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MBNL deficiency in motor neurons disrupts 
neuromuscular junction maintenance 
and gait coordination
Charles Frison-Roche,1 Célia Martin Demier,1 Steve Cottin,1 Jeanne Lainé,1

Ludovic Arandel,1 Marius Halliez,1 Mégane Lemaitre,2

Xavière Lornage,1 Laure Strochlic,1 Maurice S. Swanson,3 Cécile Martinat,4

Julien Messéant,1 Denis Furling1,† and Frédérique Rau1,†

†These authors contributed equally to this work.

Muscleblind-like proteins (MBNLs) are a family of RNA-binding proteins that play essential roles in the regulation of 
RNA metabolism. Beyond their canonical role in RNA regulation, MBNL proteins have emerged as key players in the 
pathogenesis of myotonic dystrophy type 1. In myotonic dystrophy type 1, sequestration of MBNL proteins by expan
sion of the CUG repeat RNA leads to functional depletion of MBNL, resulting in deregulated alternative splicing and 
aberrant RNA processing, which underlie the clinical features of the disease.
Although attention on MBNL proteins has focused on their functions in skeletal muscle, new evidence suggests that 
their importance extends to motor neurons (MNs), pivotal cellular components in the control of motor skills and 
movement. To address this question, we generated conditional double-knockout (dKO) mice, in which Mbnl1 and 
Mbnl2 were specifically deleted in motor neurons (MN-dKO). Adult MN-dKO mice develop gait coordination deficits 
associated with structural and ultrastructural defects in the neuromuscular junction, indicating that MBNL activity 
in MNs is crucial for the maintenance of the neuromuscular junction. In addition, transcriptome analysis performed 
on the spinal cord of MN-dKO mice identified mis-splicing events in genes associated with synaptic transmission and 
neuromuscular junction homeostasis.
In summary, our results highlight the complex roles and regulatory mechanisms of MBNL proteins in MNs for muscle 
function and locomotion. This work provides valuable insights into fundamental aspects of RNA biology and offers 
promising avenues for therapeutic intervention in myotonic dystrophy type 1 and in a range of diseases associated 
with RNA dysregulation.
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Introduction
Muscleblind-like proteins (MBNLs) are a family of RNA-binding 
proteins whose primary function lies in their ability to bind specif
ic RNA motifs, particularly the YGCY sequence, through their zinc 
finger domains.1 By binding to these RNA motifs, MBNL proteins 
can influence alternative splicing, mRNA stability, alternative 
polyadenylation and microRNA processing through interaction 
with target transcripts.2–5 MBNL proteins are crucial for normal 
development and function of various tissues, including skeletal 
muscle, heart and brain. In mammals, there are three known 
MBNL genes: MBNL1, MBNL2 and MBNL3. Besides their structural 
resemblance, MBNL proteins differ in their expression pattern. 
MBNL1 and MBNL2 are ubiquitously expressed, although the high
est MBNL1 expression level has been reported in heart and skeletal 
muscles, where MBNL2 is predominantly present in the CNS.6

Remarkably, MBNL1 and MBNL2 could have compensatory roles, 
and the loss of either MBNL1 or MBNL2 results in a significant in
crease of the other paralogue, associated with partial functional 
compensation. The importance of this dependence is emphasized 
further by the fact that double MBNL1- and MBNL2-deficient mice 
are embryonic lethal.7,8 MBNL proteins have been described as key 
players in the pathogenesis of myotonic dystrophy type 1 (DM1). 
DM1 is an autosomal dominant multisystemic disorder character
ized by progressive muscle weakness and wasting, myotonia, car
diac conduction defects, endocrine deficiencies, cataracts and 
cognitive impairments.9 DM1 disease is caused by an unstable ex
pansion of CTG repeats located in the 3′ untranslated region of the 
DM1 protein kinase (DMPK) gene.10 Pathogenic expansions range 
from 50 to thousands of repeats; when transcribed, mutant tran
scripts containing expanded CUG repeats (CUGexp-RNAs) are re
tained in the nucleus, localizing to foci as ribonucleoprotein 
aggregates. Owing to their high binding affinity for repeated CUG 
motifs, RNA binding proteins of the MBNL family are sequestered 
within CUGexp-RNA foci, leading to a functional loss of MBNL pro
teins. This dysfunction is a major contributor to the pathogenesis 
of DM1, resulting in the characteristic clinical features of the dis
ease. Notably, loss of MBNL activity reverts specific pre-mRNA 
processing events to a fetal pattern in affected tissues of DM1 pa
tients. Thus, the misregulation of multiple splicing events present 
in DM1 skeletal and cardiac muscles has been associated with dis
ease symptoms such as myotonia, muscle weakness, the dys
trophic process and cardiac conduction defects.11–15 Further 
evidence for a major role of MBNL functional loss in DM1 path
ology was provided by single or combined Mbnl knockout (KO) 
mouse models that develop cardinal symptoms observed in DM1 
patients.7,8,16–20

Although the functions of MBNL1 and MBNL2 in skeletal mus
cles and brain have been studied extensively, their involvement 
in the spinal cord and the connected peripheral nervous system 
remains poorly investigated. However, peripheral nerve involve
ment in DM1 pathophysiology has been open to debate for a 
long time. Indeed, several abnormalities, including abnormal 

motor end-plate size and arborization, were described in muscle 
biopsies of DM1 patients,21–23 and additional observations suggest 
neuromuscular junction (NMJ) structural and functional defects 
in DM1.24,25 Interestingly, spinal cord biopsies obtained from 
DM1 patients have shown the presence of nuclear CUGexp-RNA 
foci that co-localize with MBNL proteins in spinal motor neurons 
(MNs), possibly causing MBNL loss of function in this cell type and 
subsequent peripheral nerve deficiency,26 as suggested by the ab
errant splicing of CAMKK2 in MNs from DM1 patients.27 Moreover, 
abnormalities of NMJs, including changes in motor end-plate size 
and shape, have been documented in the diaphragm muscle of 
DMSXL mice expressing ubiquitously large CTG repeats.28

Likewise, altered NMJ structures were observed in the tibialis an
terior (TA) muscle of Mbnl1−/−; Mbnl2+/− mice, together with an in
creased proportion of fragmented end-plates.7 Finally, a 
neuromuscular co-culture cell model combining DM1 human in
duced pluripotent stem cell-derived MNs and healthy muscle 
cells showed presynaptic defects affecting NMJ development or 
stability that can be reproduced by the loss of MBNL proteins in 
MNs.29 Together, these observations emphasize a potential in
volvement of MNs in neuromuscular dysfunction and structural 
defects of the motor unit in DM1 but also raise a question regard
ing the function of MBNL proteins in the MN and their role in mo
tor unit homeostasis via the NMJ. For this purpose, we generated 
MN-specific Mbnl1; Mbnl2 conditional mice, in which Mbnl2 ex
pression is ablated selectively in MNs in a constitutive Mbnl1 
knockout background (MN-dKO) and demonstrated that loss of 
MBNL protein in MNs leads to motor unit dysfunction, which 
might contribute to DM1 pathogenesis.

