and were
analysed for the myogenic fusion index (i.e., the number
of nuclei in MHC" myotubes expressed as a percentage
of the total number of nuclei in the culture). Similarly,
the percentage of pericyte nuclei (H2B-GFP™) in MHC™
structures was determined using Fiji imaging software
using the StarDist plugin in a macro (Suppl. Data 1 and
2) [33].

To study the effect of pericytes on disease character-
istics in DM1 nuclei in co-cultures with differing per-
centages of pericyte nuclei per myotube, we either grew
DM1 H2B-GFP myoblasts or pericytes to full conflu-
ency in p-slide 8-well (Ibidi GmbH, Germany) plates.
Again, on day two of differentiation, 40,000 proliferat-
ing cells (either pericytes or DM1 H2B-GFP myoblasts,
respectively) were added. Similar culturing procedures,
as well as fixation were performed for these cultures.
However, we followed staining procedures as mentioned
in the aforementioned paragraph: (CUG), RNA FISH
and MBNLI1 staining. Myotubes were determined by
overlapping brightfield images. Fluorescent images were
acquired using a Zeiss LSM880 microscope. Images were
analysed using Fiji imaging software.

Co-cultures of DM1 H2B-GFP myoblasts and DMA
H2B-mCherry myoblasts were grown on WillCo-dish
(WillCo Wells, The Netherlands) to demonstrate pro-
tein spreading over time [34]. DMA H2B-mCherry DMA
myoblasts were added to DM1 H2B-GFP cells at day two
of differentiation as described above. The co-cultures
were fixated after 5, 10, 14 and 20 days of differentiation
and stained for MHC as described in our fusion capac-
ity experiments. Images were acquired using a Leica
DMI6000B microscope (20x magnification N/A 0.5 with
filter set Quad sedat DAPI/ FITC/ TRITC/ Cy5).

Statistical analyses

Statistical analyses were performed using GraphPad
PRISM 9.0.0 (GraphPad Software, Inc., CA, USA). Data
is shown as bar graphs with error bars expressing the
meantstandard error of the mean (SEM), or in violin
plots with solid lines representing the median and dotted
lines representing the quartiles. In all figures, p-values
are indicated as follows: <0.05 (*), <0.01 (**), <0.001 (***),
<0.0001 (****). Normality was ensured using a Shapiro-
Wilk test. For Fig. 6, a post-hoc Dunn’s test for multiple
comparisons was performed on dependent parameters
when applicable.
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Results

Characterization of (CTG), repeat-length mosaicism in
primary DM1 pericytes

Primary pericytes were isolated from quadriceps mus-
cle biopsies from six DM1 patients and two unaffected
controls, as described [12] (Table 1). The (CTG), repeat
length at the DMPK locus of patients was originally esti-
mated in blood DNA by TP-PCR at the time of diagno-
sis. However, it is well-known that (CTG),, repeat lengths
in DM1 are generally larger in skeletal muscle than in
blood [2, 3]. We therefore performed small-pool PCR
to determine (i) the progenitor allele length (ePAL), the
repeat length the patient inherited from their parent in
blood DNA, (ii) the modal allele length(s) in the pericyte
cultures, and (iii) the degree of somatic mosaicism in the
cells [35] (Fig. 1, Suppl. Fig. 1). Finally, we tested for the
presence of variant repeats by post-PCR digestion with
restriction endonuclease Acil, which cleaves CCG and
CGQG variant repeats [36].

In general, the pericyte repeat lengths all fell within the
broad range given by TP-PCR from blood at diagnosis
and none of our samples contained Acil-sensitive repeat
variants (data not shown) [37]. For P1, P2, P4 and P6 dis-
tinct modal lengths were present. Specifically for P1, P2
and P4, multiple hybridization signals indicated extensive
somatic (CTG), repeat length mosaicism, ranging up to
differences of several hundreds of triplets in P1 and P2.
The rare large, but measurable expansions observed in
P1, P2, P3, P4 and P5 may represent in vitro variants of
cultured progenitors, or additional clonal progenitors
that have not expanded as rapidly as the primary clones
leading to multiple modal repeat lengths measured (e.g.,
P2 with modal lengths at 700 and 950 triplets) (Fig. 1;
Table 1). The ePAL of P1 and P2 were established from
blood washings of biopsies (Suppl. Fig. 1, Table 1) at
approximately ~110 and ~150 triplets respectively, at
~300 for P3, while it was ~90 triplets for P4. No ePAL
was determined for P5, as the repeat length exceeded the
limitation, which might be due to insufficient material
from blood washings, no blood washings were obtained
for P6, hence an exact determination of mode and ePAL
was not feasible for these two samples (Suppl. Fig. 1 and
Table 1).

