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Abstract

Aims: Myotonic dystrophy type I (DM1) is one of the most frequent muscular dystro-

phies in adults. Although DM1 has long been considered mainly a muscle disorder, grow-

ing evidence suggests the involvement of peripheral nerves in the pathogenicity of DM1

raising the question of whether motoneurons (MNs) actively contribute to neuromuscu-

lar defects in DM1.

Methods: By using micropatterned 96-well plates as a coculture platform, we generated

a functional neuromuscular model combining DM1 and muscleblind protein (MBNL)

knock-out human-induced pluripotent stem cells-derived MNs and human healthy skele-

tal muscle cells.

Results: This approach led to the identification of presynaptic defects which affect the

formation or stability of the neuromuscular junction at an early developmental stage.

These neuropathological defects could be reproduced by the loss of RNA-binding MBNL

proteins, whose loss of function in vivo is associated with muscular defects associated

with DM1. These experiments indicate that the functional defects associated with MNs

can be directly attributed to MBNL family proteins. Comparative transcriptomic analyses
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also revealed specific neuronal-related processes regulated by these proteins that are

commonly misregulated in DM1.

Conclusions: Beyond the application to DM1, our approach to generating a robust and

reliable human neuromuscular system should facilitate disease modelling studies and

drug screening assays.
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INTRODUCTION

Myotonic dystrophy type 1 (DM1) is a dominant hereditary muscular

dystrophy which results from the expansion of an unstable CTG

repeat in the 30 untranslated region of Myotonic Dystrophy Associated

Protein Kinase (DMPK) [1, 2]. DM1 is considered the most common

adult-onset muscular dystrophy with considerable clinical heterogene-

ity, mainly characterised by muscle weakness and myotonia and also

systemic manifestations involving cognitive impairment, cataracts and

cardiac conduction abnormalities [3–5]. A correlation has been

observed between the severity of the symptoms and the number of

CTG repeats with longer CTG repeat expansions correlating with an

earlier age of onset and more severe forms of the disease [6, 7].

In skeletal muscle, the main pathogenic process in DM1 arises

from an RNA-mediated mechanism involving the dysfunction of alter-

native splicing regulator proteins by mutant DMPK transcripts which

results in inappropriate expression of developmental splice isoforms

in adult tissues [8]. One of the most well-described mechanisms at the

origin of this misregulation resides in the direct sequestration of pro-

teins from the MBNL family within nuclear aggregates formed by

mutant RNAs containing expanded CUG repeats [9, 10]. Dozens of

splicing events are thus found to be misregulated in skeletal muscle

biopsies from DM1 patients [11]. A couple of these events have been

correlated directly with DM1 symptoms, such as the myotonia that

characterises DM1, which has been associated with abnormal splicing

of the skeletal muscle-specific chloride channel 1 (ClC-1) or muscle

weakness more recently associated with the defective splicing of

DMD exon 78 [12–14].

Although DM1 has long been considered to be mainly a muscle

disorder, emerging evidence suggests the involvement of peripheral

nerves in the pathogenicity of DM1. Several abnormalities involving

nerve terminals such as multiple endplates on the same muscle fibre,

abnormal endplate size and expanded terminal arborisations have

been observed in patients’ biopsies [15, 16]. More recently, neuro-

physiological studies in two different cohorts of DM1 patients

reported neuromuscular transmission abnormalities [17, 18]. These

observations were confirmed to a certain extent in a severe murine

model of DM1 in which abnormalities in the size and complexity of

endplates were observed in the diaphragm [19]. However, the mecha-

nisms by which the mutation might affect muscle innervation are not

clearly understood. These symptoms can derive from muscle fibre

damage, as evidenced in biopsies of clinically affected patients [17].

Nonetheless, peripheral nerve dysfunction might also contribute to

these mechanisms.

In this regard, the detection of nuclear mutant RNA aggregates in

association with MBNL proteins in motor neurons from postmortem

biopsies of DM1 patients raises the possibility, as described for skele-

tal muscle cells, of a toxic RNA-mediated mechanism within the moto-

neuronal compartment which may affect the development, function

or stability of the neuromuscular junction [20]. Thus, the potential

contribution of MBNL proteins to motoneurons and neuromuscular

junction defects remains an open question.

To test this hypothesis, we took advantage of the recent progress

made in the combination of human pluripotent stem cell technology

with advanced tissue culture systems to recapitulate human neuromus-

cular structure and function [21]. We based our approach both on our

recently optimised protocol to rapidly and efficiently convert hiPSCs

into a homogenous population of spinal motoneurons (hiPSCs-derived

spinal MNs) [22] and on the development of cocultures between hPSC-

spinal MNs and human skeletal muscle cells using micropatterned

96-well plates [23]. Combining skeletal muscle cells with hiPSCs-spinal

MNs derived from DM1 patients or depleted for MBNL proteins by

CRISPR/Cas9 technology, we investigated the contribution of moto-

neurons in the neuromuscular defects observed in DM1.

Key points

• Myotonic dystrophy type I (DM1) human-induced plurip-

otent stem cell (hiPSC)-derived spinal motoneurons har-

bour neurite outgrowth defects reproduced by

muscleblind proteins (MBNL) depletion.

• Overexpression of MBNL1 protein in DM1 hiPSC-

derived spinal motoneurons reverses the abnormal

neuritogenesis.

• Defective neuritogenesis of DM1 and MBNL-depleted

hiPSC-derived spinal motoneurons contributes antero-

gradely to abnormal neuromuscular communication.

• MBNL proteins regulate the expression of specific

synaptic-related genes that are commonly deregulated in

DM1 hiPSC-derived spinal motoneurons.
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MATERIALS AND METHODS

hiPSC and differentiated cells

Human-induced pluripotent stem cells (hiPSC), the control (CTRL) and

the three DM1 (named DM1_1, DM1_2, DM1_3) were generated from

skin fibroblasts derived from nonaffected and DM1 affected patients as

previously described [24]. The length of the repeat expansion was pre-

viously estimated to be approximately 2700 CTG repeats in each DM1

hiPSC line generated by Southern Blot analysis [24]. Briefly, hiPSC were

grown on culture dishes-coated vitronectin (Gibco®) and maintained in

iPS-Brew XF medium (Miltenyi Biotec®). Cell passaging was performed

manually under the binocular loupe; colonies are cut as squares using a

needle (Dutscher, 050103B) every 5 days, and the culture medium was

changed every 2 days. Knock-out MBNL hiPS cells (MBNL1(�/�),

MBNL2(�/�) and MBNL1(�/�); MBNL2(�/�) – named DKO) were

generated from a nonaffected hiPSC line by using CRISPR/Cas9 tech-

nology as previously described [24]. CTG-depleted DM1 cell line was

developed from a DM1 hiPS cell line (DM1_3) by using CRISPR/Cas

9 technology and named DM1_3_ΔCTG [25]. The conversion of hiPSC

into spinal motoneurons was performed as previously described [22].

Briefly, hiPSC were dissociated enzymatically using Stem Pro Accutase

(ThermoFisher®) for 5 min at 37�C, 5% CO2 and plated in suspension in

25 cm2 flasks (Dutscher®) at 1.5 million per flask in an induced-

motoneuronal medium supplemented with cytokines every 2 days.

After 14 days of differentiation, embryoid bodies were dissociated

and motoneuron phenotype was assessed by immunolabelling for

Islet1 (ISL1). Human primary control myoblasts (gift of D. Furling,

Institute of Myology, Paris) were cultured in a growth medium

(DMEM, FBS 10%, 0.5 ng/ml bFGF and 5 ng/ml EGF) and cryopre-

served in a freezing solution (CryoStor, Stem Cell technology®).