Materials and methods
Antibodies

Rabbit monoclonal anti-synaptophysin (Syn) (Invitrogen, 1/200), 
polyclonal anti-neurofilament (NF) 68 kDa (Millipore Bioscience 
Research Reagents, 1/500) and α-bungarotoxin (α-BTX) Alexa Fluor 
488 conjugate (1/500) were purchased from Invitrogen. Spinal 
cord immunofluorescences were performed with polyclonal 
anti-MBNL1 antibody (A2764, gift from C. A. Thornton, 1/1000), 
monoclonal anti-MBNL2 antibody (3B4, Santa Cruz, 1/300) and 
anti-ChAT antibody (AB144P, Millipore, 1/50).

Generation of Hb9-Cre-MN-dKO conditional 
knockout mice

Mbnl1+/−:Mbnl2LoxP/LoxP mice7 have been crossed with transgenic 
mice expressing a Cre recombinase under a MN-specific Hb9 pro
moter (B6.129S1-Mnx1tm4(cre)Tmj/J; Stock #006600, Jackson Labs) to 
generate Hb9-Cre-MN-dKO mice (Mbnl1ΔE3/ΔE3, Mbnl2c/c; Hb9-Cre+/−), 
Hb9Cre-Mbnl2-KO mice (Mbnl1+/+, Mbnl2c/c; Hb9Cre+/−), Mbnl1-KO 
mice (Mbnl1ΔE3/ΔE3, Mbnl2c/c; Hb9Cre−/−) and control (CTL) mice 
(Mbnl1+/+; Mbnl2c/c; Hb9-Cre−/−).
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Animal procedures

All mouse procedures were done according to the protocols 
APAFIS#22706-2019110616459523v5; APAFIS#22758_201911131652 
1357v8 and APAFIS#22871-2019112115405462v4 approved by 
the Ethical Committee on Animal Resources at the Centre 
Experimentation Fonctionnelle of Pitié-Salpétrière animal facility 
and under appropriate biological containment. Briefly, mice were 
maintained in a conventional specific-pathogen-free facility with 
a fixed light cycle (22°C, 12 h/12 h dark–light cycle). Mice have 
been analysed for motor function at 2 and 4 months of age by accel
erating rotarod and gait analysis using Catwalk XT device.

Accelerating rotarod

Rotarod testing was performed on 2- and 4-month-old mice using 
the LE8200 apparatus (Harvard Apparatus). An accelerating rotarod 
protocol from 4 to 40 rpm over 30 s was used. The latency to fall was 
recorded as the mean latency of the three consecutive trials, and 
data are reported ± standard error of the mean (SEM).

Gait analysis

Gait analysis was performed using The CatWalk XT™ (Noldus). For 
data collection, six runs per animal were performed, with a min
imum of three runs crossed at the same speed with three full step 
sequence patterns. Quantitative analysis of the data (Catwalk 
v.9.1 software) included the following parameters: step sequence, 
average speed, walking pattern, stride length, stand duration and 
hind–front paw distance.

In situ isometric force analysis

In situ isometric contraction of the TA muscle was performed as 
described previously.30 Mice were anaesthetized by intraperito
neal injection of pentobarbitone sodium (60 mg/kg body weight). 
A blind analysis was performed by the investigator. The knee 
and foot were fixed with clamps, and the distal tendon of the TA 
muscle was attached using a silk ligature to a force sensor (305B, 
dual-mode lever, Aurora Scientific). The sciatic nerve was crushed 
proximally and stimulated distally by a bipolar silver electrode 
using supramaximal square-wave pulses of 0.1 ms duration. 
Muscle was also stimulated directly in order to initiate muscle 
contraction in the event of failure of neurotransmission. Force 
that was developed during isometric muscle contractions in re
sponse to nerve or muscle tetanic stimulation (frequency of 
100 Hz, train of stimulation of 500 ms) was then measured. The 
maximal absolute force was determined at optimal length (i.e. 
length at which supramaximal tension was obtained during the 
tetanus). Signals from the force sensor were amplified and digi
tized with a computer equipped with an analog-to-digital inter
face board (Powerlab, ADInstruments) using LabChart v.8 
software (ADInstruments). Myotonia was quantified as the area 
beneath the curve of muscle force decaying over time after stimu
lation. After recordings, the mice were euthanized by cervical dis
location and the muscles harvested.

RNA extraction and RNA sequencing

Total RNAs from the entire cross-section of the L3–L6 segments of 
the lumbar spinal cord from 4-month-old mice (n = 4 mice per condi
tion) were isolated using TRI-Reagent® (Sigma-Aldrich) according to 
the manufacturer’s protocol, and tissues were lysed using Fastprep 
system and Lysing Matrix D tubes (MP biomedicals). Total stranded 

RNA sequencing was performed at the Platform of the Institut du 
Cerveau. RNA quality control of each sample was realized with 
Tapestation 2200 (Agilent), and libraries were prepared with the 
KAPA mRNA hyperprep Roche kit, from an input of 250 ng. 
Sequencing was performed on an Illumina NovaSeq 6000 as 
paired-end 150 bp reads with a sequencing depth of 140 million 
reads. Sequence data quality was assessed using FastQC and 
MultiQC tools, and RNA-sequencing reads were trimmed using 
Cutadapt (v.2.10) and aligned with STAR (v.2.7.5a). The reference gen
omes used for the alignment were Mus musculus (house mouse) gen
ome assembly GRCm38 (mm10). Quantification of transcripts 
followed with HTSeq (v.0.12.4). All the steps were built in a 
Nextflow (v.20.04.1) pipeline. Differential gene expression analysis 
was performed using DESeq2 [false discovery rate (FDR) < 0.05; log2 

fold-change > 1], and differential alternative splicing was detected 
by rMATS (v.4.1.2) (FDR corrected P < 0.05, delta per cent spliced in 
(ΔPSI) ≥ 10%), using the STAR-aligned files as input (.bam). 
Detection of events was done with a ‘prep’ step of each pair of condi
tions (CTL versus MN-dKO, CTL versus Mbnl1-KO, CTL versus 
Hb9Cre-Mbnl2-KO), a ‘post’ step of all conditions together, and finally, 
a ‘stats’ step of each pair of conditions to define pvalue, FDR and 
IncLevelDifference for each comparison. Analysis of GO terms and bio
logical pathways enrichment was done by combining EnrichR31,32

