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Abstract.
Background: Myotonic dystrophy type 1 (DM1) is the most common muscular dystrophy in adults. In DM1 patients, skeletal
muscle is severely impaired, even atrophied and patients experience a progressive decrease in maximum strength. Strength
training for these individuals can improve their muscle function and mass, however, the biological processes involved in these
improvements remain unknown.
Objective: This exploratory study aims at identifying the proteomic biomarkers and variables associated with the muscle
proteome changes induced by training in DM1 individuals.
Methods: An ion library was developed from liquid chromatography-tandem mass spectrometry proteomic analyses of Vastus
Lateralis muscle biopsies collected in 11 individuals with DM1 pre-and post-training.
Results: The proteomic analysis showed that the levels of 44 proteins were significantly modulated. A literature review
(PubMed, UniProt, PANTHER, REACTOME) classified these proteins into biological sub-classes linked to training-induced
response, including immunity, energy metabolism, apoptosis, insulin signaling, myogenesis and muscle contraction. Linear
models identified key variables explaining the proteome modulation, including atrophy and hypertrophy factors. Finally,
six proteins of interest involved in myogenesis, muscle contraction and insulin signaling were identified: calpain-3 (CAN3;
Muscle development, positive regulation of satellite cell activation), 14-3-3 protein epsilon (1433E; Insulin/Insulin-like
growth factor, PI3K/Akt signaling), myosin-binding protein H (MYBPH; Regulation of striated muscle contraction), four
and a half LIM domains protein 3 (FHL3; Muscle organ development), filamin-C (FLNC; Muscle fiber development) and
Cysteine and glycine-rich protein 3 (CSRP3).
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Conclusion: These findings may lead to the identification for DM1 individuals of novel muscle biomarkers for clinical
improvement induced by rehabilitation, which could eventually be used in combination with a targeted pharmaceutical
approach to improving muscle function, but further studies are needed to confirm those results.

Keywords: Myotonic dystrophy, strength training, proteomics

ABBREVIATIONS

AF atrophy factor
CAN3 calpain-3
CISY citrate synthase, mitochondrial
ABEC2 C->U- editing enzyme APOBEC-2
CTG cytosine-thymine-guanine
DDA data-dependent acquisition
DTT dithiothreitol
DMPK dystrophy myotonic protein kinase
EFTU elongation factor Tu mitochondrial
FHL3 four and a half LIM domains protein 3
FoxO forkhead box transcription factor
HF hypertrophy factor
IGF-1 insulin growth factor
LC-MS/MS liquid chromatography-tandem mass

spectrometry
mTOR mammalian target of rapamycin
MFD minimal Feret’s diameter
MAFbx muscle atrophy F-box gene
MBNL1 musclebind-like 1
MuRF1 muscle ring finger-1
DM1 myotonic dystrophy type 1
MYBPH myosin-binding protein H
NDUS2 NADH dehydrogenase [ubiquinone]

iron-sulfur protein 2, mitochondrial
RyR1 ryanodin receptor 1
SERCA1 sarcoplasmic/endoplasmic reticulum

calcium-ATPase 1
SUCB1 succinate–CoA ligase [ADP-forming]

subunit beta, mitochondrial
Var co variability coefficient
1433E 14-3-3 protein epsilon
CH10 10 kDa heat shock protein,

mitochondrial

INTRODUCTION

Myotonic dystrophy type 1 (DM1) is the most
prevalent muscular dystrophy in adults worldwide.
DM1 is caused by the expansion of unstable cytosine-
thymine-guanine (CTG) trinucleotide repetitions in
the non-coding 3’ region of the dystrophy myotonic

protein kinase (DMPK) gene, located on chromo-
some 19 [1]. The pathogenic mechanism that leads
to DM1 is the RNA toxic gain of function lead-
ing to aberrant alternative splicing. Many signaling
pathways are dysregulated in DM1 due to the CTG
expansion such as the anabolic/catabolic pathways [2,
3] involved in the maintenance of muscle mass as well
as cellular mechanisms responsible for the preserva-
tion and functionality of muscle proteome such as
autophagy, among others [4]. Aberrant gene splicing
of two sarcoplasmic proteins regulating intracellular
calcium levels, the ryanodin receptor 1 (RyR1) and
the sarcoplasmic/endoplasmic reticulum calcium-
ATPase 1 (SERCA1), has been documented [5].
Aberrant insulin receptor expression has also been
documented in DM1 and was associated with insulin
resistance and skeletal muscle atrophy [6, 7]. More
precisely, skeletal muscle exhibits a lower expres-
sion of the insulin receptor which can contribute to
the defective activation of the insulin pathway. The
subsequent lower activation of mammalian target of
rapamycin (mTOR) and the upregulation of the tran-
scription factors muscle ring finger-1 (MuRF1) and
muscle atrophy F-box gene (MAFbx) can partially
explain the muscle fiber atrophy observed in DM1
[7].