After two to three cell passages, primary myoblasts were purified on

CD56 microbead columns (Miltenyi Biotec®) followed by immunola-

belling for Desmin to estimate the percentage of myoblast cells

(supporting information Figure S4).

Coculture protocol

The 96 micropatterned-well plates were designed and provided by

CYTOO SA [23] (Minatec BHT, Grenoble, France). At D0, myoblasts

were seeded at 20,000 cells per well in DMEM-F12 glutamax

(ThermoFisher®) supplemented by 20% foetal bovine serum (Sigma-

Aldrich®) and 0.1% penicillin/streptomycin (ThermoFisher®) (support-

ing information Material and Method Table S1). At D2, after two

washes with basal medium, the growth medium was replaced by the

differentiation medium composed of DMEM-F12 glutamax and 2%

horse serum (ThermoFisher®, 26050088). At D4, hiPSC-derived MNs

were seeded at 40,000 cells per well in DMEMF12-glutamax, neuro-

basal medium (Vol:Vol) supplemented with BDNF (Miltenyi Biotec®),

GDNF (Miltenyi Biotec®), DAPT (Sigma-Aldrich®) and Y-27632 (Stem

Cell®) (supporting information Material and Method Table S1). Cocul-

tures were maintained for at least 7 days.

Immunostaining

Motoneurons derived from hiPSC were fixed with a solution containing

4% paraformaldehyde (PFA-Euromedex®) for 8 min at room temperature.

Cocultures were fixed vol:vol with a solution containing 8% paraformal-

dehyde (PFA-Euromedex®, 15710) for 10 min at room temperature. Pri-

mary antibodies were diluted in PBS/1% BSA/0.2% Triton X-100 and

incubated overnight at 4�C. Appropriate secondary antibodies were

added for 1 h at room temperature in the presence of Hoechst 33258

(ThermoFisher®, H3569). Primary and secondary antibodies are listed in

the supporting information Material and Method Table S2.

Fluorescent in situ hybridisation (FISH)

FISH experiments were performed as previously described [26].

Briefly, cells were fixed with PBS buffer containing 4% PFA (Electron

Microscopy Science, 20 μl/well) for 20 min at room temperature and

washed with 200 μl of PBS. Cells were then incubated overnight at 4�C

with 70% Ethanol (60 μl/well). After PBS wash, cells were rehydrated with

a solution of PBS containing 5mMMgCl2 for 15–30 min and then sequen-

tially incubated with prehybridisation buffer (50 mM Phosphate buffer,

40% formamide, 2X SSC, 50 μl/well) for 15–30 min and hybridisation

buffer (prehybridisation buffer with 0.2% BSA and 7% Dextran, 50 μl/well)

containing 300 ng/ml of the (CAG)10-Cy5 probe (50Alexa

647-TTCTTATTCTTCAgCAgCAgCAgCAgCAgCAgCAgCAgCAg30) (Operon)

overnight at 37�C. The washing steps consisted of prewarmed washing

buffer (prehybridisation buffer + 0.2% BSA, 60 μl) for 15 min at RT

followed by the addition of washing buffer (80 μl) and incubation for 30 min

at 37�C. Cells were washed twice in PBS before nuclei counterstaining

Hoechst 33258 (ThermoFisher®, H3569). Plates were stored at 4�C until

analysis. Nuclear foci detection was performed using the Cellomics Array

Scan VTI high-content imaging system (Thermofisher®) with the 20X

objective. Images were acquired in high-resolution camera mode on two

channels, and quantification was performed as previously described [26].

Image acquisition and analysis

Images for hiPSC-derived motoneurons were acquired using ImageXpress

micro imaging system (Molecular Devices®) and analysed using MetaXpress

for automated quantification following the instructions from the soft-

ware. The percentage of ISL1 and TUJ1 positive cells, a transcription

factor specific for motoneurons and the pan-neuronal class III beta-

tubulin, respectively, was automatically determined by counting the

number of cells expressing ISL1 or TUJ1 over the total number of cells

counterstained with Hoechst, using, for both, the metaXpress software

tool ‘Find Round Objects’ following the instructions from the software

(MetaXpress). Neurite length was determined by using the metaXpress

tool ‘fibres bioapplication module’ and normalised to the total number

of ISL1-positive cells (supporting information Material and Method 5).

Images of the coculture system were acquired using Spinning Disk

microscopy (Zeiss®) with the 20X and 40X objectives and a z-stack
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plan. For quantification of the AChR clustering, neuritic network and

myotube area, each image taken was processed as a maximum projec-

tion and analysed by using Fiji Software. The following quantifications

were performed semimanually. The total area and mean size of AChR

clusters were determined by an algorithm developed in-house in Fiji

(supporting information Material and Method 1). The neurite out-

growth was measured by applying an intensity threshold and a back-

ground correction to detect the neurites stained by TUJ1, class III

beta-Tubulin shown to be expressed in the soma and the neuritic pro-

cesses of neurons. The number of branches was measured as intersec-

tions between neurites from the cluster of soma (supporting

information Material and Method 2). Islet1 quantification was deter-

mined by automatically counting the number of Islet1-positive cells by

micropattern using an intensity threshold on Fiji software. The myo-

tube area was quantified by delimiting the cells stained by MF20

(MHC) antibody and application of an intensity threshold (supporting

information Material and Method 3). From day 4 in coculture, visual

contractions were recorded in phase contrast using Spinning Disk

(Zeiss®) under a controlled atmosphere (37�C, 5% CO2). Movie acquisi-

tion lasted 2 min, and they were analysed using the detection of pixel

variations on Fiji Software and then visual contractions were analysed

by the kymograph tool.

MBNL1-AAV2 transduction in hiPSC-derived MNs

AAV vectors used in this study, pAAV2[Exp]-EF1A>hMBNL1

[NM_021038.5]:WPRE (functional titre: 2.05 � 1011GC/ml) and pAAV2

[Exp]-EF1A>EGFP:WPRE (functional titre: 5.66 � 1011GC/ml) were con-

structed and packaged by VectorBuilder. The vector IDs,

VB211128-1086afy and VB900088-2252axv, respectively, can be used

to retrieve detailed information about the vector on vectorbuilder.com.

hiPSC-derived MN progenitors were transduced at D10 with AVV2 vec-

tors diluted at 10,000 MOI. The amount of virus needed to achieve this

multiplicity of infection (MOI) was based on the cell number per well for

each AAV condition. hiPSC-derived MN progenitors were seeded in

96-well plates at 75,000 cells/cm2 in N2B27 medium and supplemented

with Rock inhibitor at 10 μM as previously described [27, 28]. Five hours

after the first transduction, a second infection was performed at the same

MOI by adding half of the medium. The medium was changed 24 h after

the transduction and twice a week for 20 days. For the analysis, plates

were fixed with 8% PFA vol/vol, and immunostainings were performed

as previously described in Section 2. Neuritic length, MBNL1 expression

and percentage of Islet1-positive cells were quantified using the ImageX-

press micro Imaging system (Molecular Devices®) and the bioapplications

software following the manufacturer’s instructions.