DM1 pericytes show an increased number of RNA foci

upon myogenic differentiation

To examine pericyte behaviour during myogenic differ-
entiation, we decided to concentrate on pericytes derived
from C1, P2, P4 and P6. We previously established that
pericytes from both patient and control pericyte popu-
lations maintain myogenic capacity in vitro and form
multinucleated MHC* myotubes under differentiating
conditions [12]. This is now confirmed by an increase in
expression of DMPK and differentiation marker MHC
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Fig. 1 Modal (CTG), repeat-length determination in primary pericyte cultures from patients with DM1. SP-PCR was used for repeat length determina-
tion in pericytes. For each sample, four replicate PCRs were performed. The modal repeat length in patient pericytes is visible as the densest point of the
distribution of alleles. The lengths of P3 and P5 could not be determined, and are therefore presumably > 1,500. Non-disease-causing alleles can be seen
at the bottom of each gel. The marker on the left indicates the number of triplets, the right marker is in base pairs. For clarity, pericyte lanes of full-length
blots were cropped and included in this figure. Full-length blots are presented in Supplementary Fig. 1

(Fig. 2A), albeit showing clear differences in the myo-
genic fusion capacity between the lines (P4 showing a
relatively low increase in myogenic fusion efficiency,
by the modest increase in MHC and DMPK). In MHC™
cells of patients P2 and P4, increased DMPK expression
coincides with an increase in (CUG),, RNA foci number
(Fig. 2B, C). No foci were detected in differentiated cells
from P6 despite a 20-fold increase in DMPK. This obser-
vation may reflect a true absence of nuclear retention
of the mildly expanded DMPK RNAs, but more likely is
caused by a detection limitation due to presence of only
60 CTG triplets.

Increased nuclear MBNL1 foci number parallels decreased
free nuclear MBNL1 protein abundance

The current favoured hypothesis in the field is that
nuclear (CUG), RNA foci sequester proteins of the
MBNL family, thereby depleting free MBNL protein
from the nucleoplasmic pool [6, 7]. Thus, we wondered
whether presence of expanded DMPK transcripts would
also affect nuclear MBNL1 protein localization in dif-
ferentiating pericyte populations. Immunofluorescence
microscopy indeed showed that the nuclear distribu-
tion of MBNLI1 was altered in six-day old MHC™" peri-
cyte-derived myotubes with an elongated (CTG),, repeat
as compared to the MHC™ cells in the culture. Nuclear

MBNLI1-positive foci counts were similar to FISH-
detectable (CUG), RNA foci (Figs. 2B and 3A) [12]. A
significant increase in MBNLI1 foci number was detected
for P2 (p<0.001) and P4 (p<0.001) in pericyte-derived
myotubes. The normally bright, homogenous MBNL1
distribution in pericytes changed towards a pattern of
MBNL1-enriched foci on a weaker nucleoplasmic back-
ground (Fig. 3B). Consistent with the RNA FISH data, no
MBNL1 foci were detected in cells from patient P6 and
control cells, showcasing a repeat-dependent effect on
MBNL sequestration.

Careful quantification of MBNLI1 staining in indi-
vidual cells through advanced image analysis confirmed
a reduced nucleoplasmic MBNLI intensity in myotube
nuclei from P2 (p<0.001) and P4 (p<0.001) (Fig. 3C)
compared to non-differentiated cells in culture. The
average P2 and P4 myotube nuclear MBNLI1 protein
staining was also lower than in nuclei in myotubes from
unaffected (C1) and short-repeat containing (P6) for
which MBNLI intensity was similar in nuclei of MHC*
and MHC™ cells. All in all, these observations suggest a
sequestration model of MBNL1 protein concentration
across the nucleus.
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resents the foci number in one nucleus. For MHC-negative nuclei n=103 to 218, for MHC-positive nuclei n=32 to 40. Three independent differentiation
experiments; mean £ SEM; *** p <0.001, Mann Whitney U-test. (C) Representative FISH images of (CUG),, RNA foci in nuclei within MHC-negative cells and
MHC-positive myotubes. MHC staining is shown in green, (CUG),, RNA foci in red, nuclei (DAPI) in blue. Scale bar in overview images=50 um. Scale bar

in cut-outs=10 um

DM?1 pericytes and unaffected pericytes contribute equally
to hybrid myotube formation in vitro