This multisystemic disease is classified into five
clinical phenotypes (congenital, childhood, juve-
nile, adult and late-onset) and primarily affects
skeletal muscle, causing myotonia, muscle atrophy
[8] and is characterized by an abnormal varia-
tion in the size of their muscle fibers [10]. DM1
also results in a progressive reduction in maximal
muscle strength [9], as well as other clinical man-
ifestations include cataracts, cognitive impairments
and respiratory insufficiency [8]. Muscle weakness
in DM individuals is associated with important
physical limitations [11] and is a strong predic-
tor of severely disrupted social participation [12].
Despite the significant impact of DM1, no treatment
options are currently available. Encouraging studies
have recently shown that chronic exercise mitigated
downstream primary disease mechanisms including
RNA toxicity, musclebind-like 1 (MBNL1) loss-of-
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function and alternative mRNA splicing, resulting in
improved muscle function in DM1 mice [13, 14].
Strength training is a safe and effective rehabilita-
tion intervention [15] for improving muscle function
and inducing muscle growth in individuals with DM1
having abnormal hypertrophy factor of type I and
II myofibers at baseline [16]. Indeed, after a 12-
week strength training program in men with DM1
improved their maximal knee extensor strength, their
performance at the 30-second sit-to-stand test and
their walking speed. They also improved their muscle
strength evaluated with the one repetition maximum
method for leg extension, leg press, hip abduction and
squat [16]. The training also reduced their fatigue,
daytime sleepiness, and apathy [17]. However, the
underlying biological processes involved in these
clinical and fundamental gains remain unknown. This
exploratory study aims to identify proteins associ-
ated with the beneficial effect of strength training
in men with DM1 and determine the variables that
best explain the modulation of the muscle proteome.
While including women and controls participants in
the strength training program as well as DM1 partic-
ipants that did not participate in the strength training
would provide valuable data, the recruitment was lim-
ited by the fact that DM1 is a rare disease and by
the strict criteria that were established to avoid any
health issues. Nevertheless, this exploratory study is
unique for the field and will help to identify potential
biomarkers associated with strength training-induced
muscle gains in DM1.

MATERIAL AND METHODS

Experimental Design

This study is a secondary analysis of a larger study
in which eleven men with DM1 underwent a 12-week,
supervised lower limb strength training program pre-
viously reported in Roussel et al. [16]. Inclusion and
exclusion criteria can be found in Supplementary
material 1. This present study used muscle biopsies
collected before and after the training program along
with clinical measurements. The second biopsy (post-
training) was done one cm above or below the first
biopsy on the same leg. Because DM1 is a rare dis-
ease, it is important to consider the difficulty to recruit
many participants [18] for this type of protocol which
includes muscle biopsies collection and a 12-week
rehabilitation program. To limit the heterogeneity of
this disease, only men were recruited for the train-

ing program and to reduce interindividual variability,
such as age, each patient was compared to himself.

Participants description

Participants’ characteristics and morphological
muscle biopsy characteristics, previously reported by
Roussel et al. [16], are presented in Supplementary
Tables 1 and 2 respectively . Participants had, on aver-
age, 293 ± 330 CTG repeats and were 48 ± 11 years
old.

Protein Identification and Quantification by
Liquid Chromatography-tandem Mass
Spectrometry

Sample Preparation
Muscle samples were prepared for liquid

chromatography-tandem mass spectrometry (LC-
MS/MS) as follows: forty micrograms of each
sample were reduced for 15 minutes at 65◦C with
10 mM dithiothreitol (DTT) and alkylated for 30
minutes at room temperature in the dark with 15 mM
iodoacetamide. Proteins were precipitated with 8
volumes of ice-cold acetone and 1 volume of ice-cold
methanol overnight at -80◦C. Precipitated proteins
were pelleted by centrifugation for 5 minutes at
13,000RPM, at 4◦C. The pellets were then washed 3
times with 250 �l of cold methanol. Protein pellets
were resolubilized in 100 �l of 50 mM Tris pH 8.0
with 0.75M urea and pre-digested with 1.33 �g of
Trypsin/LysC for 3 hours at 37◦C with agitation.
Another 1.33 �g of Trypsin/LysC was added to the
proteins and digestion was continued overnight at
37◦C with agitation. Samples were then acidified
with 2% formic acid and peptides were purified
by reversed-phase solid-phase extraction. For the
ion library, equal amounts of proteins from each
group were pooled (200 �g total) and separated
on a 4–12% SDS PAGE. After Coomassie blue
staining, the gel lanes were cut into 12 bands
for each condition, which were then subjected to
in-gel digestion with Trypsin/LysC over night at
37◦C. After digestion, peptides were extracted by
sonication and vortexing and purified using reversed
phase solid-phase extraction.