Calcium flux assay

Living cells were incubated in an HBSS+/+ solution (supporting infor-

mation Material and Method Table S1) containing a Cal520 probe

(2uM-Abcam®) at 37�C, 5% CO2. After 25 min, the cells were washed

twice with an HBSS�/� solution and kept at room temperature for

15 min. The recording was performed using Spinning Disk Microscopy

(Zeiss®) in a controlled atmosphere (37�C, 5% CO2). Basal acquisitions

were set at 200 ms intervals, and two different fields were acquired

per well. The inhibition of synaptic activity was evaluated after differ-

ent drug treatments. After a basal acquisition of each field, [1]

100 uM of tubocurarine chloride (Sigma-Aldrich®) was applied to each

well and a stream acquisition was performed for 1 min; [2] the recom-

binant neurotoxin botulinum serotype A, generated by Ipsen® as pre-

viously described [29], was added at 5 nM, and acquisitions were

performed after 4 and 8 h of treatment. In contrast, the activation of

synaptic activity was evaluated after treatment with L-Glutamic acid

(100 uM-Sigma-Aldrich®). Placebo experiments were conducted by

adding drugs to myotubes alone without hiPSC-derived MNs or by

treating cocultures with a buffer solution that did not contain any of

the chemical reagents. The calcium flux assay analysis was performed

semi-automatically using Fiji Software, and the exported raw data

were processed on Microsoft Excel to generate the ΔF/F0 curve (sup-

porting information Material and Method 4). Briefly, for each condi-

tion, two fields per well were analysed. For each field, one ROI

(Region of interest) determined by using the ROI manager on Fiji Soft-

ware has been determined for each micropattern (one ROI was also

generated for the background signal to calculate the corrected fluo-

rescence). The Ca2 + activity (=ROI) was specifically determined in

the myotubes by segmenting one by one each micropattern without

considering the cluster of soma and automatically analysed to gener-

ate the mean grey intensity value over time. The curve of calcium

response is represented as the ratio ΔF/F0 as previously described

[23, 28]. Briefly, this ratio represents (F-F0) /F0) in which F0 represents

the mean fluorescence of basal values in the untreated condition or

before drug treatment, whereas ΔF represents the corrected fluores-

cence minus the mean fluorescence of basal values.

RNA isolation and RT-qPCR analysis

Total RNAs were isolated using the RNAeasy Mini extraction kit

(Qiagen®) according to the manufacturer’s protocol. RNA levels and

quality were checked using the NanoDrop® technology. cDNA was

synthesised using SuperScript III (ThermoFisher®). Quantitative poly-

merase chain reaction (qPCR) analysis was performed using a Quant-

Studio 12K Flex real-time PCR system (Applied Biosystem®). Primer

sequences are detailed in the supporting information Material and

Method Table S3. All analyses were performed with at least three tech-

nical replicates per plate. The 2-ΔΔ Ct method was used to determine

the relative expression level of each gene. All expression data were nor-

malised to three housekeeping genes (18S, cyclophilinA and GAPDH).

Protein extraction and Western blot analysis

Western blot analyses were performed as previously described [26].

Briefly, cells were lyzed in RIPA 1X buffer (Sigma®) containing
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protease inhibitors (Sigma®) and phosphatase inhibitors (Roche®). Pro-

teins were quantified by Pierce BCA Protein Assay kit (Pierce®) using

a multiplate colourimetric reader, CLARIOstar (BMG Labtech®). Pro-

tein extracts (20 to 40 μg) were loaded on a 4%–12% SDS-PAGE gra-

dient (NuPage Bis-Tris gels, Invitrogen®) and transferred onto Gel

Transfer Stacks Nitrocellulose membranes (Invitrogen®) using the

iBlot2 Dry Blotting System (Invitrogen®). Membranes were then incu-

bated overnight at 4�C with the following primary antibodies: MBNL1

- MB1a(4A8) (DSHB®, 1:1000) and MBNL2 - MB2a(3B4) (DSHB®,

1:1000). After hybridisation of the peroxidase-conjugated secondary

antibody (from 1:50000 to 1:10000), immunoreactive bands were

revealed by using Amersham ECL Select Western Blotting Detection

Reagents (GE Healthcare®). Equal protein loading was verified by the

detection of β-Actin using the A3854 Monoclonal Anti-

β-Actin�Peroxidase antibody (Sigma®, 1:10000).

Electronic microscopy

Cocultures were processed in situ as previously described [30], except

for a few modifications related to the use of glass instead of plastic

coverslips. Following resin polymerisation, glass coverslips were dis-

solved with hydrofluoric acid, and plastic-embedded samples were

glued on an epoxy block and cut into 70 nm ultrathin sections.

RNA-Seq library preparation and sequencing (TrueSeq
polyA)

Total RNAs (control, DM1 and DKO hiPSC-derived motoneurons

samples from three independent differentiations and MBNL2(�/�)

hiPSC-derived motoneurons samples from two independent differ-

entiations) were isolated using the RNAeasy Mini extraction kit

(Qiagen®) according to the manufacturer’s protocol. RNA levels were

assessed using the NanoDrop® technology, and quality control was

evaluated by determining RNA integrity number (RIN) using the RNA

screen tape technology (Agilent®). For each sample, 100 ng of total

RNA was used. mRNAs were purified using poly-T oligo from the

TruSeq Stranded kit (Illumina®) and were fragmented and retro-

transcribed using the TruSeq Stranded kit following the protocol of

the manufacturer (Illumina®). The final library was quantified using

an Agilent High Sensitivity DNA kit before the samples were pooled

in sets of six for sequencing. About 2 nM of pooled libraries were

denatured, and the quantity of 1.8 pM was used for cluster genera-

tion before paired-end sequencing on an Illumina Nextseq550 (Hight

output 2*150pb run). Samples were sequenced with an average of

89,532,366 reads (paired-end) per sample. The quality control of the

sequencing data was evaluated using FastQC (v0.11.2). The reads

were trimmed using Prinseq (v0.20.4) [31] (--trim-right 20) and fil-

tered by average quality score (--trim-qual 20) and cutadapt (v1.16).

Reads were mapped EnsEMBL GRCh37.87 human reference using rna-

STAR (v2.7.3) [32]. Reads below a mapping score of 10 or multimapped

were filtered using samtools (v0.1.19). The gene expression level in

each sample was quantified with HTSeq-count (v0.8.0). The differential

gene expression (DEG) between conditions was calculated with

DESeq2 (v1.26.0 using R v3.6.3). We consider that genes are differen-

tially expressed when their BaseMean is greater than 20, their p-value

adjusted is less than 0.05 and jlog2FoldChangej is upper than 0.4

(options: lfcThreshold = 0.4, altHypothesis = ‘greaterAbs’). For the

alternative splicing analysis, the raw reads were annotated on

GRCh37.75 EnsEMBL reference annotation by Tophat2 (v2.0.13) and

analysed using only reads on exomic junctions with FaRLine pipeline

and FasterDB database. Exons were considered differentially spliced

when their adjusted p-value was under 0.05 and their DeltaPSI (per

cent spliced-in) value was upper than 0.1. Data are available on the

GEO database (GSE171988).

RT-PCR and Agilent DNA chips analysis for alternative
splicing

Total RNA was extracted using the RNeasy Micro/Mini kit (Qiagen®)

and reverse transcribed using random hexamers and Superscript III

Reverse Transcriptase kit (Invitrogen®) according to the manufac-

turer’s protocol. For splicing analysis, PCR amplification was carried

out with recombinant Taq DNA polymerase (Invitrogen®) and primers

listed in the supporting information Material and Method Table S3.

The amplification was performed using a first step at 95�C for 30 fol-

lowed by 35 cycles of 4500 at 95�C, 3000 at 60�C, 10 at 72�C and a final

100 extension at 72�C. The PCR products were analysed using

Agilent® DNA chips and quantified with the BioAnalyzer 2100.