(GO Biological process33,34) and HemI v.2.0 for visualization.35

Reverse transcription PCR

Two hundred nanograms of RNA was reverse transcribed using 
SuperScriptIV™ first-strand synthesis system (Life Technologies) 
in a total of 20 μL. The complementary DNA (0.5 μL) was subse
quently used in a semi-quantitative PCR analysis according to the 
standard protocol (ReddyMix, ThermoFisher). PCR amplification 
was carried out for 0–35 cycles for splicing of pre-mRNA within 
the linear range of amplification for each gene. PCR products were 
quantified using the QIAxcel Advanced system (Qiagen). Tanc2 ex 
23a and Cacna1d ex 12a primers were as described by Charizanis 
et al.16 Clasp1 ex26 was described by Dinca et al.36 Dvl1 ex 14b pri
mers were ex13FW (CTTACCAGGACCCTGGCTTC) and ex15REV 
(TGATTCACTGCCACTACCCC).

Staining of NMJ from isolated muscle fibres

The TA muscle fibres from adult 2- and 4-month-old mice were 
dissected, fixed with 4% paraformaldehyde in phosphate buf
fered saline (PBS) for 1 h and rinsed with PBS at room tempera
ture before storage at 4°C. Isolated muscle fibres were then 
stained as described previously.37 Briefly, isolated muscle fibres 
were washed three times for 15 min in PBS, incubated for 
15 min with 100 mM glycine in PBS, permeabilized (0.5% Triton 
X-100 in PBS) for 1 h and blocked for 4 h in blocking buffer (3% bo
vine serum albumin, 5% goat serum and 0.5% Triton X-100 in 
PBS). Isolated muscle fibres were incubated overnight at 4°C 
with rabbit polyclonal antibodies against neurofilament (NF) 
68 kDa and synaptophysin (Syn) in blocking solution. After three 
washes in PBS, muscles were incubated overnight at 4°C with 
Alexa Fluor 555 goat anti-rabbit IgG and Alexa Fluor 
488-conjugated α-BTX in blocking solution. After three washes 
in PBS, isolated muscle fibres were flat mounted in Vectashield 
(Vector Laboratories) mounting medium. Images of at least n =  
15 NMJs per mouse were collected with Zeiss LSM880 confocal 
microscope and processed through a semi-automatic ImageJ 
macro adapted from NMJS-morph.38
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Spinal cord Nissl staining

Anaesthetized mice were perfused transcardially with PBS, fol
lowed by 4% paraformaldehyde in phosphate buffer for fixation. 
spinal cords were post-fixed in 4% paraformaldehyde overnight, 
cryoprotected in 30% sucrose for >24 h and embedded in 
Tissue-Tek before storage at −80°C. Transverse cryosections 
(14 µm thick) of lumbar spinal cords were mounted on slides, air 
dried for 30 min and stored at −80°C until staining. Slides were air 
dried for 30 min, then rinsed in 70% ethanol for 1 min, stained 
with Cresyl Violet (0.05% glacial acid acetic and 0.05% Cresyl 
Violet in distilled water) for 15 min, then quickly rinsed in several 
ethanol baths (70%, 70%, 90% and 100%) before dehydration with 
xylene for 1 min. Sections were covered in DPX mounting medium, 
then coverslipped before drying overnight.

Spinal cord immunostaining

MN immunostaining was adapted from Besse et al.39 After air drying 
for 30 min, slides with transverse cryosections of lumbar spinal cords 
were permeabilized for 30 min (0.1% Triton X-100 in PBS). Then, we 
performed an unmasking procedure using 85°C heated citric acid 
monohydrate (10 mM, pH 6), incubating slides in it twice for 5 min. 
Sections were then cooled in cold PBS. Sections were then washed 
using the following procedure, repeated throughout the experiment: 
twice in PBS for 5 min, then in 0.1% Triton X-100 in PBS for 2 min and 
once again in PBS for 5 min. Sections were isolated using Dako pen. 
Sections were blocked for 1 h in blocking buffer (4% bovine serum albu
min, 10% donkey serum and 0.1% Triton X-100 in PBS), then incubated 
with anti-MBNL1, anti-MBNL2 and anti-ChAT antibodies overnight at 
4°C in the blocking solution. Sections were washed, then incubated for 
1 h at room temperature with Alexa fluor Alexa Fluor 488 donkey anti- 
rabbit IgG, Alexa Fluor 555 donkey anti-mouse IgG and Alexa Fluor 647 
donkey anti-goat IgG in 0.1% Triton X-100 in PBS. Finally, sections were 
washed, incubated with Hoechst (1/2500 in PBS) for 10 min, washed 
twice with PBS and flat mounted in Vectashield (Vector Laboratories) 
mounting medium. Images were obtained using a Nikon Ti2 confocal 
microscope with a SCU-W1 spinning disk head (Yokogawa).

Transmission electron microscopy

Mouse TA were fixed for 2 h with 2% paraformaldehyde and 2% glu
taraldehyde in 0.1 M phosphate buffer (pH 7.4). Samples were post
fixed with 2% OsO4, in 0.1 M phosphate buffer (pH 7.4) for 1 h, then 
dehydrated in a graded series of acetone, including a 1% uranyl 
acetate staining step in 70% acetone, and finally embedded in epoxy 
resin (EMBed-812, Electron Microscopy Sciences, USA). Ultra-thin 
(70 nm) sections were stained with uranyl acetate and lead citrate, 
examined using a CM100 Philips transmission electron microscope 
and photographed with a digital SIS Morada camera.

Statistical analysis

All statistical analyses were performed using the GraphPad Prism 
software (v.8, GraphPad Software Inc.). Data distribution was as
sessed by the Shapiro–Wilk test prior to the use of one-way 
ANOVA as appropriate.