To determine the therapeutic potential of pericytes as
transplantable muscle progenitor cells, it is of utmost
importance to investigate their regenerative potential.
This concept is different from their intrinsic myogenic
potential, where pericytes by themselves form MHC™*
multinucleated myotubes. To establish the regenera-
tive potential of our unaffected and DM1 pericyte pop-
ulations in vitro, pericytes were added to an existing
differentiating culture of DM1 H2B-GFP-labeled myo-
blasts with a DMPK allele of 2,600 triplets at day two of

differentiation (Fig. 4A) and fixed and stained for MHC
at day 5 of differentiation (Fig. 4B).

Co-cultures were analysed for the presence of MHC*
myotubes to determine the overall myogenic fusion index
(MFI). The MFI was defined as the proportion of nuclei
in MHC" cells expressed as a percentage of the total
number of nuclei present in the culture. The hybrid cul-
tures showed comparable MFIs of 17.2 to 38.4% (Fig. 4C).

Next, we wondered if the length of the expanded repeat
in the patient-derived pericytes affected their contribu-
tion to the formation of hybrid myotubes. We established
the presence of pericytes in hybrid myotubes by quantify-
ing the number of pericyte nuclei (non-green) in MHC*
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Fig.3 MBNLT localization in pericyte nuclei changes during differentiation. (A) Quantification of MBNL1 foci and (C) MBNL1 nucleoplasmic staining (total
nuclear MBNL1 in grey values ranging from 0 to 255) in differentiating pericyte cultures. Each symbol represents one nucleus. For MHC-negative nuclei
(") n=99 to 153 for MHC-positive nuclei n=43 to 58. MHC-positive myotubes (“+") with repeat lengths 90, 115 (P4) and 700, 950, < 1,500 (P2) showed a
significant increase in MBNL1 foci number and a decreased nuclear intensity (three independent differentiation experiments; mean + SEM; *** p <0.001,
Mann Whitney U-test). (B) Representative images of MBNL1 staining in nuclei in MHC-negative cells and in MHC-positive myotubes. Pericytes derived
from three DM1 patients with variable repeat lengths were included. Myosin heavy chain (MHC) staining is shown in green, MBNL1 signal in red, DAPI in

blue. Scale bar in overview images =50 um. Scale bar in cut-outs=10 um

myotubes formed by DM1 H2B-GFP-labeled myoblasts
(green nuclei). All pericyte cultures from patients showed
a similar contribution range to myotube formation in co-
cultures (2.2 to 5.7%) compared to pericytes derived from
unaffected controls (3.2 to 4.1%) (Fig. 4C). Furthermore,
no differences were found between the addition of peri-
cytes and myoblasts to the myotube formation, although
unaffected myoblasts (C25) showed the highest total con-
tribution at 8.7%. Also, after normalization to the total
MEFI of the co-cultures, no significant difference between
the pericyte populations was observed in their capacity
to contribute to myotube formation (Fig. 4D).

Fusion of unaffected pericytes ameliorates the severity of
DM1 hallmarks in hybrid myotubes

To examine whether after fusion unaffected pericytes
contributed a therapeutic effect at the cellular level, we
decided to investigate DM1 disease hallmarks in hybrid
myotubes. Co-cultures were started with either DM1
H2B-GFP myoblasts or with pericytes (C1, C2, or P4) fol-
lowed by the addition of pericytes (C1, C2, or P4) or DM1
H2B-GFP myoblasts, respectively. After co-culturing for
five days, heterogeneous populations of hybrid myotubes
were formed, covering the full range in composition from
0 to 100% nuclei from unaffected donors (Fig. 5A). Co-
cultures were fixed and stained for (CUG),,, RNA by