In-house library generation and protein
quantification

An in-house ion library was generated with a
TripleTOF 5600 controlled by Analyst 1.7 (ABSciex,
Foster City, CA, USA) equipped with an electro-
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spray interface, a 25 �m iD capillary and coupled
to an Eksigent �UHPLC (Eksigent, Redwood City,
CA, USA). For the ion library, the acquisition was
performed in data-dependent acquisition (DDA).
Sample acquisition was performed with a TripleTOF
6600 (ABSciex, Foster City, CA, USA) equipped
with an electrospray interface with a 25 �m iD
capillary and coupled to an Eksigent �UHPLC (eksi-
gent, Redwood City, CA, USA) using SWATH (or
data-independent acquisition [DIA]) and gas phase
fractionation (350–800 m/z and 800–1250 m/z).
Analyst TF 1.8 software was used to control the
instrument and for data processing and acquisition.
The source voltage was set to 5.5 kV and main-
tained at 325◦C, curtain gas was set at 45 psi, gas
one at 25 psi and gas two at 25 psi. Separation was
performed on a reversed-phase Kinetex XB column
0.3 �m i.d., 2.6 �m particles, 150 mm long (Phe-
nomenex) which was maintained at 60◦C. Samples
were injected by loop overfilling into a 5 �L loop.
For the 60 minutes LC gradient, the mobile phase
consisted of the following solvent A (0.2% v/v formic
acid and 3% DMSO v/v in water) and solvent B (0.2%
v/v formic acid and 3% DMSO in EtOH) at a flow
rate of 3 �L/min. SWATH samples were analyzed on
our in-house library using the SWATH 2.0 applica-
tion of the Peakview software (ABSciex, Foster City,
CA, USA) with the following parameters for pep-
tide integration: 4 MS/MS transition per peptide, 10
peptides per protein, 12.5 retention time extraction
window, XIC width 25 ppm. The reported quantifi-
cation for a given protein represents the sum of each
peptide that passes the false discovery rate cutoff of
5%, for both gas-phase fractionations. Total protein
content of each sample was normalized before injec-
tion. The signal has also been normalized following
the injection using the total signal of each sample.

Data analysis

Identification and classification of the significant
proteins

Pre- and post-training group comparisons were
made by paired t-test and the results presenting a
p-value < 0.05 and confirmed after 1,000 permu-
tations were considered significant (permutations
threshold of 0.05). The protein level changes were
presented as fold changes. The UniProt database
(https://uniprot.org), PANTHER Class Information
(http://www.pantherdb.org) and the REACTOME
database (https://reactome.org) were the bioinformat-
ics tools used to identify the main functional activity

of each protein. A literature search in the PubMed
database was performed to determine whether the
identified proteins were associated with DM1 and/or
resistance training. If no publication was located, an
association with any other disorder was investigated.

Identification of key variables with linear models
Additional statistical analyses were performed

using a linear model to find possible associa-
tions between the differences in protein levels, pre-
and post-training program, and muscular histomor-
phological variables presented by the individuals
included in the study. The choice of those key vari-
ables mostly relied primarily on upon morphological
characteristics of the muscle fibers observed at base-
line (pre-training) in this cohort of participants and
on the reported positive effect of exercise on mus-
cle fiber growth. More precisely, it was previously
shown that the distribution of type 1 and/or type 2
muscle fiber size was considered abnormal at base-
line in some of the DM1 patients included in this study
by presenting abnormal values of variability coeffi-
cient of muscle fiber size as well as hypertrophy and
atrophy factors (Supplementary Table 2) [16]. Those
variables at baseline (pre-training) were then consid-
ered in the analyses. The difference in minimal Feret’s
diameter (MFD) measured pre- and post-training was
also selected as a variable of interest since it is an
indicator of the training-induced muscle fiber growth
(Supplementary Table 2). Statistical analyses focused
on linear models with the difference in protein lev-
els as the dependent variable and included selected
explanatory variables described above for type 1 and
type 2 fibers. DM1 being described as a progressive
disease, each model was tested with or without age
as a covariate. The F stat is the ratio of the variation
between groups and the variation within the group.
A high F stat value means that variation between
the groups is highest that variation within the group.
However, when the model is complex the model can
still be significant with a lower F stat value. Analyses
were performed using R version 3.5.1.

Hierarchical clustering of the participants and
proteins

A hierarchical clustering analysis grouped the 11
participants based on the difference in levels of
the proteins significantly modulated by the train-
ing. To determine the clusters, the Euclidian distance
between every pair of participants was calculated and
Ward’s method was used to calculate similarity and

https://uniprot.org
http://www.pantherdb.org
https://reactome.org
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agglomerate individuals into clusters. Analyses were
performed using R version 3.5.1.

Data Availability

Anonymized data that support the findings of this
study are available from the corresponding author
upon reasonable request from qualified investigators
and according to local IRB approval.