Results
MBNL depletion affects locomotion

To examine the function of MBNL1 and MBNL2 in the MN on motor 
unit homeostasis, we generated conditional MN-specific Mbnl2-KO 

mice, in which Mbnl2 expression is ablated selectively from spinal 
MNs using the homeobox gene 9 (Hb9) promoter to drive Cre recom
binase expression.40–46 We investigated the consequence of specific 
Mbnl2 depletion in MNs with or without Mbnl1 being constitutively 
null (Fig. 1A). The MN-dKO mice are developmentally viable and do 
not display overt disease-associated phenotypes at early postnatal 
ages. Adult 2- and 4-month-old MN-dKO mice have a comparable 
body weight to adult Hb9Cre-Mbnl2-KO, Mbnl1-KO (Mbnl1−/−; 
Hb9Cre-Mbnl2+/+) and CTL (Mbnl1+/+; Hb9Cre-Mbnl2+/+) mice 
(Supplementary Fig. 1A and B). To evaluate Cre recombinase effi
ciency in MNs, we examined MBNL2 protein expression in the spinal 
cord. As expected, MBNL1 protein was not observed in any cells of the 
spinal cord in MN-dKO mice, and MBNL2 protein was absent from 
choline acetyltransferase (ChAT)-positive cells in MN-dKO mice, con
firming efficient Cre recombination (Supplementary Fig. 1C). 
Quantification of MN viability by Nissl staining in the ventral horn 
of spinal cord sections of 4-month-old animals did not reveal a 
significant difference in the number of MNs from Mbnl1-KO, 
Hb9Cre-Mbnl2-KO or MN-dKO mice compared with CTL mice, indi
cating that MBNL1 and MBNL2 are not required for MN survival 
(Supplementary Fig. 1D and E).

Although adult Hb9Cre-Mbnl2-KO mice did not develop overt 
phenotypes and were indistinguishable from CTL mice, 
Mbnl1-KO and MN-dKO mice gradually developed abnormal motor 
behaviours and showed impaired rotarod performances 
(Supplementary Fig. 2). Gait analysis confirmed that 2-month-old 
Mbnl1-KO and MN-dKO mice exhibited reduced mobility with a 
comparable average speed reduction for both genotypes compared 
with CTL mice (Fig. 1B, Supplementary Videos 1–4 and 
Supplementary Fig. 3A). Of interest, the coordination patterns of 
walking were significantly different in 2-month-old MN-dKO 
mice compared with Mbnl1-KO and CTL mice, with a reduced per
centage of the classical diagonal limb walking pattern and a pref
erential use of other patterns of walking (three, four limbs and 
alternative walking patterns) (Fig. 1C). These modifications are as
sociated with an increase of the front/hind pawprint mean inten
sity ratio, indicative of impaired balance in MN-dKO mice (Fig. 1D). 
Additional analysis of interlimb coordination parameters showed 
a shorter stride length of the front and hind legs in Mbnl1-KO and 
MN-dKO mice compared with CTL mice (Fig. 1E), in addition to a 
larger distance between the position of the hind paw and the pos
ition of the previously placed front paw on the same side of the 
body (Fig. 1G). However, there was no significant modification of 
the stand duration (also known as stance duration) or the swing 
duration, suggesting a complex interplay of factors influencing 
mouse locomotion (Fig. 1F and Supplementary Fig. 3B and C).

We next examined the effect of MBNL1 and MBNL2 loss in the 
MNs on skeletal muscle homeostasis. Initially, histological analysis 
from the TA muscle of 2-month-old mice did not show the presence 
of central nuclei in myofibres, a DM1 feature, from Mbnl1-KO and 
MN-dKO mice (Fig. 2A). However, in situ force measurements con
firmed the presence of myotonia in Mbnl1-KO and MN-dKO mice 
(Fig. 2B). Importantly, a 30% reduction of specific maximal force in 
response to tetanic sciatic nerve stimulation was observed only in 
MN-dKO mice compared with CTL animals (Fig. 2C). Thus, the com
bined loss of MBNL1 and MBNL2 in MNs leads to early coordination 
defects and muscle weakness.

Given that we observed a progressive alteration in the ambula
tory behaviour of mice with age, we analysed 4-month-old 
Mbnl-KO mice. (Supplementary Videos 5–8). Analysis of the walk
ing patterns and coordination parameters of Mbnl1-KO and 
MN-dKO mice showed an aggravation, with comparable gait 
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modifications observed between the two genotypes compared 
with CTL mice (Fig. 3 and Supplementary Fig. 3D–F). However, 
only 4-month-old MN-dKO mice developed a significant increase 
of the stand duration compared with CTL mice, indicating further 
impairment in gait stability or coordination (Fig. 3E). At the skel
etal muscle level, TA muscle histological analysis showed the 
presence of central nuclei in myofibres from Mbnl1-KO and 
MN-dKO mice (Fig. 4A), with no modification of the proportion 
of centronucleated fibres in MN-dKO compared with Mbnl1-KO 
mice (Fig. 4B). In situ force measurements confirmed the presence 
of myotonia in Mbnl1-KO mice, with a decrease of specific max
imal force in response to tetanic sciatic nerve stimulation com
pared with CTL, as previously reported.47,48 Likewise, MN-dKO 
mice exhibited myotonia and a reduced specific maximal force 
compared with CTL, which are comparable to Mbnl1-KO mice 
(Fig. 4C and D).

Thus, MBNL1 loss leads to progressive motor deficiencies, but 
aggravated coordination defects and muscle specific force reduc
tion arise precociously from the loss of both MBNL1 and MBNL2 in 
MNs. These results suggest that MBNL1 and MBNL2 might be in
volved in the anterograde regulation of motor coordination and 
function.

MBNL proteins are involved in neuromuscular 
junction maintenance

Given that locomotion requires interplay between MNs and skeletal 
muscle through the NMJ, we analysed its morphology in isolated 

TA fibres from Mbnl1-KO, Hb9Cre-Mbnl2-KO, MN-dKO and CTL 
mice. At 2 months of age, NMJs from TA from Hb9Cre-Mbnl2-KO 

and Mbnl1-KO mice were innervated and exhibited a typical mature 

‘pretzel-like’ shape (Fig. 5A). Quantitative analyses showed that 
acetylcholine receptor (AChR) cluster area, nerve terminal area, 

end-plate perimeter and postsynaptic fragmentation of NMJs 
of Hb9Cre-Mbnl2-KO and Mbnl1-KO were similar to CTL mice 

(Fig. 5B–F). Interestingly, NMJs of 2-month-old MN-dKO mice adopted 

a characteristic ‘pretzel-like’ shape, with an enlarged AChR cluster 
area, nerve terminal area and motor end-plate perimeter compared 

with CTL and Mbnl1-KO mice (Fig. 5B–D). In addition, NMJ postsynap
tic structures in the TA from MN-dKO mice were discontinuous 

(Fig. 5A). Quantitative analysis showed an increase of AChR cluster 

fragmentation in NMJs of MN-dKO mice compared with Mbnl1-KO 
mice (Fig. 5E), with a decrease of 30% of NMJs containing one to three 

AChR clusters and an increase of NMJs containing more than four 
fragments (Fig. 5F). Despite this change, the overlap ratio between 