exp
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Fig. 4 Capacity of pericytes to fuse to differentiating DM1 myoblast-derived myotubes. (A) Graphical visualisation of the experiment. DM1 H2B-GFP cells
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fixed for analysis. (B) Pericyte nuclei were labelled with DAPI (blue) only, while myoblast nuclei could be identified by the co-labelling of DAPI and GFP
(green). Myosin heavy chain (MHC) staining is shown in red. Arrows point towards pericyte nuclei in hybrid MHC™ myotubes in the DAPI channel. Scale bar
in overview images =100 pm. Scale bar in cut-outs=25 pm. (C) Hybrid cultures containing H2B-GFP*™ myoblast nuclei and pericyte nuclei were analysed
for the presence of MHC* myotubes to determine the myogenic fusion index (MFI; grey checkered bars). The fraction of pericyte nuclei in MHC™ myo-
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NC is the negative control, where no additional cells were added. There was no significant difference found for MFI between the different hybrid cultures
(p>0.05) (three independent differentiation experiments; mean + SEM; Kruskal-Wallis test) (D) Data shown in C, normalized to the MFI of each co-culture.
There was no significant difference with regard to disease status (p>0.05), nor cell type (p>0.05) on the normalized contribution (three independent

differentiation experiments; mean + SEM; one-way ANOVA test)

RNA FISH (Fig. 5), MBNL1 (Fig. 6 and DAPI at day 5 of
differentiation.

Hybrid cultures generated from DM1 myoblasts and
pericytes from unaffected donors (C1 or C2) showed a
significant inverse correlation between the average RNA
foci count per DM1 H2B-GDP nucleus and the number
of pericyte nuclei from unaffected donors in a myotube
(Fig. 5A, B; C1: p=0.022, C2: p<0.0001). In contrast, the
RNA foci count was not affected by the fraction of peri-
cytes in hybrid myotubes generated from DM1 myoblasts
and P4 pericytes (p>0.05). Interestingly, while the num-
ber of RNA foci in DM1 derived nuclei decreased with
an increasing number of unaffected derived nuclei in the
myotube, the mean area of the nuclear foci increased
(Fig. 5C; C1: p<0.0001, C2: p<0.0001). No such effect
was found for co-cultures with patient derived pericytes

(P4: p>0.05). When looking at the total area occupied
by foci per DM1 H2B-GFP nucleus in hybrid myotubes,
we see significant differences, albeit small and with fluc-
tuating values, and without a clear trend like in Fig. 5C
(Suppl. Fig. 1). Notably, no translocation of expanded
RNA to unaffected nuclei was ever observed [38].

Next, we quantified MBNL1 protein in both myoblast-
and pericyte-originating nuclei in hybrid myotubes,
taking the free nuclear MBNLLI staining as a proxy for
disease severity. The grey values in nuclear foci were sub-
tracted from the total grey value of nuclear MBNL1, leav-
ing only the value of free MBNL1 per nucleus (Fig. 6A,
B). We found that the fusion of unaffected pericytes
increased the level of free MBNL1 in DM1 donor nuclei
originating from patient myoblasts (p<0.0001). The
hybrid culture containing C1 pericytes already showed
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a significant positive effect at >20% pericyte nuclei in
a myotube (Fig. 6C), while C2 pericytes showed a posi-
tive effect at >30% pericyte nuclei per myotube (Fig. 6E).
In contrast, a hybrid culture with DM1 derived peri-
cytes (P4) showed no effect and in some cases a signifi-
cant reduced effect of free MBNL1 in myoblast-derived
DM1 nuclei (Fig. 6G). In turn, in unaffected derived peri-
cyte nuclei (C1 or C2) in hybrid myotubes, we observed
the opposite effect. Free MBNLI1 levels significantly
decreased in unaffected derived pericyte nuclei already if
only a few DM1 derived nuclei were present in a hybrid
myotube (Fig. 6D, F; C1: >20% DM1 nuclei/myotube;
p<0.01; C2: >30% DM1 nuclei/myotube; p<0.0001). No
effect was found on nuclear MBNLLI levels in pericyte
nuclei from affected DM1 donor P4 (Fig. 6H; p>0.05).