RESULTS

Proteins differentially expressed in muscle
homogenates pre- vs post-training

A total of 624 proteins were identified in the in-
house ion library, and among them, 572 proteins were
quantified in at least one sample from DM1 muscle
biopsies pre- and post-training with LC-MS/MS. Out
of the 572 proteins quantified, 44 (7.7%) were signif-
icantly affected by the training regime (paired t-test
p < 0.05) and validated by the permutation tests (per-
mutations threshold < 0.05). From these 44 proteins,
42 were upregulated and two were downregulated
(C->U- editing enzyme APOBEC-2 [ABEC2] and
four and a half LIM domains protein 3 [FHL3])
by the training program, (Table 1 and Fig. 1A).
Interestingly, eight proteins (Cysteine and glycine-
rich protein 3 [CSRP3], myosin-binding protein
H [MYBPH],Vacuolar protein-sorting-associated
protein 25 [VPS25], Ubiquitin carboxyl-terminal
hydrolase 14 [UBP14], immunoglobulin heavy con-
stant gamma 2 [IGHG2], Aldehyde dehydrogenase
X, mitochondrial [AL1B1], Heat shock protein HSP
90-alpha [HS90A] and Protein S100-A6 [S10A6])
showed a statistically significant large magnitude fold
change (fold change>|1.5| and p < 0.05), while two
others (calpain-3 [CAN3] and Carbonyl reductase
[NADPH] 1 [CBR1]) presented with a significant fold
change close to 1.5 (p < 0.05).

Functional classification of the differentially
expressed proteins

The 44 differentially expressed proteins were clas-
sified according to their function using the UniProt,
PubMed, PANTHER and REACTOME databases
and categorized into biological sub-classes (Fig. 1B).
For more details about molecular functions and
biological processes involved see Supplementary
Table 3. The main functional categories in which at
least seven proteins out of 44 are involved are energy

metabolism (n = 12), myogenesis (n = 8) and immu-
nity (n = 7). Muscle contraction, insulin signaling,
and apoptosis sub-classes included three proteins of
interest. The last functional category gathered all the
other biological sub-classes, each having only one
protein significantly modulated by training.

Associations between key variables and the
differentially expressed proteins

The proteome modulation was associated with key
variables related either to participant characteristics
(age), morphological muscle biopsy characteristics
at baseline (variability coefficient, hypertrophy, and
atrophy factors) or muscle adaptation induced by
the training program (difference in MFD measured
pre- and post-training). To identify the variables that
best explain the modulation of muscle proteome by
training, a statistical model was created for each
key variable, with age as a covariate. Both type 1
and type 2 fibers were considered for each variable.
Table 2 and Supplementary Table 4 reports the sig-
nificant proteins identified in each statistical model,
while the Venn diagram in Fig. 2A shows the num-
ber of proteins significantly modulated by training
in each model and the intersection of these mod-
els. The models that explain part of the variability
in protein level differences for the larger number of
exclusive proteins (not included in any other model)
were the hypertrophy factor (HF) and age (5 exclu-
sive proteins from a total of 7 proteins) as well as
the atrophy factor (AF) and age (4 exclusive pro-
teins from a total of 9 proteins). These models shared
only one protein in common while sharing other
protein changes with the variability coefficient (Var
co) and age model (n = 1 and n = 4 respectively).
The variability coefficient (Var co) and age model
explained only one exclusive protein but shared pro-
teins with the other models, while the MFD and age
model explained three exclusive proteins and shared
only one with the variability coefficient (Var co) and
age model. These results suggest that the atrophy
and hypertrophy factors represent key variables of
interest in explaining the proteome modulation by
training. As shown in Fig. 2B and 2C, the main bio-
logical subclass for atrophy and hypertrophy factors
is energy metabolism. Other interesting biological
classes are related to myogenesis, insulin signaling,
muscle contraction and apoptosis. Figure 2D presents
the regression models for the difference in the expres-
sion of four proteins after training and the factors
that explain those differences. Among the significant
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Table 1
List of the proteins significantly modulated by exercise as identified by LC-MS/MS

Protein Protein full name Gene p-value Fold change

IDH3A Isocitrate dehydrogenase 3, alpha subunit IDH3A 0.000200 1.43
SUCA Succinate–CoA ligase [ADP/GDP-forming] subunit

alpha, mitochondrial
SUCLG1 0.000200 1.35

UGPA UTP–glucose-1-phosphate uridylyltransferase UGP2 0.000700 1.24
PHB2 Prohibitin-2 PHB2 0.001200 1.34
SRCA Sarcalumenin SRL 0.004200 1.14
CISY Citrate synthase, mitochondrial CS 0.005500 1.19
FLNC Filamin-C FLNC 0.008000 1.39
DUS3 Dual specificity protein phosphatase 3 DUSP3 0.008500 1.21
CSRP3 Cysteine and glycine-rich protein 3 CSRP3 0.008600 1.53
KLH41 Kelch-like protein 41 KLHL41 0.010400 1.28
MYBPH Myosin-binding protein H MYBPH 0.011300 3.83
14-3-3E 14-3-3 protein epsilon YWHAE 0.011700 1.31
SUCB1 Succinate–CoA ligase [ADP-forming] subunit beta,

mitochondrial
SUCLA2 0.012200 1.27

LMOD3 Leiomodin-3 LMOD3 0.012600 1.22
GDIB Rab GDP dissociation inhibitor beta GDI2 0.012700 1.20
VPS25 Vacuolar protein-sorting-associated protein 25 VPS25 0.017100 1.69
ANXA6 Annexin A6 ANXA6 0.019600 1.12
CBR1 Carbonyl reductase [NADPH] 1 CBR1 0.020100 1.49
PSB2 Proteasome subunit beta type-2 PSMB2 0.021400 1.41
NIPS2 Protein NipSnap homolog 2 NIPSNAP2 0.022100 1.33
NDUS8 NADH dehydrogenase [ubiquinone] iron-sulfur