Figure 1 MBNL1 and MBNL2 combined depletion in motor neurons affects mouse coordination. (A) Schematic representation of the breeding strategy 
used to deplete MBNL2 specifically in motor neurons (MNs) in transgenic mice. Mbnl1+/−; Mbnl2LoxP/LoxP mice were crossed with Mxn1Cre mice (also 
known as Hb9Cre mice) to generate: Mbnl1+/+; Hb9-Mbnl2+/+ control mice (CTL); Mbnl1−/−; Hb9-Mbnl2−/− MN-dKO mice; Mbnl1−/−; Hb9-Mbnl2+/+ 

Mbnl1-KO mice; and Mbnl1+/+; Hb9-Mbnl2−/− Hb9Cre-Mbnl2-KO mice. (B) Representative trace of footprint analysis for testing gait abnormalities in 
CTL, HB9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO mice at 2 months of age. (C–G) Quantification from the gait analyses for 2-month-old CTL, 
HB9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO mice. (C) Proportions of walking patterns, defined by the limbs mice are standing on at the same time during 
walking. ‘Others’ refers to standing on three or four limbs, and alternative walking patterns. (D) Ratio of the mean intensity of pixels corresponding to 
front leg pawprints on the mean intensity of pixels corresponding to hind leg pawprints. (E) Quantification of the mean stride length of all paws. (F) 
Quantification of the mean standing time of all paws. (G) Quantification of front/hind paw distance of either ipsilateral combination of paws. Data 
are mean ± standard error of the mean from 2-month-old nCTL = 14; nHb9Cre-Mbnl2-KO = 8; nMbnl1-KO = 11; nMN-dKO = 8 mice. *P < 0.05, **P < 0.01, ***P <  
0.001 and ****P < 0.0001; Tukey’s test. dKO = double knockout; MN = motor neuron.
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presynaptic and postsynaptic markers, connotative of NMJ innerv
ation, remained unchanged in Hb9Cre-Mbnl2-KO, Mbnl1-KO and 
MN-dKO mice compared with CTL mice (Fig. 5G). These observations 
were confirmed in soleus muscles, with enlarged nerve terminal 
areas and end-plate perimeters in MN-dKO mice compared with 
CTL mice (Supplementary Fig. 4). However, contrary to TA muscles, 
NMJ postsynaptic structures were discontinuous with AChR cluster 
fragmentation in NMJs of both Mbnl1-KO and dKO mice 
(Supplementary Fig. 4E), with a decrease of 40% of NMJs containing 
one to three AChR clusters and an increase of NMJs containing 
more than four fragments (Supplementary Fig. 4F).

These observations suggest that loss of either MBNL1 or MBNL2 
in MNs does not impair NMJ innervation or development (forma
tion and maturation), whereas depletion of both MBNL proteins al
ters NMJ morphological features.

To determine whether the loss of MBNL proteins is crucial for NMJ 
maintenance, we analysed NMJs of TA and soleus muscles from older 
CTL and Mbnl-KO mice (Fig. 6 and Supplementary Fig. 5). At 4 months 
of age, NMJs of Hb9Cre-Mbnl2-KO mice resembled NMJs of CTL mice 
(Fig. 6), as observed at 2 months of age. However, AChR clusters of 
Mbnl1-KO mice were larger, with an increased AChR cluster area and 
end-plate perimeter, whereas in MN-dKO mice these parameters 
were similar to CTL mice (Fig. 6B and C). Also, the area of presynaptic 
nerve terminal remained unchanged between genotypes (Fig. 6D). 
Nevertheless, TA muscle NMJs of Mbnl1-KO and MN-dKO mice exhib
ited severe AChR cluster fragmentation, with a decrease of 40% of NMJs 
containing one to three fragments and appearance of >30% of MN-dKO 
NMJs containing seven fragments or more compared with CTL mice 
(Fig. 6E and F). These deficits were associated with reduced pre- and 
postsynaptic overlap ratio in Mbnl1-KO and MN-dKO mice compared 
with CTL mice (Fig. 6G and Supplementary Fig. 6A). Of interest, NMJs 
of TA muscles from MN-dKO mice exhibited abnormal nerve terminal 
sprouts (short axonal extensions beyond innervated AChR clusters) 

without any co-localization with AChR clusters (Fig. 6A, arrowhead, 
Fig. 6H and Supplementary Fig. 6B), suggesting the occurrence of syn
aptic plasticity changes that might originate from MNs.

Transmission electron microscopy of NMJs of 4-month-old mice 
support these observations. In Mbnl1-KO mice, ultrastructural abnor
malities were restricted to the postsynaptic area of NMJs, with en
larged synaptic gutters, irregularly shaped crests and the presence 
of degenerative structures. In contrast, NMJs of MN-dKO mice not 
only reproduced postsynaptic alterations seen in Mbnl1-KO mice 
but also developed presynaptic defects, such as degenerative struc
tures inside the presynaptic boutons and partial denervation 
(Fig. 7). The occurrence of synaptic remodelling was also suggested 
by the presence of non-myelinating terminal Schwann cells pro
cesses extending into the synaptic cleft of MN-dKO mouse NMJs, 
which are known to restrict ACh diffusion and impact nerve trans
mission (Supplementary Fig. 6C). Our results show specific presynap
tic modifications of NMJs in MN-dKO mice only, highlighting the 
deleterious effect of a combined loss of MBNL1 and MBNL2 in MNs. 
Progressive disruption of NMJ structures between 2 and 4 months 
of age in Mbnl1-KO and MN-dKO mice also supports a role for 
MBNL1 and MBNL2 in NMJ maintenance (Supplementary Table 1). 
While analysing both slow-twitch soleus muscles and fast-twitch 
TA muscles, we observed similar modifications of NMJ structures in 
both muscle types. This suggests that the NMJ structural characteris
tics we studied are consistent across different muscle fibre types in 
Mbnl1-KO and MN-dKO mice. These findings indicate that the altera
tions in NMJ structure are not restricted to a specific muscle type but 
are a general feature observed in the Mbnl model.

However, the presence of presynaptic structural and ultrastruc
tural abnormalities solely in the NMJs of MN-dKO mice suggests 
that MBNL proteins in MNs might regulate fine processes involved 
in nerve to muscle communication, muscle strength and locomotor 
coordination.