To confirm the spreading of nuclear proteins in myo-
tubes in our system [34], we used co-cultures of DM1
H2B-GFP myoblasts (green) and DMA H2B-mCherry
myoblasts (red) in which the triplet repeat was removed
via gene editing [25]. DMA H2B-mCherry myoblasts

Page 12 of 15

were added to DM1 H2B-GFP cells at day two of differ-
entiation (comparable to Fig. 4A). The co-cultures were
fixed after 5, 10 and 14 days of differentiation and stained
for MHC (Fig. 7. While we were still able to determine
in the myotubes the origin of each nucleus by its color
(green or red) at day 5 and 10, this was impossible after
14 days (Fig. 7) or 20 days (data not shown). Altogether,
these observations show that spreading of nuclear pro-
teins between nuclei in hybrid human myotubes exists
and that, as a result, disease hallmarks in DM1 myotubes
are sensitive to the fusion of myogenic precursor cells
from unaffected donors.

Discussion

Previously, we have shown that DM1 patient-derived
pericytes maintain normal growth parameters and innate
myogenic characteristics in vitro, despite presence of
intranuclear (CUG),, RNA foci [12]. However, it was still
unclear if, and when, DM1 disease characteristics would
worsen during the path of myogenic differentiation and

DM1 H2B GFP myobla@ DMA H2B mCherry myoblast

DAYSﬂ DAY 10
k k)

Fig. 7 Spreading of H2B-GFP and H2B-mCherry in hybrid myotubes. Graphical illustration of the experimental set-up, in which DM1 H2B-GFP myoblasts
were co-cultured with isogenic DMA H2B-mCherry myoblasts. To follow protein spreading over time, differentiating co-cultures were stained 5 to 14 days
after addition of the second myoblast line
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whether that would affect potential application in cell
therapy. Here, we have shown that our pericyte cultures
are characterized by various repeat lengths that largely
correlate to the number of foci and disease hallmarks.
In addition, we have investigated the myogenic potential
of these pericytes in a more therapeutically relevant set-
ting. We found that differentiation of pericytes to myo-
tubes was associated with a strongly increased expression
of DMPK, which led to a robust increase in (CUG),
RNA- and MBNLI1-positive nuclear foci and an overall
less diffuse nuclear MBNL1 signal. However, co-cultures
of pericytes with H2B-GFP-labelled myoblast-derived
myotubes still showed comparable regenerative poten-
tial between pericytes carrying DM1 repeat lengths and
those carrying non-disease associated repeats. This is
in contrast to earlier findings with DM1 myoblasts car-
rying a repeat associated with congenital DM1, which
displayed impaired myogenic fusion capacity [39, 40].
Furthermore, in these co-cultures we show that only a
small portion of unaffected nuclei contribute to a major
improved effect on RNA foci and MBNLI protein levels
in disease myofibers after only 5 days.

A priori, we did not know which repeat lengths to
expect in pericytes, since these cells belong to the micro-
vasculature wrapped around the endothelial cells of
postnatal vessels. We determined the (CTG), length in
pericytes by SP-PCR, which varied between 60 and 950
triplets and also included samples above the detection
limit. TP-PCRs performed at diagnosis only provided
an estimate of repeat lengths below 200. (CTG), repeat
length determination by SP-PCR in blood washings of
biopsies gave us the ePAL of patients which was closely
related to the TP-PCR results and was lower than the
modal repeat length in pericytes. It is well known that
repeat determination of blood samples generally under-
estimates repeat length in myogenic cells [2]. Overall,
our results show that the repeat lengths in pericytes look
more similar to those in myogenic cells than in blood.

While a clear modal repeat length was observed in
most pericyte cultures, hybridization signals correspond-
ing to different repeat lengths present at lower levels
indicated heterogeneous (CTG), expansions within the
cell population. These heterogenous (CTG), expansions
may represent heterogenous expansions in less success-
ful cells of the originating tissue or in vitro variants of
cultured progenitors that occurred via replication-inde-
pendent or replication-dependent pathways such as DNA
repair- and transcription related mechanisms [41]. Alter-
natively, the heterogeneity could have originated from
clonal progenitors that have not expanded as rapidly as
the primary clones. Primary cell cultures will presumably
develop into a select group of clonally expanded cells.
Although still a mixed culture, it is possible that in vitro
selection occurred of pericytes that expanded well. This
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clonality must be considered when going forward with
a cell therapy approach, as the expansion of primarily a
selected group of cells could have important therapeutic
implications [16].