protein 8, mitochondrial
NDUFS8 0.024200 1.31

UBP14 Ubiquitin carboxyl-terminal hydrolase 14 USP14 0.024400 1.69
PRDX5 Peroxiredoxin-5, mitochondrial PRDX5 0.024700 1.38
CH60 60 kDa heat shock protein, mitochondrial HSPD1 0.025300 1.30
EFTU Elongation factor Tu, mitochondrial TUFM 0.027300 1.24
CH10 10 kDa heat shock protein, mitochondrial HSPE1 0.027500 1.29
IGHG2 immunoglobulin heavy constant gamma 2 IGHG2 0.028100 1.62
ABEC2 C->U-editing enzyme APOBEC-2 APOBEC2 0.029100 0.86
CALU Calumenin CALU 0.030000 1.23
LRC39 Leucine-rich repeat-containing protein 39 LRRC39 0,031600 1.24
DECR 2,4-dienoyl-CoA reductase, mitochondrial DECR1 0.034000 1.18
DESM Desmin DES 0.035600 1.17
AL1B1 Aldehyde dehydrogenase X, mitochondrial ALDH1B1 0.037200 2.82
HS90A Heat shock protein HSP 90-alpha HSP90AA1 0.037600 1.52
14-3-3G 14-3-3 protein gamma YWHAG 0.039800 1.17
NDUS2 NADH dehydrogenase [ubiquinone] iron-sulfur

protein 2, mitochondrial
NDUFS2 0.039900 1.21

NDUS5 NADH dehydrogenase [ubiquinone] iron-sulfur
protein 5

NDUFS5 0.041400 1.33

FHL3 Four and a half LIM domains protein 3 FHL3 0.041900 0.78
RS10 40S ribosomal protein S10 RPS10 0.041900 1.32
HSPB7 Heat shock protein beta-7 HSPB7 0.043700 1.35
S10A6 Protein S100-A6 S100A6 0.047500 2.31
CAN3 Calpain-3 CAPN3 0.047700 1.48
CYC Cytochrome c CYCS 0.049989 1.29
EF1A2 Elongation factor 1-alpha 2 EEF1A2 0.049998 1.29

P-values represent pre- and post-training group comparisons made with paired t-tests. Fold changes above 1 indicate protein levels increased
by the training and fold changes below 1 indicate protein levels decreased by the training.

proteins identified in the atrophy factor (AF) and age
as well as hypertrophy factor (HF) and age models,
four identified proteins were of particular interest due
to their known functions linked to DM1 and their
regression model is presented in Fig. 2D: 1433E and
MYBPH (atrophy factor + age model) as well as
FHL3 and FLNC (hypertrophy factor + age model).

Hierarchical clustering of the participants by the
expression level of the 44 proteins

The expression level of the 44 significantly
expressed proteins was used in Hierarchical Cluster
Analysis to separate participants in different clusters,
as depicted in Fig. 3. Participants were classified into
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Fig. 1. A) Quantified protein level changes following a twelve-week training program. The volcano plot shows log2-transformed fold changes
calculated using mean pre- and post-training values from 11 individuals for the 572 proteins measured according to their -log10 p-values. The
horizontal dashed line indicates significance p-value cut-off of 0.05 and the vertical dashed lines indicate log2-transformed –1.5 and 1.5 fold
change cut-offs. Proteins with p-values < 0.05 are shown with blue dots, those with log2-transformed –1.5- and 1.5-fold change are shown
with green dots and those fulfilling both criteria are shown with pink dots. Protein names are indicated for all proteins with p-values < 0.05
that pass permutation tests (blue or pink dots). Proteins in bold with bigger dots are those selected according to subsequent analysis steps
(classification by fold-change and linear regression models). B) Proteome modulation classification. Overview of the biological sub-classes
identified with Uniprot, Pubmed, REACTOME and PANTHER databases in which the 44 proteins significantly modulated by the exercise
are involved. NS: non-significant, FC: Fold change.

three groups: one with only two patients (represented
in red, #1 and #3) and two other larger groups with
four (represented in green, #9, #6, #7 and #8) and
five patients (represented in blue, #2, #4, #11, #10
and #5). Interestingly, some of the proteins modula-
tions induced by training appear to be driven by a
few participants. For example, MYBPH which is the
protein showing the higher fold change induced by
training showed a large upregulation for participants
1 and 3, a modest downregulation for participants 9,
6, 2, 11 and 5 and only small changes for partici-
pants 7, 8, 4 and 10. A similar pattern can be seen for
the other proteins as well where only a few partic-
ipants showed large changes in proteins expression
following training. We also confirmed the associa-
tion between MYBPH levels differences induced by
training and atrophy factor for muscle fiber types 1
and 2 (Supplemental Fig. 1) with participants 1 and
3 again driving the associations.