Figure 2 MBNL1 and MBNL2 combined depletion in motor neurons leads to early mouse muscle strength reduction. Analysis of tibialis anterior mus
cles from 2-month-old control (CTL), Hb9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO mice. (A) Haematoxylin and eosin staining of tibialis anterior cryosec
tions. Scale bar = 100 μm. (B) in situ measurement of myotonia (in grams seconds). (C) Tibialis anterior in situ muscle maximal specific force (in grams per 
milligram). Data are mean ± standard error of the mean from 2-month-old mice: nCTL = 4; nHb9Cre-Mbnl2-KO = 3; nMbnl1-KO = 4; nMN-dKO = 4 mice. *P < 0.05; 
one-way ANOVA, Tukey’s test. dKO = double knockout; MN = motor neuron.
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Figure 3 Progressive worsening of Mbnl1-KO and MN-dKO locomotor abilities. (A) Representative trace of footprint analysis for testing gait abnormal
ities in control (CTL), Hb9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO mice at 4 months of age. (B–F) Quantification from the gait analyses for 2-month-old 
CTL, HB9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO mice. (B) Proportions of walking patterns, defined by the limbs mice are standing on at the same time 
during walking. ‘Others’ refers to standing on three or four limbs, and alternative walking patterns. (C) Ratio of the mean intensity of pixels correspond
ing to front leg pawprints on the mean intensity of pixels corresponding to hind leg pawprints. (D) Quantification of the mean stride length of all paws. 
(E) Quantification of the mean standing time of all paws. (F) Quantification of front/hind paw distance of either ipsilateral combination of paws. Data are 
mean ± standard error of the mean from 4-month-old mice: nCTL = 11; nHb9Cre-Mbnl2-KO = 6; nMbnl1-KO = 7; nMN-dKO = 5 mice. *P < 0.05, **P < 0.01; one-way 
ANOVA, Dunn’s test (B, C and F); one-way ANOVA, Tukey’s test (D and E). dKO = double knockout; MN = motor neuron.

Figure 4 Progressive muscle histology and strength modifications in Mbnl1-KO and MN-dKO mice. Analysis of tibialis anterior muscles from 4-month- 
old control (CTL), Hb9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO mice. (A) Haematoxylin and eosin staining of tibialis anterior cryosections. White 
arrows = split fibres; black arrows = centronucleated fibres. Scale bar = 100 μm. (B) Proportions of centronucleated fibres in tibialis anterior muscle 
transverse cryosections. (C) In situ measurement of myotonia (in grams seconds). (D) Tibialis anterior in situ muscle maximal specific force (in grams 
per milligram). Data are mean ± standard error of the mean from 4-month-old mice: nCTL = 7; nHb9Cre-Mbnl2-KO = 6; nMbnl1-KO = 7; nMN-dKO = 7 mice (B); and 
nCTL = 14; nHb9Cre-Mbnl2-KO = 12; nMbnl1-KO = 11; nMN-dKO = 8 mice (C and D). *P < 0.05, ***P < 0.001 and ****P < 0.0001; one-way ANOVA, Tukey’s test. dKO =  
double knockout; MN = motor neuron.
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MBNL proteins in motor neurons regulate alternative 
splicing of RNAs involved in synaptic 
neurotransmission

To explore the molecular consequences of MBNL1 and MBNL2 loss 
in MNs, we performed high-throughput RNA sequencing using total 
RNA isolated from lumbar spinal cord of MN-dKO and CTL 
4-month-old mice. Differential gene expression analysis using 
DESeq2 (FDR < 0.05; log2 fold change ≥ 1) did not reveal overt gene 
expression changes in spinal cord from MN-dKO mice compared 
with CTL mice, with only 48 genes that were significantly misregu
lated (Supplementary Table 2).

Given that MBNL proteins are known to be key regulators of RNA 
metabolism such as alternative splicing in mammals, we explored 
the impact of MBNL1 and MBNL2 deficiencies on spinal cord 
pre-mRNA processing and performed rMATS analysis 
(Supplementary Tables 3–5). Comparison of MN-dKO and CTL 
mice revealed 1017 differential alternative splicing events (DSE), af
fecting 815 unique genes [FDR corrected P < 0.05, delta per cent 
spliced in (ΔPSI) ≥ 10%], with a majority of skipped exon (SE) events 
(68.9%) (Fig. 8A). A majority of DSE (65%) are between 10% and 20%, 
with a median 17% ΔPSI value. Gene ontology (GO) biological process 
analysis of these 815 differentially alternative spliced RNAs showed 
top categories involved in microtubule cytoskeleton organization, 

NMJ development and neurotransmitter exocytosis (Fig. 8B). DSE 

analysis outlined already documented MBNL1 RNA targets in the 

CNS, including Clasp1 exon 26, Clasp2 ex16, Dnm2 exon 10 and 

Mapt exon 3, in addition to MBNL2 RNA targets, including Tanc2 

ex23a, St3gal3 ex3, Csnk1d ex9 and Dlg2 ex17b (Fig. 8C). To support 

this computational analysis, we performed reverse transcriptase 

(RT)-PCR assays on CTL and MN-dKO lumbar spinal cord RNA 

and confirmed significant changes of Tanc2, Clasp1 and Cacna1d 

(Supplementary Fig. 7A). Comparison of MN-dKO and Mbnl1-KO 

mice revealed 660 DSE (FDR corrected P < 0.05, ΔPSI ≥ 10%), with 

a majority of SE (63.8%) and 104 DSE already found in Mbnl1-KO 

mice (compared with CTL), showing a greater difference in 

MN-dKO mice, in accordance with MBNL1 and MBNL2 compensa

tory effects (Supplementary Table 2).
Among DSE relevant to MN synaptic neurotransmission and 

associated with NMJs, we noticed an aberrant inclusion of Dvl1 
39 bp exon 14b only in spinal cord from MN-dKO mice (Fig. 8D). 
We validated this observation by RT-PCR and confirmed a signifi
cant increased inclusion of this 39 bp exon only in MN-dKO mice 
(Fig. 8E). To determine the respective contributions of MBNL1 and 
MBNL2 loss to DSE observed in MN-dKO mice, we compared 
them with DSE in Mbnl1-KO and Hb9Cre-Mbnl2-KO (compared 
with CTL) mice (Fig. 8F). Hierarchical clustering revealed 