Statistical evaluation

All data were processed using Prism 8®. Values are represented as

mean ± SD. Student’s t-test was used to analyse two groups of data

(*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001). For compari-

sons of more than two groups, statistical analyses were performed

with ordinary one-way analysis of variance (ANOVA) using Tukey’s

multiple comparisons test. Values of p < 0.05 were considered signifi-

cant (*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001). For the

statistical analysis of the proportional repartition of AChR clusters by

size, a two-way ANOVA using Tukey’s multiple comparisons test as

two independent variables (the number and the size) needed to be

compared with the control condition (**p < 0.01; ***p < 0.001).

RESULTS

Depletion of MBNL1 and MBNL2 proteins affects
neuritogenesis in DM1 hiPSC-derived spinal MNs

We previously demonstrated that human embryonic stem cells carry-

ing the causal mutation of DM1 (DM1_hESC) differentiated into

motoneuronal cultures harboured nuclear foci and neuritic outgrowth
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abnormalities [33]. However, the protocol of differentiation used for

this previous study was inefficient with only 30% of the cells gener-

ated being spinal motoneurons and a high proportion of contaminat-

ing nonrelevant cells that hampered efforts towards pathology

modelling. To circumvent this limitation, we based our approach on

our recent protocol (Figure 1A) allowing the specification of hPSCs

into a population containing more than 70% spinal motoneurons [22].

This protocol was applied to differentiate hiPSC lines that we recently

developed which include independent DM1 hiPSC lines derived from

three different patients (Figure 1A and supporting information

Figure S1A) [24]. These lines carry a mutant DMPK gene that contains

within the 30 UTR region approximately 2500 CTG triplet repeats.

There was no major difference in terms of repeat length between

donor skin fibroblasts and hiPSC lines. In addition, we generated unaf-

fected control hiPSC, as well as one isogenic DM1 hiPSC line in which

the 2700 CTG expansion had been completely excised by CRISPR/

F I GU R E 1 Myotonic dystrophy type I (DM1) human-induced pluripotent stem cell (hiPSC)-derived motoneurons (MNs) reproduce the main
features associated with DM1. (A) Schematic representation of the differentiation protocol to convert hiPSC into MNs (created with BioRender.
com) for the different hiPSC lines listed in the table below. This summary table recapitulates the sex, the age of each patient, their main clinical
features and associated MDRS (muscular disability rating scale) at the time the skin fibroblast biopsies were performed. Fibroblasts from three
DM1 patients and one healthy donor subject (control [CTRL]; sibling of DM1_2 patient) were used. The CTG length determined by southern blot
analysis in fibroblasts and hiPSC is indicated. On the right, a schematic representation of the generation of muscleblind protein (MBNL) knock-out
hiPS cell lines. (B) Representative images of immunostaining for motoneuronal markers in hiPSC-derived MNs after 30 days of differentiation.
MNs were identified by Islet1 (ISL1; Green) and TuJ1 (red) immunostaining. Nuclei were revealed by Hoechst staining (blue). Scale bar 10 μm. On
the right, the quantification of the percentage of ISL1 and TuJ1-positive hiPSC-derived MNs. Data represent the mean ± SD values from at least
three independent experiments in technical triplicate. Data were analysed with an ordinary one-way analysis of variance (ANOVA), Tukey’s
multiple comparisons test compared with CTRL (ns: not significant). (C) Representative images of mutant DMPK mRNA foci (red) detected by
mRNA fluorescence in situ hybridisation combined with immunolabelling for ISL1 (green) in CTRL, DM1 and DM1_ 3_ΔCTG-depleted hiPSC-
derived MNs after 30 days of differentiation. Nuclei were detected by Hoechst staining. Scale bar 10 μm. The graph on the left represents the
quantification of the percentage of ISL1-positive cells containing foci. Data represent the mean ± SD values from at least three independent
experiments in technical triplicate and were analysed with an ordinary one-way ANOVA, Tukey’s multiple comparisons test compared with CTRL
(****: p ≤ 0.0001, ns: not significant).
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Cas9 technology (DM1_3_ΔCTG) (Figure 1A and supporting informa-

tion Figure S1B). Finally, because of the role of the two isoforms

MBNL1 and MBNL2 in the muscular pathogenicity of DM1, we

sought to investigate the contribution of these isoforms to motoneu-

ron development and function by taking advantage of different hiPSC

lines we recently generated in which the genes coding these proteins

had been depleted using CRISPR/Cas9 technology (Figure 1A) [24].

We determined the efficiency of the differentiation by quantify-

ing the percentage of cells expressing the generic motoneuron marker

ISL1 as well as the pan-neuronal marker TUJ1 over the total of cells

F I GU R E 2 Muscleblind protein (MBNL)-dependent abnormal neuritic outgrowth in myotonic dystrophy type I (DM1) human-induced
pluripotent stem cell (hiPSC)-derived MNs. (A) Quantification of neurite length (μm) per hiPSC-derived motoneuron (MN) at day 30 of
differentiation by co-immunostaining for TuJ1 and Islet1 (ISL1). Data are represented as the mean ± SD values from at least four independent
experiments in technical triplicate and were analysed with an ordinary one-way analysis of variance (ANOVA), Tukey’s multiple comparisons test
compared with control (CTRL) (***: p ≤ 0.001, ****: p ≤ 0.0001, ns: not significant). (B) Percentage of GFP-positive cells and ISL1-positive cells
expressing GFP following pAAV2[Exp]-EF1A>EGFP:WPRE transduction of hiPSC-derived MNs (at day 30). Data represent the mean ± SD values
from three independent experiments in three technical triplicates and were analysed with Student’s t-test (ns: not significant). (C) Representative
images of MBNL1 immunostaining (green, nuclei in blue) in CTRL, DM1, MBNL1 knock-out and DM1 hiPSC-derived MNs transduced by pAAV2
[Exp]-EF1A>hMBNL1[NM_021038.5]:WPRE. Scale bar 10 μm. MBNL1 overexpression was determined by the quantification of
immunofluorescence in hiPSC-derived MNs 20 days posttransduction with pAAV2[Exp]-EF1A>hMBNL1[NM_021038.5]:WPRE. Data were
normalised on the values generated for mock-transduced DM1_2. Data are represented as the mean ± SD values from three independent
experiments in technical triplicate and were analysed with an ordinary one-way ANOVA, Tukey’s multiple comparisons test compared with
DM1_2 (***: p ≤ 0.001, *: p < 0.05). (D) Representative images of colabelling for ISL1 (green) and TuJ1 (red) in CTRL, DM1 andMBNL1 transduced
hiPSC-derived MNs. Scale bar 10 μm. Quantification of the neuritic outgrowth (μm) per hiPSC-derived MNs transduced by pAAV2[Exp]-
EF1A>hMBNL1[NM_021038.5]:WPRE was determined at day 30 of differentiation. Data represent the mean ± SD values from three
independent experiments in technical triplicate (highlighted with nuanced colours) and were analysed with an ordinary one-way ANOVA, Tukey’s
multiple comparisons test compared with CTRL and DM1_2 (*: p < 0.05, **: P < 0.005, ns: not significant).
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determined by Hoechst staining. More than 95% of cells were neu-

rons (determined by the expression of the pan-neuronal Class III tubu-

lin marker, TUJ1), independently of the cell line. As previously

described [27], around 70% of the cells were motoneurons regardless

of the cell line demonstrating that the specification into MNs was not

affected by the DM1 mutation (Figure 1B and supporting information

Figure S2). Mutant RNA aggregates were detected in 40% to 60% of

DM1 hiPSC-derived MNs, while none were observed in the control

and isogenic DM1_3_ΔCTG hiPSC-derived MNs (Figure 1C). We also

confirmed the specific lack of expression of the MBNL paralogues at

the protein level in the different gene-edited hiPSC lines differenti-

ated into MNs (supporting information Figure S3A–C).