DM1 hallmarks were particularly noticeable when peri-
cytes differentiated to myotubes, during which DMPK
expression increased. Interestingly, P4 cells with 90 and
115 CTG triplets contained on average around 15 foci
per nucleus in MHC" myotubes, whereas DMPK expres-
sion did not change much upon differentiation and foci
were sparse in mononuclear cells. We assume that this
almost sudden appearance of foci relates to the threshold
repeat length detection limit in this cell culture and more
accessible repeat RNA conformations in ribonucleopro-
tein complexes in myotube nuclei. Considerable variation
was observed in the number of foci between individual
pericyte nuclei and pericyte-derived myotube nuclei
from one participant, reminiscent of the variation that
has been observed previously in myoblast cultures and
muscle cell nuclei from biopsies of DM1 patients [39, 42].

In contrast to what was reported earlier in myoblasts,
DM1 pericytes did not show a lower intensity MBNL1
signal in the nucleoplasm than cells from unaffected
controls [43]. A proxy for disease severity at the cellular
level, nucleoplasmic MBNLI signal decreased only upon
the formation of myotubes during differentiation. This
observation suggests that DMPK expression in prolifera-
tive pericytes is not high enough to affect the free nuclear
MBNLI1 protein distribution, or that other downstream
factors or mechanisms preclude initiation of DM1 dis-
ease mechanisms at this cell stage.

Pericytes are known to contribute to muscle regenera-
tion [44]. We validated this process in co-culture experi-
ments including pericytes and GFP-labelled myoblasts.
All observations were based on single cell or single
nucleus observations. Technical limitations inherent to
the use of differentiated (co-)cultures, namely, differen-
tiation rate, mixed cell types, and composition of hybrid
myotubes, limited the amount of disease hallmarks that
could be studied. Despite the presence of DM1 disease
biomarkers, all patient-derived pericytes maintained
comparable myogenic regeneration potential to myo-
blasts. Thereby underscoring the suitability of pericytes
for therapeutic applications. Using hybrid cultures of
unaffected pericytes and patient-derived GFP-labelled
myoblasts, DM1 disease hallmarks were significantly
downregulated by the addition of unaffected nuclei to
DM1 myotubes. The average count of RNA foci in DM1
nuclei decreased, while the amount of free MBNLI1
increased, as more nuclei from unaffected pericytes par-
ticipated in myotube formation.

Although the foci number in DM1 nuclei was reduced
upon fusion with unaffected pericytes, their estimated
size more than doubled. Our hypothesis is that the
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growth of RNA foci is due to the influx of additional
MBNLI protein from the sarcoplasm, leading to a change
in the intranuclear concentration of macromolecules.
RNA foci may thus become oversaturated and a biomo-
lecular condensate of RNA and MBNL1 aggregated pro-
tein may be formed via phase separation [45]. Unfolding
of the expanded RNA may in addition lead to a larger
surface being able to be reached by the (CAG), probe.
Despite the fact that we provide evidence for the spread-
ing of proteins encoded by a certain nucleus to other
nuclei in the same myotube due to the shared cytoplasm,
we never observed RNA foci in unaffected nuclei in
hybrid myotubes, and thus have no evidence for internu-
clear transport of expanded RNA in our cell model [38].

In summary, we demonstrate here how pericytes with
various repeat expansions behave in proliferative, dif-
ferentiated and regenerative states. Unaffected pericytes
are able to downregulate disease markers in DM1 myo-
tube nuclei after only five days of culture. This means
that there is a possibility to neutralize the negative
effects of MBNL1 sequestration in existing myofibers
in patients, stipulating the potential of cell therapy for
DML. In an ideal situation in vivo, pericytes will not only
fuse with diseased, regenerating muscle and upregulate
free MBNL1, but also take the niche position of satellite
cells in muscle tissue. In doing so, the stem cell popula-
tion can be corrected and provides numerous unaffected
myogenic progenitors that support sustainable regenera-
tion of skeletal muscles affected in patients. Before this
scenario becomes reality, more research is required to
examine the long-term survival and myogenic potential
of transplanted pericytes in an in vivo setting.
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