Figure 5 MN-dKO mice exhibit neuromuscular junction structural alterations at 2 months of age. (A) Representative confocal images of isolated mus
cle fibres from 2-month-old control (CTL), Hb9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO tibialis anterior muscle stained with antibodies to neurofilament 
(NF) and synaptophysin (Syn, magenta) together with α-bungarotoxin (α-BTX; AChR, green), with quantitative analysis in B–G. (B) AChR cluster area. 
(C) Neuromuscular junction (NMJ) nerve terminal area. (D) End-plate perimeter. (E) Index of AChR fragmentation. (F) Percentages of NMJs that contain 
indicated numbers of AChR fragments. (G) Overlap ratio of pre- and postsynaptic AChR cluster area staining. Data are mean ± standard error of 
the mean from nCTL = 4; nHb9Cre-Mbnl2-KO = 3; nMbnl1-KO = 3; nMN-dKO = 4. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; one-way ANOVA, Dunn’s test 
(B, E and G); one-way ANOVA, Tukey’s test (C and D); and two-way ANOVA, Tukey’s test (F). dKO = double knockout; MN = motor neuron.
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that spinal cords of MN-dKO mice have a distinct RNA splicing 
profile compared with CTL, Mbnl1-KO and HB9Cre-Mbnl2-KO 
mice (Supplementary Fig. 7B). GO top categories from DSE 
common to Mbnl1-KO and MN-dKO mice highlight endocytosis 
(comprising synaptic vesicle endocytosis) and cytoskeleton organ
ization (Fig. 8G), while GO analysis from DSE common to 
Hb9Cre-Mbnl2-KO and MN-dKO mice show enriched pathways in 
synaptic vesicle regulation, revealing specific involvement in 
neurotransmitter secretion, glutamatergic synaptic transmission, 
RNA transport and synaptic plasticity (Fig. 8H). Altogether, our 
data indicate that MBNL1 and MBNL2 regulate different processes 
in MNs to fine-tune synaptic transmission to skeletal muscle 
through the NMJ.

Discussion
Our data reveal the importance of MBNL1 and MBNL2 proteins in the 
maintenance of NMJs and suggest a role for these two proteins in 

regulating the synaptic transmission from MNs to skeletal muscle. 
MBNL protein functions in the CNS have been studied extensively 
and have documented a major role of MBNL2 in neuronal cells.16,17

Our RNA splicing analysis on spinal cords from MN-dKO mice re
vealed that MBNL1 and MBNL2 regulate neurotransmission in MNs 
by targeting transcripts involved in synaptic vesicle homeostasis, 
neurotransmitter release and RNA localization. Additionally, MBNL 
proteins are known to play a crucial role in mRNA localization and 
transport.49,50 Several mechanisms, including RNA transport altera
tions attributable to modifications of alternative last exons, impair
ments in mRNA transport and synaptic vesicles along 
microtubules, could contribute collectively to modifications in local 
translation and neurotransmission.

Moreover, we also confirmed the importance of MBNL proteins 
for NMJ function. Among DSE identified in the spinal cord from 
MN-dKO mice, we uncovered a number of mis-splicing events pre
viously reported in the brain of Mbnl-KO mice.16,17,51 A set of 
pre-mRNAs are regulated in a similar manner by MBNL1 and 
MBNL2 in both the brain and spinal cord, suggesting that similar 

Figure 6 Aggravation of neuromuscular junction structural alterations in Mbnl1-KO and MN-dKO mice with age. (A) Representative confocal images of 
isolated muscle fibres from 4-month-old control (CTL), Hb9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO tibialis anterior muscle stained with antibodies to 
neurofilament (NF) and synaptophysin (Syn, magenta) together with α-bungarotoxin (α-BTX; AChR, green), with quantitative analysis in B–H. 
(B) AChR cluster area. (C) Neuromuscular junction (NMJ) nerve terminal area (D) End-plate perimeter. (E) Index of AChR fragmentation. 
(F) Percentages of NMJs that contain indicated numbers of AChR fragments. (G) Overlap ratio of pre- and postsynaptic AChR cluster area staining. 
(H) Proportion of NMJs with nerve terminal sprouts (indicated in A with a white arrow and magnified in the left bottom corner). Data are mean ± stand
ard error of the mean from nCTL = 4; nHb9Cre-Mbnl2-KO = 7; nMbnl1-KO = 7; nMN-dKO = 6. *P < 0.05, **P < 0.01 and ***P < 0.001; one-way ANOVA, Tukey’s test (H); 
one-way ANOVA, Dunn’s test (B–E and G); and two-way ANOVA, Tukey’s test (F). dKO = double knockout; MN = motor neuron.
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MBNL neuronal regulating pathways could be transposed from 
brain neurons to spinal MNs. To achieve depletion of Mbnl2 in 
MNs, Hb9-Cre mice were used, given their ability to drive Cre re
combinase expression predominantly in MNs as previously de
scribed.40–46 Although it is noteworthy that a recent study 
shows that Hb9 expression is not entirely exclusive to MNs and 
can also be expressed in other cell types in mouse spinal cord, 
thus RNA-sequencing data cannot be attributed solely to 
MNs.52 We also report new transcripts differentially spliced fol
lowing the loss of MBNL proteins and identified Dvl1 39 bp 
ex14b mis-splicing in spinal cords from MN-dKO mice. Dvl1 codes 
for dishevelled segment polarity protein 1, a multi-module cyto
plasmic protein crucial for Wnt canonical and non-canonical 
signalling.53,54 Given that Wnt signalling is essential for NMJ 
maintenance,37,55 Dvl1 splicing alteration could participate to 
MN-dKO NMJ progressive defects. The molecular and physio
logical consequences of Dvl1 ex14b aberrant inclusion in spinal 
cord remain to be determined. However, given that its inclusion 
produces a premature stop codon, it is likely to lead to transcript 
degradation through nonsense-mediated mRNA decay and a de
creased expression of the DVL1 protein, as previously reported 
for CLCN1 mis-splicing in DM1 pathology, which causes 
myotonia.11

Although MBNL proteins regulate many alternative splicing 
events in MNs, we showed that combined loss of MBNL1 and 

MBNL2 does not impact MN cell survival in vivo or muscle innerv
ation as suggested by in vitro models.29 We demonstrated that 
MBNL proteins are required for NMJ maintenance rather than de
velopment. However, the appearance of moderate NMJ fragmenta
tion at 2 months of age in MN-dKO mice might indicate premature 
impairment during early maintenance. Additionally, NMJs from 
Mbnl1-KO and MN-dKO mice showed progressive and severe 
AChR cluster fragmentation in 4-month-old mice. The origins of 
this NMJ dismantlement remains unclear, because MBNL1 is de
pleted from MNs and muscle in Mbnl1-KO and MN-dKO mice. 
NMJ fragmentation has been associated with massive skeletal 
muscle degeneration/regeneration turnover, as observed in 
dystrophin-deficient mdx mice.56–58 However, despite the presence 
of a subset of muscle fibres with central nuclei, Mbnl1-KO mice do 
not exhibit overt muscle regeneration.7,47 MBNL1 is highly ex
pressed in muscle tissues and co-localizes with CUGexp-RNA 
foci in the nuclei of DM1 muscle cells, including subsynaptic myo
nuclei.26 Of interest, alternative splicing changes of transcripts 
coding for postsynaptic NMJ proteins, such as CHRNG and MUSK, 
have been reported in cell cultures from human embryonic muscle 
tissues carrying large CTG repeats,59 indicating the possible contri
bution of CUGexp-RNA and/or MBNL1 loss in skeletal muscle to 
NMJ homeostasis defects. Observations of ultrastructural abnor
malities in the postsynaptic compartment of 4-month-old 
Mbnl1-KO and MN-dKO mice further support the MBNL1 muscle 