As previously described, increased neuritic outgrowth was specifi-

cally observed in DM1 hiPSC-derived MNs compared with control

and DM1_3_ΔCTG hiPSC-derived MNs (Figure 2A). Quantification of

the neuritic length revealed a significantly increased neuritic out-

growth in MBNL1 (�/�), MBNL2 (�/�) and MBNL1 (�/�); MBNL2 (�/�)

(DKO) hiPSC-derived MNs as observed in DM1-derived MNs

(Figure 2A). To confirm the relationship between the loss of MBNL

expression and neuritic defects, we evaluated the possibility of revers-

ing the neuritic phenotype by overexpressing MBNL proteins in DM1

cells. In view of the profile expression of MBNL proteins during the

differentiation of hiPSC into spinal motoneurons, we overexpressed

MBNL1 by using an AAV2 vector at day 10 of the protocol of differ-

entiation (progenitor stage) as the peak expression of this protein is

observed at this time point (supporting information Figure S3A,B). As

a control and to evaluate the efficiency of transduction, cells were

also transduced with an AAV2 expressing GFP. As expected from pre-

vious work [28], approximately 70% of hiPSC-derived MNs expressed

GFP and MBNL1 overexpression was confirmed (Figure 2B,C). The

quantitative analysis of the neuritic outgrowth revealed that overex-

pressing MBNL1 in DM1 hiPSC-derived motoneurons led to a normal-

isation of excessive neuritogenesis observed in the DM1 condition

(Figure 2D).

A 96-well plate coculture to study the communication
between human skeletal muscle cells and hiPSC-
derived motoneurons

We next sought to investigate whether this abnormal development of

MNs may affect their communication with their skeletal muscle tar-

gets. For this purpose, we developed in vitro cocultures derived from

hiPSC-derived MNs and primary human skeletal muscle cells (support-

ing information Figure S4A) using micropatterned 96-well plates. In

these plates, each well contains around 100 micropatterns that were

shown to favour the formation of aligned and striated mature myofi-

bers from human primary skeletal muscle cells [23]. The use of a

96-well plate format also offers the possibility to analyse in parallel a

large number of conditions (Figure 3A). To evaluate the maturity and

functionality of this coculture system, we first characterised cocul-

tures generated with healthy cells. Thus, motoneurons derived from

hiPSC from a healthy donor were seeded on top of human primary

skeletal muscle cells derived from a healthy control (Figure 3B). The

morphology of the cocultures was followed by a time-lapse phase

contrast microscopy tracking the development of neurite arborisation

and the fusion of skeletal muscle cells (supporting information

Figure S4B,C; see Movie S1). Immunostaining for ISL1 confirmed

appropriate maturation of hiPSC-derived motoneurons (ISL1)

(Figure 3C) and mature myotubes was revealed by the expression of

Myosin II Heavy Chain (MHC) (Figure 3D). The presence of hiPSC-

derived MNs did not affect the myotube area (Figure 3D), although a

significant increase in postsynaptic AChR clustering was detected in

their presence when compared with myotubes alone (Figure 3E and

supporting information Figure S4D). The detection and localisation of

different presynaptic markers such as synaptophysin, the vesicular

acetylcholine transporter and bassoon, in close proximity to AChR

clusters confirmed the existence of synapse formation (Figure 4A and

supporting information Figure S4D). These observations were vali-

dated by transmission electron microscopy revealing close contacts

between skeletal muscle cells and hiPSC-derived motoneurons. The

presence of presynaptic vesicles as well as apposed electron-dense

zones suggested the presence of AChR clusters at junctional zones

(Figure 4B).

In terms of functionality, muscular contractions were observed

4 days after the addition of hiPSC-derived MNs. Quantification of

twitching activities revealed a significant effect of hiPSC-derived

MNs on the capacity of human primary skeletal muscle cells to con-

tract (supporting information Figure S5A; see Movie S2). Another

important functional parameter consisted of the measurement of

the capacity of hiPSC-derived MNs to induce Ca2+ transients in

skeletal muscle cells. Extensive characterisation of this parameter

was performed under different conditions. We first demonstrated

that the addition of hiPSC-derived MNs led to a significant increase

in Ca2+ transients when compared with human primary skeletal

muscle cells alone (Figure 4C and supporting information

Figure S5B; see Movies S3 and S4). The specificity of these Ca2+

transients was evaluated using pharmacological approaches. Applica-

tion of the neurotransmitter glutamate to activate motoneurons trig-

gered a significant increase in the Ca2+ signal peaks (supporting

information Figure S5C; see Movie S5). In contrast, the excitation of

skeletal muscle cells was totally abolished by d-tubocurarine, a com-

petitive inhibitor of AChR, indicating that the Ca2+ oscillations were

mediated by AChR clusters (supporting information Figure S5D; see

Movie S6). Finally, treatment with Botulinum neurotoxin Type-A

(BoNT/A), known to induce a prolonged blockage of neurotransmit-

ter release from the nerve terminal in vivo and in hiPSC-based neu-

ronal models [34, 35], led to a significant reduction of Ca2+ activity

confirming that the Ca2+ oscillations observed in skeletal muscle

cells were dependent on neurotransmitter release by hiPSC-derived

MNs (Figure 4D).

These functional analyses indicate that the micropatterned cocul-

tures at this stage (day 7) recapitulate key phenotypical and functional

features of early neuromuscular junction development and therefore

offer new perspectives to study impairment of this intercellular struc-

ture in diseases.
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Impaired communication of DM1 and MBNL-depleted
hiPSC-derived spinal MNs with skeletal muscle targets

To evaluate the capacity of DM1 and MBNL-depleted hiPSC-derived

MNs to interact with skeletal muscle cells properly and functionally,

we employed a hybrid system in which wild-type control primary skel-

etal muscle cells were cocultured with DM1 or MBNL-depleted

hiPSC-derived MNs (Figure 5A). Firstly, no difference was detected in

the number of hiPSC-derived MNs (Figure 5B or supporting informa-

tion Figure S6A) or in the myogenic area (Figure 5C) As previously

observed in the monocultures of DM1 and MBNL-depleted hiPSC-

derived MNs, there was a defect in a neurite outgrowth (Figure 5D).