DISCUSSION

Progressive muscle weakness is a hallmark of DM1
with a significant impact on patient’s lives yet there

is currently no cure available for this disease. As an
accessible, low-cost, and non-pharmacological inter-
vention, strength training is a promising therapeutic
strategy to counter muscle weakness among DM1
patients. We recently conducted a study showing
immediate and long-term muscular and functional
gains following a 12-week strength training program
in DM1, suggesting a hypertrophic response [16].
To identify the molecular signature of the clinical
improvement induced by acute exercise and chronic
training, proteomics analyses can be a useful tool.
Proteins that change immediately after acute exercise
are mainly involved in supporting muscle activity or
the processes of recovery and adaptation [19]. The
current study focused on protein differences between
trained and untrained muscles which may be related
more closely to differences in muscle function [19].
This study is the first to examine the muscle response
to strength training in the DM1 population. In this
study, we reported that 44 proteins (about 7%) of
the 572 proteins identified in our ion library were
significantly modulated in DM1 patients by training.
These proteins are involved in various molecular and
biological functions including energy metabolism,
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Table 2
List of the proteins significantly modulated by exercise identified with the hypertrophy and atrophy factors statistical models

Proteins Hypertrophy Factor Atrophy Factor
Simple + Age Simple + Age

F Stat p-value F Stat p-value F Stat p-value F Stat p-value

NDUS8 0.7555 0.5006 4.6640 0.0429* 2.4574 0.1472 5.3535 0.0313*
NDUS5 0.7137 0.5186 5.5674 0.0286* 0.9243 0.4354 2.9297 0.1092
NDUS2 0.4866 0.6318 0.5979 0.6364 6.8960 0.0182* 4.3007 0.0512
NIPS2 0.0160 0.9841 1.1744 0.3856 1.6166 0.2572 7.4581 0.0139*
CISY 6.3797 0.0221* 3.7338 0.0687 3.4294 0.0840 2.3517 0.1585
S10A6 0.7939 0.4847 0.4633 0.7168 7.5485 0.0144* 4.6545 0.0431*
CH60 3.9512 0.0640 3.3115 0.0870 3.0226 0.1053 1.8177 0.2317
DESM 0.5769 0.5834 1.7731 0.2396 0.9096 0.4406 1.7793 0.2385
PRDX5 1.3202 0.3195 4.8103 0.0400* 1.2916 0.3265 0.8420 0.5128
AL1B1 0.1721 0.8449 0.2354 0.8690 24.700 0.0004* 14.438 0.0022*
RS10 0.9173 0.4379 1.9087 0.2166 5.1537 0.0365* 6.2524 0.0216*
PSB2 2.3918 0.1534 1.4134 0.3169 2.0649 0.1892 1.2311 0.3678
IDH3A 3.0843 0.1016 5.3126 0.0319* 1.1804 0.3555 1.2246 0.3698
GDIB 2.6698 0.1294 1.7081 0.2517 4.9265 0.0403* 3.4961 0.0783
CSRP3 0.5969 0.5733 1.0988 0.4109 0.3736 0.6997 1.0944 0.4125
SUCA 0.0203 0.9799 0.1228 0.9437 14.476 0.0022* 9.1692 0.0080*
CH10 0.9682 0.4202 1.6582 0.2615 2.1081 0.1839 1.2301 0.3681
1433G 0.9682 0.4215 1.5769 0.2785 4.7147 0.0444* 3.5716 0.0751
1433E 1.3037 0.3235 1.7920 0.2362 5.8405 0.0273* 5.7030 0.0270*
EF1A2 1.7272 0.2379 1.6081 0.2718 6.6273 0.0201* 5.3622 0.0312*
MYBPH 1.6152 0.2575 1.2104 0.3742 37.303 0.0001* 28.736 0.0003*
FHL3 8.2589 0.0113* 4.8782 0.0388* 2.0701 0.1886 1.6612 0.2609
FLNC 17.3961 0.0012* 10.9429 0.0049* 1.2790 0.3296 1.4935 0.2973
SUCB1 9.2700 0.0083* 7.4067 0.0141* 1.5213 0.2755 3.4582 0.0800
HSPB7 0.0163 0.9839 0.8787 0.4966 0.2049 0.2755 0.5429 0.6682

*Significantly modulated. F Stat = F statistic.

myogenesis, muscle contraction, insulin signaling
and apoptosis. Age as well as atrophy and hyper-
trophy factors were the best variables to explain the
modulation of proteins induced by this training.