Figure 7 Additional loss of MBNL2 in motor neurons leads to neuromuscular junction ultrastructural modifications with presynaptic defects. 
Representative electron micrograph of neuromuscular junctions from 4-month-old control (CTL), Mbnl1-KO and MN-dKO tibialis anterior. Synaptic 
boutons are coloured purple; black squares focus on a synapse magnified on the right. Degenerative structures are shown by arrows in the presynaptic 
(yellow) and postsynaptic (red) compartments. dKO = double knockout; MN = motor neuron.
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contribution to NMJ defects. Interestingly, the HSALR mouse mod
el, which expresses the human skeletal actin gene with expanded 
CTG repeats, widely used to study DM1, exhibits alterations in NMJ 
morphology. These alterations include destabilization of NMJs, 
evidenced by changes in AChR turnover and synaptic structure.60

This suggests a retrograde effect from muscle to NMJs, which 
might result from MBNL sequestration by CUGexp foci within myo
nuclei. However, the presence of specific presynaptic abnormal
ities, such as nerve terminal sprouts and degenerative structures 
in the synaptic bouton, only in NMJs of MN-dKO mice indicates 
that additional loss of MBNL2 in MNs impacts the presynaptic 
compartment and shows the importance of MBNL dosage in MNs 
to NMJ maintenance. This hypothesis is strengthened by mbl-1 
(MBNL orthologue)-deficient Caenorhabditis elegans that exhibit 
NMJ defects rescued by mbl-1 transgene when expressed specific
ally in presynaptic neurons and no rescue when it is expressed 
in muscles.61 Lastly, although NMJ fragmentation and terminal 
nerve sprouting could be interpreted as NMJ degeneration markers 
in the rodent, it has been proposed to represent an outcome of an 
active repair process helping to maintain the efficiency of neuro
muscular transmission.62

Titration of MBNL proteins by CUGexp-RNA plays a pivotal role 
in DM1 pathogenesis, and most of the DM1 splicing abnormalities 
are attributable to MBNL loss of function.63 Nuclear CUGexp-RNA 
foci that co-localize with MBNL1 have been found in DM1 MNs26

and electron microscopy analysis showed modifications of motor 
end-plate size and NMJ , in addition to neurotransmission defects 
in affected muscles of DM1 patients.21–24,64 Loss of MBNL proteins, 
and notably loss of MBNL2, in mice have recapitulated DM1 neuro
logical features associated with similar splicing abnormalities.16,17

Moreover, loss of MBNL1 and MBNL2 in MNs alters alternative spli
cing of genes involved in synaptic vesicle maturation and endo
cytosis, key biological processes involved in neurodegeneration in 
DMSXL mice and DM1 patients.65,66 Of interest, several mis-splicing 
events found in spinal cords of MN-dKO mice, such as MAPT, 
SORBS1 and TANC2, have been previously reported in brains from 
DM1 patients51,67–70 and DMSXL mice.36,65 Alternative splicing ab
normalities associated with DM1 CNS impairments suggest that 
RNA modifications described in the DM1 brain might also occur in 
DM1 spinal cord and contribute to pathogenesis. Interestingly, al
ternative splicing modifications of MAPT, SORBS1 and WNK1, 
among others, have also been reported in motor neurons isolated 

Figure 8 Alternative splicing changes in spinal cord from 4-month-old MN-dKO mice. (A) Pie chart represents the proportion of significant differential 
alternative splicing (DSE) (ΔΨ > 10%, false discovery rate < 0.05) in 4-month-old MN-dKO mice compared with control (CTL) mice and categorized as 
skipped exons (SE), alternative 5′ and 3′ splice sites (A5SS and A3SS), mutually exclusive exons (MXE) and retained introns (RI). (B) Unbiased gene ontol
ogy (GO) top 15 biological processes involved by the differential alternative splicing events (DSE) identified in MN-dKO mice when compared with 
CTL mice with their corresponding P-values and enrichment ratio. (C) Heatmap shows selected DSE changed in MN-dKO mice compared with CTL 
mice. (D) Sashimi plot for Dvl1 ex14b in CTL and MN-dKO mice. (E) Representative RT-PCR splicing analysis of Dvl1 ex14b from CTL (n = 3), 
Mbnl1-KO (n = 3), Hb9Cre-Mbnl2-KO (n = 2) and MN-dKO mice (n = 3) with per cent spliced in (PSI) quantification. (F) Venn diagram of the number of un
ique genes affected in Hb9Cre-Mbnl2-KO, Mbnl1-KO and MN-dKO mice when compared with CTL mice. (G and H) The top 15 unbiased GO biological 
processes of genes common between MN-dKO and Mbnl1-KO mice (G) or Hb9Cre-Mbnl2-KO (H) mice are shown with their corresponding P-values 
and enrichment ratio. dKO =  double knockout; MN = motor neuron.
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from the spinal cords of DM1 patients. Additionally, increased ex
pression of genes related to immunity, such as ENDOU, MKI67, 
CD300LF and LCN2, are observed in DM1 motor neurons and in 
the spinal cords of MN-dKO mice.27 In addition, MN-dKO mice de
velop early gait coordination abnormalities that worsen over 
time, with alterations of the choice of paws used for and distance 
between footfalls (e.g. walking pattern and stride length), in add
ition to increased hind stand duration that could be accompanied 
by the increase of front/hind paw distance. These observations 
are reminiscent of the typical ‘dragging of the hind body’ seen in 
spinal cord injury models.71–74 Furthermore, disturbances of gait 
and balance are an important component of DM1 disease75–79 that 
have recently been associated with a deterioration of the CNS– 
skeletal muscle network. This might reflect reduced CNS ability to 
segregate signals to distinct motor control modules without correl
ation with muscle weakness.80 In this study, we not only showed 
that MBNL loss leads to progressive gait deficiencies but also that 
aggravated balance defects and muscle weakness arise primarily 
from the combined loss of both MBNL1 and MBNL2 in MNs, suggest
ing that MBNL sequestration in DM1 MNs might contribute to the 
motor and mobility difficulties of DM1 patients.

Conclusion
In conclusion, our results demonstrate the importance of MBNL 
dosage in motor unit homeostasis. This work provides new insights 
into MN involvement in DM1 disease and into potential therapeutic 
targets and strategies for DM treatment, with the ultimate goal of 
preserving motor function and improving patient outcomes.
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