This result was also confirmed by quantifying the number of neuritic

branches per micropattern (Figure 5E). This quantification revealed an

F I GU R E 3 Human-induced pluripotent stem cell (hiPSC)-derived motoneurons (MNs) enhance acetylcholine receptor (AChR) clustering after
7 days of coculture. (A) Schematic representation of the protocol developed for the coculture between hiPSC-derived MNs and human skeletal
muscle cells. MNs differentiated from hiPSC for 14 days were dissociated and plated on top of human primary skeletal muscle cells differentiated
for 2 days. Cocultures were kept at least for 7 days. (B) Representative images of an entire well from a 96-well plate immunostained for myosin
heavy chain (MF20, green) and TuJ1 (red). Nuclei were detected by Hoechst staining (blue). Each well contains about 100 micropatterns. Scale
bar: 100 μm. On the right, a higher magnification of one micropattern stained for TuJ1 (Grey), acetylcholine receptors (AChR, red) and myosin
heavy chain (MF20, Green). Nuclei were detected by Hoechst (blue). Scale Bar 10 μm. (C) Representative images of hiPSC-derived MNs stained
for ISL1 (Green), and TuJ1 (red). Nuclei were detected by Hoechst staining (blue). Scale bar 10 μm. On the right, quantification of the mean
number of hiPSC-derived MNs per pattern determined by ISL1 positive cells. Data represent the mean ± SD values from 7 independent
experiments in technical triplicate (at least 100 micropatterns/condition/experiment). (D) Representative images of skeletal muscle cells
immunolabelled using myosin heavy chain marker (MHC) with (w/) or without (w/o) hiPSC-derived MNs. On the right, quantification of myotube
area (μm2) per pattern with (w/) or without (w/o) hiPSC-derived MNs. Data are presented as the mean ± SD values from at least three
independent experiments in technical triplicate (at least 100 micropatterns/experiment/condition) and were analysed with Student’s t-test (ns:
Not significant). (E) Representative images of immunolabelling for acetylcholine receptors clusters (AChR, Green). Scale Bar 10 μm. On the right,
the quantification of the total area and the mean size of AChR clusters (μm2) per pattern as described in the supporting information method. Data
are presented as the mean ± SD values from at least three independent experiments in technical triplicate (at least 100 micropatterns/condition/
experiment) and were analysed with Student’s t-test (**: p < 0.005).

ANTEROGRADE CONTRIBUTION OF SPINAL MOTONEURONS IN DM1 9 of 18



increased number of neurite branches in DM1 and MBNL-depleted

conditions when compared with control or CTG-depleted DM1 hiPSC

lines. In parallel to the neuritic phenotypes, quantitative analysis of

the mean size of AChR clusters revealed impaired endplate maturation

in DM1 and MBNL-depleted hiPSC-derived MNs as compared with

control or isogenic control DM1 (Figure 5F). The size distribution of

AChR clusters revealed that the total area of AChR was not affected,

but that there was a higher proportion of small AChR clusters in DM1

and MBNL-depleted hiPSC-derived MNs when compared with con-

trols (Control and DM1_3_ ΔCTG) (Figure 5F and supporting informa-

tion Figure S6B,C).

To evaluate the functional consequences of these phenotypes,

Ca2+ oscillations induced by hiPSC-derived MNs were measured in

healthy skeletal muscle cells. A significant increase in the frequency of

calcium transients was observed in the presence of DM1 and MBNL-

depleted hiPSC-derived MNs (Figure 6A,B and supporting information

Figure S7; see movies S7–S12). In contrast, no difference was observed

between Control and DM1_3_ΔCTG depleted cocultures (Figure 6A,B).

Because the muscular component of the cocultures consisted of

healthy control skeletal muscle cells, we concluded that the abnormal

behaviour of the myofibers could be attributed to DM1 and MBNL-

depleted hiPSC-derived spinal MNs. Our data strongly suggest that,

under pathological conditions, spinal MNs may contribute anterogra-

dely to the NMJ defects observed in DM1. Thus, the increased number

of smaller clusters of AChR in DM1 and MBNL-depleted hiPSC-derived

MNs might explain the increase in calcium transients.

F I GU R E 4 Immunofluorescence and ultrastructural studies reveal contacts between presynaptic and postsynaptic compartments confirmed
by functional analyses. (A) Co-immunostaining for acetylcholine receptor (AChR) and different synaptic vesicle markers: synaptophysin (SYP) and
vesicular acetylcholine transporter (VAChT). Orthogonal views are represented from different planes (x/z, y/z). Scale bar: 10 μm. (B) Transmission
electron micrographs of a contact between a hiPSC-derived motoneurons (MNs) axon (obliquely cut microtubules indicated by the asterisk) and a
skeletal muscle cell. Scale bar = 1 μm. The dotted square is enlarged in the right micrograph, where black arrowheads indicate synaptic vesicles in
the presynaptic zone and the arrow points to plasmalemmal electron densities on both sides of the contact. Scale bar = 200 nm.
(C) Representative diagram of calcium waves recorded for 100 s with (w/) or without (w/o) human-induced pluripotent stem cell (hiPSC)-derived
MNs. ΔF/F0 representation after background correction. On the right, the quantification of the number of calcium waves per minute and per
pattern in the absence or presence of hiPSC-derived MNs. Data are presented as the mean ± SD values from three independent experiments in
technical triplicate (at least 100 micropatterns/condition/experiment) and were analysed with Student’s t-test (**: p < 0.005). (D) Graphical
representation of calcium waves recorded in basal condition or 4 and 8 h after the addition of a solution of 5 nM botulinum neurotoxin type-A
(BoNT/A). ΔF/F0 representation after background correction.
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Misregulation of common synaptic pathways in DM1
and MBNL-depleted hiPSC-derived motoneurons

We previously identified in DM1 hES-derived motoneuronal cultures

defective expression of the SLITRK2 gene that has been implicated in

nerve fibre growth and thus may be correlated to the neuritic pheno-

type [33]. Consistent with our previous results, we confirmed SLITRK2

misexpression in DM1 hiPSC-derived motoneurons as well as its

normalisation in CTG-depleted DM1 hiPSC-derived motoneurons.

Strikingly, the misexpression of SLITRK2 was not observed in the

absence of MBNL proteins, suggesting the involvement of additional

molecular MBNL-dependent mechanisms in the synaptic defects

observed (supporting information Figure S8A).

To further investigate these molecular mechanisms, we con-

ducted comparative transcriptomic analyses between DM1, MBNL-

depleted and control hiPSC-derived motoneurons where #1, #2 and

F I GU R E 5 Synaptic defects observe at prelevel and postlevel in myotonic dystrophy type I (DM1) and muscleblind protein (MBNL) depleted
coculture hybrid conditions. (A) Schematic representation of hybrid coculture systems (created with BioRender.com). (B) Percentage of Islet1
(ISL1) -positive cells per pattern after 7 days of coculture. (C) Quantification of myotube area per pattern (μm2) after 7 days of coculture.
(D) Quantification of neurite length (μm) per pattern after 7 days of coculture. (E) Quantification of the number of neurite branches of human-
induced pluripotent stem cell (hiPSC)-derived motoneurons (MNs) in different hybrid coculture systems. For all the quantifications, data are
represented as the mean ±SD values from at least three independent experiments in technical triplicate (at least 150 micropatterns per condition
and per experiment were analysed). Data were analysed with an ordinary one-way analysis of variance (ANOVA), Tukey’s multiple comparisons
test compared with control (CTRL), (**: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001, ns: not significant). (F) Representative acetylcholine receptor
(AChR) immunolabelling (Green) images in cocultures for 7 days with MNs derived from the different hiPSC lines. Scale bar: 10 μm. On the top
right, quantification of the mean size of AChR clusters per pattern (μm2) as represented as the mean ± SD values from at least three independent

experiments in technical triplicate (at least 50 micropatterns/condition/experiment). Data were analysed with an ordinary one-way ANOVA,
Tukey’s multiple comparisons test compared with CTRL (*: P ≤ 0.05, **: P ≤ 0.01, ns: not significant). On the bottom right, the histogram
represented the proportional repartition (%) of AChR clusters by size (0–10 μm2, 10–30 μm2, 30 μm2 and more) in different hybrid coculture
systems. Data are presented as the mean ± SD values from at least three independent experiments in technical triplicate (at least
50 micropatterns/condition/experiment). Data were analysed with a two-way ANOVA, Tukey’s multiple comparisons test compared with CTRL
(**: P ≤ 0.01, ***: P ≤ 0.001, ns: not significant).
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#3 correspond to three independent differentiations. Distinct tran-

scriptomic profiles between these three conditions were validated by

the principal component analysis (PCA) and heatmap representation

(Figure 7A and supporting information Figure S8B). The comparison

between DM1 and control hiPSC-derived motoneurons led to the

identification of 328 genes differentially expressed in DM1 compared

with control motoneurons (Figure 7B and Table S4). A more pro-

nounced difference was observed between DKO and control hiPSC-

derived motoneurons with a total of 723 differentially expressed

genes (DEGs) (Figure 7B and Table S4). Gene ontology analysis of

DEGs in DM1 vs control hiPSC-derived motoneurons revealed enrich-

ment in pathways related to ‘anterograde trans-synaptic signalling’,
‘chemical synaptic transmission’ and more generally ‘nervous system

development’ (supporting information Figure S8C). Strikingly, most

of these synaptic-related biological processes were also found to be

downregulated in DM1 hiPSC-derived motoneurons (Figure 7C).