Interestingly, some of the molecular and biologi-
cal functions modulated by training in DM1 (energy
metabolism and myogenesis) were also positively
impacted by exercise in healthy individuals. Indeed,
using physically active healthy individuals, Ubaida-
Mohien et al. conducted a proteomic study that
showed metabolism and inflammatory responses are
boosted by exercise with significant upregulations in
the energy machinery, the mobilization of immune
cells, the regulation of myogenesis and protein
synthesis [20]. Other proteomic analyses of exercise-
trained skeletal muscle demonstrated improvements
in mitochondrial metabolism, calcium signaling,
lipid and glucose metabolism, and transcription [19,
21–23]. In our study, 11% of the proteins modulated
by training (5 out of the 44) have been previously
shown to be modulated by training in healthy sub-
jects. Indeed, Egan et al found that both elongation
factor Tu mitochondrial (EFTU) and 10 kDa heat
shock protein, mitochondrial (CH10), both proteins
significantly modulated in our study, were upreg-

ulated following two weeks of daily cycling [23].
Additionally, Schild et al. showed that succinate-CoA
ligase [ADP-forming] subunit beta, mitochondrial
(SUCB1), citrate synthase, mitochondrial (CISY)
and NADH dehydrogenase [ubiquinone] iron-sulfur
protein 2, mitochondrial (NDUS2) levels were
increased in a study including trained participants
(> 5 hours per week of endurance exercise for five
years prior to the study) compared to untrained par-
ticipants [24], which agrees with the finding of our
study. Taken together these results are encouraging in
that despite the genetic defects of DM1, the muscular
response induced by training in the DM1 population
triggered similar molecular and biological functions
and involved similar proteins as the ones reported in
the healthy population.

Interestingly CSRP3, one of the ten proteins that
were associated with training in DM1 and presented
a significant high fold change may have an impli-
cation in the disease. Indeed, Rashid et al showed
that CSRP3 was involved in the autophagy process
in mouse myoblast and myotubes [25]. And another
study demonstrated that CSRP3 regulates autophagy
in chickens [26]. As autophagy is necessary for mus-
cle development and maintenance, the upregulation
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Fig. 2. Association between key variables and proteome modulation in DM1. A) Venn Diagram showing the number of proteins whose
changes in expression level are partly explained by each model or each combination of models. B) Pie chart representing the distribution of
the proteins amongst the 44 associated proteins that were identified in the atrophy + age (n = 9 proteins) and C) hypertrophy + age models
(n = 7 proteins) according to their biological functions. D) Regression models showing the interaction between variables of the atrophy + age
model with 1433E and MYBPH proteins as well as between variables of the hypertrophy + age model with FHL3 and FLNC proteins. Each
graph includes Pearsons’ correlation coefficient between the variable and the protein level as well as the regression coefficient and p-value
for this variable within the regression model. AF: Atrophy factor; AFT1: Atrophy factor for type 1 fibers; AFT2: Atrophy factor for type 2
fibers; Diff: Difference; HF: Hypertrophy factor; HFT1: Hypertrophy factor for type 1 fibers; HFT2: Hypertrophy factor for type 2 fibers;
MFD: Minimal Feret’s diameter; Var co: Variability coefficient.

of CSRP3 following training may improve muscle
integrity. Autophagy regulators have been shown to
be upregulated in a mouse model of DM1 mice
(HSA-LR) with a single session of exercise able to
bring autophagy regulator levels to normal levels
[27]. Another protein of interest from our study is
CAN3, a structural constituent of the muscle involved
in myogenesis through its regulation of satellite cell
activation. This protein, encoded by the gene CAPN3,
was upregulated by our training program, which may
induce a positive effect on myogenesis. Interestingly,
splicing of CAPN3 is affected in DM1 (exclusion
of exon 16) and is associated with reduced protease
activity thus resulting in muscle weakness [28]. Fur-
ther studies are needed to clarify CAPN3’s molecular
mechanism and physiological implications in DM1
and strength training. While both CSRP3 and CAPN3
have implications for DM1, a direct role of the other
eight proteins in DM1 is currently unknown.

The linear models in this study highlighted four
proteins of interest: 1433E, MYBPH, FHL3 and
FLNC, which are all upregulated by the training

except FHL3. Though the biological role of the
1433/insulin growth factor (IGF-1) receptor kinase
interaction remains to be fully understood, the inter-
action of 1433 proteins with IGF-1 receptor is thought
to be involved in modulating a variety of pro-
cesses such as the recruitment of IGF-1 signaling
components to the receptor [29]. Under physio-
logical conditions, the activation of Akt leads to
forkhead-box transcription factor (FoxO) protein
phosphorylation and their cytosolic export which is
mediated by the 1433 proteins [30–33]. PI3K/Akt sig-
naling is inactivated in muscle wasting, which causes
FoxO3 dephosphorylation by the protein phosphatase
2A causing the dissociation of the FoxO-14-3-3
complex. FoxO3 is subsequently translocated to the
nucleus and its transcriptional functions are activated,
where it can carry out its proteolytic functions [31,
33–36]. Therefore, upregulation of 1433 proteins,
as observed in our DM1 patients following train-
ing, would help to stabilize FoxO3 phosphorylation
and keep it in the cytosol, thus limiting proteolysis.
Similar to 1433E, the functional role of MYBPH,
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Fig. 3. Hierarchical clustering of the 11 DM1 participants and the 44 proteins significantly modulated by exercise. In the dendrogram, the
columns represent the 11 participants, and the rows indicate the 44 significantly associated proteins. The participants were categorized into
hierarchical groups by similarity using values of protein level differences between pre- and post-training. Groups of participants and proteins
are shown with different colours below the top dendrogram for the individuals and beside the left dendrogram for the proteins. Colours in
the heatmap represent the increase (red colour) or decrease (blue colour) of protein levels after training (from -2 blue to 2 red coloring). The
analysis identified three groups of participants.