Similar observations were found in DKO hiPSC-derived motoneu-

rons compared with the control (Figure 7D and supporting informa-

tion Figure S8D). Among the 328 DEGs observed in DM1 hiPSC-

derived motoneurons, 137 (42%) were also misregulated in DKO

hiPSC-derived motoneurons (Figure 7E). Even though these common

DEGs may not be considered direct proof of MBNL’s role in these

dysregulations, they highlight some pathways in which MBNL might

be involved either directly or indirectly. Interestingly, functional

annotation of common DEGs also revealed that the most relevant

GO terms concerned ‘nervous system development’, ‘anterograde

F I GU R E 6 Communication defect between hiPSC-derived motoneurons (MNs) and skeletal muscle cells in myotonic dystrophy type I (DM1)
and muscleblind protein (MBNL)-depleted conditions. (A) Representative diagrams of calcium waves (time = 2 min) recorded in human primary
skeletal muscle cells in different hybrid conditions (CTRL -control- in dark grey, DM1 in burgundy, DM1_3_ΔCTG in light grey and MBNL knock-
out conditions in blue). ΔF/F0 representation is indicated after background correction. (B) Quantification of the number of calcium waves
recorded in human primary skeletal muscle cells per pattern and per min after 7 days of coculture. Data are presented as the mean ± SD values
from at least three independent experiments in technical triplicate (at least 100 micropatterns/condition/experiment) and were analysed with an
ordinary one-way analysis of variance (ANOVA), Tukey’s multiple comparisons test compared with CTRL (*: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001,
****: P ≤ 0.0001, ns: not significant).
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trans-synaptic signalling’ and ‘chemical synaptic transmission’
(Figure 7E). Several of these misregulated genes caught our atten-

tion due to their function in NMJ development (Figure 7E and sup-

porting information Figure S8E). Among them, we specifically

confirmed the misexpression of CXCR4, DLK1 and WNT16 which all

have been associated with NMJ development in animal models

(Figure 7F) [36–39].

Due to the important role played by MBNL proteins in the regula-

tion of alternative splicing, we pursued our analysis by evaluating the

differentially spliced exons (DSEs). Functional annotations of these

DSEs (Table S5) revealed several genes also related to synapse struc-

ture and function (Figure 8A,B). Among the 236 DSE observed in

DM1 hiPSC-derived motoneurons, only 48 DSE (20%) were found

common to the DKO condition (Figure 8C) suggesting that additional

MBNL-independent mechanisms might be involved in the alternative

splicing defects observed in DM1. Functional annotation analysis of

the common transcriptomic data revealed that the most relevant GO

terms concerned neuronal outgrowth such as ‘axogenesis’ or ‘axon
guidance’ (Figure 8C). As an example, we confirmed the missplicing of

CAST and COL13A1, two genes previously shown to be respectively

F I GU R E 7 Myotonic dystrophy type I (DM1) mutation and muscleblind protein (MBNL) depletion affect the expression of genes related to

synaptic functions. (A) Hierarchical clustering of differentially expressed genes (DEG) detected in DM1 and DKO human-induced pluripotent stem
cell (hiPSC)-derived motoneurons (MNs) compared with control (CTRL) hiPSC-derived MNs. Gene expression is represented by a colour code
ranging from green for underexpressed genes to red for overexpressed genes. (B) Schematic representation of the number of DEG in DM1 (red)
and DKO (Green) hiPSC-derived MNs. (C) Genes set enrichment analysis using EnrichR on the 129 downregulated genes in DM1 hiPSC-derived
MNs when compared with CTRL hiPSC-derived MNs (EnrichR analysis using GO Biological process 2018 database). (D) Genes set enrichment
analysis using EnrichR on the 355 downregulated genes in DKO hiPSC-derived MNs when compared with CTRL hiPSC-derived MNs (EnrichR
analysis using GO Biological process 2018 database). (E) Genes set enrichment analysis using EnrichR on the 137 common deregulated genes
between DM1 vs CTRL hiPSC-derived MNs and DKO vs CTRL hiPSC-derived MNs conditions (EnrichR analysis using GO Biological process 2018
database). On the right, a list of specific deregulated genes in the panel of 137 genes commonly identified between DM1 vs CTRL hiPSC-derived
MNs and DKO vs CTRL hiPSC-derived MNs conditions. (F) Quantification by RT-qPCR of CXCR4, DLK1 andWNT16 mRNA expression level in
hiPSC-derived MNs after normalisation with Cyclophilin A, 18S and GAPDH levels. Data are presented as the mean ± SD values from three
independent experiments in technical triplicate and were analysed with an ordinary one-way analysis of variance (ANOVA), Tukey’s multiple
comparisons test compared with CTRL (**: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001, ns: not significant).
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involved in the organisation of presynaptic active zones [40] and in

motor endplate maturation [41] (Figure 8D).

As Mbnl2 was shown to be an important splicing factor involved

in brain development [42], we evaluated the consequences of its loss

on gene expression defects. Interestingly, among the 200 DEG in

MBNL2(�/�) hiPSC-derived motoneurons (supporting information

Figure S9A), 123 genes (61.5%) were common to DKO hiPSC-derived

motoneurons (supporting information Figure S9B). As observed in

DKO and DM1 conditions, the enriched pathways deregulated in the

absence of MBNL2 concerned the nervous system and synaptic func-

tions (supporting information Figure S9A,B). The gene ontology analy-

sis of the 236 misspliced events observed in the MBNL2(�/�) hiPSC-

derived MNs (supporting information Figure S9C) showed that

pathways involved in protein localisation and actin cytoskeleton were

enriched. However, only 30% of common missplicing events were

observed in MBNL2(�/�) and DKO conditions, suggesting a signifi-

cant role of MBNL1 in these defects (supporting information

Figure S9D).

DISCUSSION

The main findings of the present study are the anterograde neuronal

contribution of spinal MNs to the NMJ defects observed in Myotonic

Dystrophy type 1 and that this contribution is dependent on MBNL

proteins.

F I GU R E 8 Myotonic dystrophy type I (DM1) mutation and loss of muscleblind protein (MBNL1) and MBNL2 proteins lead to a large number
of alternative splicing defects related to molecular motor activity and synaptic functions. (A) Genes set enrichment analysis using EnrichR on the
236 differentially spliced exons (DSE) in DM1 hiPSC-derived motoneurons (MNs) when compared with CTRL hiPSC-derived MNs (EnrichR
analysis using GO Biological process 2018 database). The table on the right provides a list of specific genes differentially spliced-in DM1 hiPSC-
derived MNs. (B) Genes set enrichment analysis using EnrichR on the 232 differentially spliced exons (DSE) in DKO hiPSC-derived MNs when
compared with CTRL hiPSC-derived MNs (EnrichR analysis using GO Molecular Function 2018 database). The table on the right provides a list of
specific genes differentially spliced-in DKO hiPSC-derived MNs. (C) Genes set enrichment analysis using EnrichR on the 48 common differentially
spliced exons (DSE) between DM1 vs CTRL hiPSC-derived MNs and DKO vs CTRL hiPSC-derived MNs conditions (EnrichR analysis using GO
Biological process 2018 database). On the right, list of specific misspliced genes in the panel of genes commonly identified between DM1 vs
CTRL hiPSC-derived MNs and DKO vs CTRL hiPSC-derived MNs conditions. (D) Alternative splicing analysis for CAST exon 17 and COL13A1
exon 37 in hiPSC-derived MNs. Data represent the mean ± SD values from three independent experiments in technical triplicate and were
analysed with an ordinary one-way analysis of variance (ANOVA), Tukey’s multiple comparisons test compared with CTRL (***: P ≤ 0.001, ****:
P ≤ 0.0001, ns: not significant.
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Assigning a precise correspondence between our in vitro findings

and the disease development in DM1 patients is difficult and remains,

at this point, speculative. It is striking however that abnormal morpho-

logical motor nerve terminals, including expanded terminal arborisa-

tions and multiple endplates on the same muscle fibre, were observed

in DM1 patients’ biopsies [15, 16, 43, 44]. More recently, neurophysi-

ological studies in two different cohorts of DM1 patients reported

neuromuscular transmission abnormalities [17, 18]. One of the most

striking observations has been the consistent detection of mutant

mRNA aggregates in the nuclei of spinal motoneurons in DM1

patients [45]. Altogether, this has raised a question concerning the

contribution of motoneurons in neuromuscular defects in DM1.

Along those lines, our group has previously demonstrated the

potential of using human pluripotent stem cells carrying the causal

mutation of DM1 (DM1_hPSC) to confirm the presence of nuclear

foci and neuritic outgrowth abnormalities within DM1_hPSC derived

motoneuronal cultures [33]. Recent advances in human pluripotent

stem cell biology have fuelled the prospect of generating cell types

that are difficult, even impossible, to access in patients. Whereas the

first protocols for motoneuron differentiation were long and ineffi-

cient, tremendous progress has been made in the ability to manipulate

these cells and a growing number of protocols are now based only on

the use of small molecules or morphogens [46]. Here, we demon-

strated that the protocol we generated a couple of years ago [17] is

suitable for disease modelling and more specifically for highlighting

disease-specific synaptic defects. This is in line with several recent

studies that used this protocol for a broader spectrum of neuromuscu-

lar diseases such as ALS or SMA [47–51] or for screening the effect of

neurotoxins [28].

At the mechanistic level, we had previously identified in DM1

hES-derived motoneuronal cultures the defective expression of the

SLITRK2 gene that might be correlated to the neuritic phenotype [33].

Consistent with these results, we confirmed the downregulated

expression of SLITRK2 in DM1 hiPSC-derived motoneurons as well as

its normalisation in CTG-depleted DM1 hiPSC-derived motoneurons.

Nonetheless, this SLITRK2 dysregulated expression is not observed in

the absence of MBNL proteins, suggesting the involvement of addi-

tional MBNL-dependent mechanisms in the synaptic defects

observed. Our results reveal similar phenotypes in DM1 and MBNL-

depleted hiPSC-derived motoneurons. Thus, the relationship between

abundant neuritogenesis and reduced synaptogenesis may reflect an

MBNL-dependent alteration in recognition signals between the two

synapse partners. Consistent with our observations, immature NMJs

with fragmented AChR clusters were previously described in

Mbnl1 (�/�); Mbnl2 (+/�) mice [52]. Similarly, Caenorhabditis elegans

Muscleblind homologue mbl-1 was shown to be required for the

proper formation of neuromuscular synapses [53]. Surprisingly, NMJ

defects of mbl-1 mutant can be rescued by neuronal expression but

not by muscle expression of mbl-1, suggesting that MBL-1 functions

in neurons regulate synapse formation. Whereas the major pathologi-

cal features of the DM1 brain have been previously shown to be asso-

ciated with the disruption of the MBNL2-mediated developmental

splicing programme [42], deletion of MBNL1 or MBNL2 led to the

same synaptic defect at the neuromuscular level. We can therefore

hypothesise that both paralogues might account for neuromuscular

defects. These results raised the question of how and by which mech-

anisms MBNL proteins might be involved in the development of neu-

romuscular interactions.

At the molecular level, the comparative transcriptomic analyses

between DM1 and MBNL-depleted hiPSC-derived MNs revealed the

deregulation of several pathways related to anterograde trans-

synaptic signalling and cytoskeletal elements of axonal transport.

Interestingly, these results are concordant with previous transcrip-

tomic analyses performed in the hippocampi of Mbnl2 (�/�) mice [54].

Due to the large number of deregulated genes, we identified, the

hypothesis of a unique gene underlying the different phenotypes is

unlikely and combined misexpression of several actors involved in

synaptic function might be considered. MBNL proteins also have sig-

nificant cytoplasmic expression and have been proposed to contribute

to the regulation of mRNA stability [55–59] or localisation [58, 60].

MBNL proteins could therefore determine the localisation of mRNA

through splicing, with long 30’UTR transcripts being trafficked to den-

drites, while short 30UTR are retained in the soma [61, 62]. Moreover,

Wang and colleagues showed that MBNL1 could bind 30UTR mRNA

of SNAP25 and VAMP1, two synaptic proteins, to regulate their neu-

ronal localisation [58]. MBNL proteins associated with mRNA form a

messenger ribonucleoprotein (mRNP) complex itself integrated into

granules allowing the transport of mRNA along axons thanks to cyto-

skeletal machinery [63]. These data have led to an emerging hypothe-

sis that RNA localisation functions of MBNL are important for proper

synapse function and that mislocalized RNAs might account for some

neurological features associated with DM1. Interestingly, the tran-

scriptomic analysis of hiPSC-derived MNs revealed several enriched

deregulated pathways involved in the cytoskeleton machinery, molec-

ular motor, protein localisation and organelle transport along microtu-

bules in DM1 and MBNL-depleted conditions. It could be interesting

therefore to evaluate the trafficking of synaptic vesicles along micro-

tubules and the quantification of synaptic vesicles at the presynaptic

active zone under our different hybrid conditions to assess the poten-

tial role of MBNL proteins.

Altogether, our results suggest that DM1 might not be only con-

sidered a muscle-specific disease but also a disease of motoneurons.

Therefore, we suggest that MNs could also be considered targets for

future therapy for this fatal neuromuscular disease. Consequently, the

involvement of MNs in neuromuscular junction defects in DM1 might

deserve further attention and investigation. Our approach to model-

ling human neuromuscular communication should pave the way for

the study of a greater number of neuromuscular diseases. However,

the development of an NMJ model in which both neuron and muscle

components are derived from the same individual is of great interest

for modelling diseases of genetic aetiology. The recent description of

a 3D model of the neuromuscular junction from human pluripotent

stem cells should open new perspectives to circumvent the challenge

of fully recapitulating the neuromuscular system [64, 65]. The emer-

gence of these new models, together with complex and specialised

basal laminas, should also permit the integration of other cell types
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such as the terminal Schwann cells important for the development

and maintenance of the neuromuscular system.
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