a structural constituent of the muscle that regulates
striated muscle contraction; is still unclear [37]. Mou-
ton et al. demonstrated that MYBPH and its cardiac
isomer MYBPC play an important role in cardiac
contractility, suggesting that MYBPH plays a sim-
ilar role in the skeletal muscle [38]. In line with this,
our results could suggest that MYBPH would make
an interesting biomarker in DM1, but as the results
were mainly driven by two participants and we don’t
want to overinterpret the data, further studies will be
needed to confirm that. FHL3, one of the two proteins
that were downregulated by training, is a member
of four and a half LIM family proteins, which are
transcriptional regulators of actin and cytoskeleton
involved in skeletal myogenesis. Its overexpression
affects myoblast differentiation and fusion by neg-
atively regulating murine myotube formation [39].
As such it is possible that FHL3’s downregulation
by strength training could limit its negative impact

on myogenesis. Finally, FLNC is an actin-binding
protein involved directly in the myogenic process.
Dalkilic et al. revealed that loss of FLNC in murine
muscle leads to altered primary myogenesis with
FLNC-deficient mice exhibiting impaired muscle dif-
ferentiation [40]. Thus, upregulation of FLNC by
strength training may have a protective impact on
myogenesis.

The large heterogeneity of DM1 can be seen in the
hierarchical clustering of the proteomics data, which
identifies characteristics shared by the same cluster
of individuals based on their protein expression levels
and indicates a similar response to training. In another
study by our group that studied the transcriptomic
changes following the training of the same cohort
of participants [41], we also found that most of the
significant changes were lost in grouped analyses and
concluded that individual analyses were a more accu-
rate way to represent the data. More precisely, we
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found no common rescued alternative splicing event
and little to no changes in gene expression in grouped
analyses but considerable variability when splicing
and gene expression were looking at on an individual
level. This individual variability in DM1, both in tran-
scriptomics and proteomics needs to be considered
in any future studies aimed at discovery biomarkers.
Indeed, the variability may mean that one biomarker
may be suitable for one participant but not another
so multiple overlapping biomarkers may need to be
examined across individuals. In this study, we were
able to identify the source of some of the variability
as deriving from histomorphological data of the mus-
cle biopsies, which explains the first grouping of the
hierarchical clustering (#1, #3). When looking at the
muscle characteristics of these two participants, we
noticed that before the training program, they were
the only two participants to present abnormal factors
of atrophy compared to other participants classified
in the two other groups. While the factors that driving
the other two clusters of individuals remain elusive,
our data confirm that the atrophy factor is a variable
of interest.

STRENGTHS AND LIMITATIONS

Knowing clinical and genetic heterogeneity is
present in DM1, the first limitation of the present
study is the small number of participants and the
absence of women among the recruited individuals.
However, considering the rare feature of the dis-
ease and our restrictive exclusion criteria, the current
study size represents a suitable number of partici-
pants. There is a risk of overinterpretation of the
data when using a less than 1.5-fold-change thresh-
old which is generally used in the field. However,
to minimized this type of error, additional methods
beyond the p-value (<0.05) were used to identify the
proteins of interest such as their establishing their
interaction with key histomorphological variables or
their biological relevance with DM1 following liter-
ature search. Furthermore, the results reported herein
provide a proof-of-concept that will help researchers
to design more important larger multicentric studies
in the future. Also, the analysis of muscle proteome
changes must be further studied to verify if our
proteomic findings are replicable in DM1 women.
The absence of healthy subjects (controls) repre-
sents another limitation since the effects of training
in the current study cannot be readily dissociated
from those of DM1. However, the biological sub-

classes obtained from our analysis are similar to
those observed in studies with healthy populations.
This overlap would imply that muscular functional
improvement is possible in DM1. Despite these limi-
tations, our study derives its strength from the highly
standardized training program carried out by the
participants. Another strong point is the quality of
the biological material, muscle samples, over other
potential biomarker sources, such as serum. The iden-
tification of muscle-specific factors modulated by the
training allows the study to target more specific bio-
logical pathways, which in turn may opening the way
to the identification of other biological biomarkers
in less invasive samples like serum or urine. From
our analysis, further detailed studies should be con-
ducted across a variety of DM1 patients in order to
confirm which muscular biomarker candidates will
be the most suitable biomarkers for monitoring DM1
treatment.

CONCLUSION

This exploratory study indicates that strength train-
ing in DM1 patients can modulate the expression of
multiple muscle proteins involved in essential biolog-
ical functions that are directly linked to the regulation
of muscle mass, including energy metabolism, myo-
genic and muscle contraction processes, immunity,
and insulin signaling. Our findings offer new avenues
for future DM1 research such as proteomic inves-
tigation of the different biological processes and
molecular functions associated with clinical gains
from exercise. This exploratory study, in combination
with future validating studies, may lay the foundation
for a precision medicine approach to improve future
therapeutic treatments in DM1.
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